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Abstract
Aim—PEGylated components have been widely used to reduce particle aggregation in serum and
extend circulation lifetime for lipid- and polymer-based gene-delivery systems. However,
PEGylation is known to interfere with cell interaction and intracellular trafficking, resulting in
decreased biological activity. In the present study, the effect of cholesterol domains on PEGylated
liposome-mediated gene delivery was evaluated by PEGylating formulations with and without a
cholesterol domain, and also by altering the location of PEG on the particle surface (i.e., within or
excluded from the domain).

Materials and methods—Lipoplexes formulated with PEG–cholesterol or PEG–diacyl lipid
were used to transfect various cell lines, including human and mouse cancer cells. Cellular uptake
of lipoplexes was also quantified and compared with the transfection results.

Results—Our findings are consistent with previous work demonstrating that PEGylation reduces
transfection rates; however, formulations in which PEG was incorporated into the cholesterol
domain did not exhibit this detrimental effect. In some cell lines, the incorporation of PEG into the
domain actually increased transfection rates, despite no enhancement of cellular uptake.

Discussion—These results suggest that the adverse alterations in intracellular trafficking that are
a consequence of PEGylation may be avoided by utilizing delivery vehicles that allow PEG to
partition into a cholesterol domain.

Cationic liposomes have been widely used for delivery of DNA and siRNA both in vitro and
in vivo. One major problem associated with the use of cationic delivery vehicles is their
strong interaction with blood components, which can dramatically lower the transfection
efficiency [1–7]. Serum has been reported to exert its inhibitory effect by binding serum
proteins to the particle surface, which leads to structural reorganization, aggregation and/or
dissociation of the delivery vehicle [4,8–10]. The presence of nuclease in the serum can also
degrade nucleic acids, resulting in a loss of supercoil content and biological activity [11]. In
order to overcome the adverse effects of serum protein binding, PEGylated components are
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predominantly utilized to sterically shield the delivery vehicles from blood constituents [12–
14].

It is well documented that the steric stabilization provided by PEGylation reduces particle
aggregation in serum and extends circulation lifetime. However, PEGylation is known to
interfere with trafficking involved in intracellular delivery and render vectors more
susceptible to agitation-induced damage during processing [14–19]. Other studies have
reported that PEGylation significantly reduces the cellular interaction and uptake of the lipid
nanoparticles, resulting in decreased biological activity [20,21]. To overcome these
shortcomings of PEGylation, strategies such as using PEG-chains that are removable in the
endosomal compartment have been adopted in order to allow endosomal escape. One of the
approaches is to adopt a pH-sensitive linker between the PEG moiety and lipid. The PEG
chains are then removed in the endosomal compartment due to acid-catalyzed hydrolysis
[22,23]. Another approach is to exchange PEG–lipid by modulating the hydrophobicity of
the PEG–lipid conjugate. This can be achieved by varying the length of the alkyl chain of
the lipid anchor [24] as the lipid portion of the conjugate determines its affinity for the lipid
delivery vehicle.

As a potential alternative to PEGylation, lipoplexes with high levels of cholesterol have
been shown to exhibit enhanced transfection in vitro and resistance to serum-induced
aggregation [5,25]. Furthermore, studies have demonstrated that cholesterol domains form
in lipoplexes with cholesterol contents above 52 wt% [25]. In the present study, the effect of
cholesterol domains on PEGylated liposome-mediated gene delivery was evaluated by
PEGylating formulations with and without a cholesterol domain, and also by altering the
location of PEG on the particle surface. More specifically, we investigated the effects of
conjugating PEG to either cholesterol or a diacyl lipid (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine [DSPE]), which results in a PEGylated component that is either
incorporated into, or excluded from, respectively, the cholesterol domain. Lipoplexes
incorporating PEG–cholesterol or PEG–DSPE were used to transfect various cell lines
including human and mouse cancer cells. Cellular uptake of lipoplexes was also quantified
and compared with the transfection results. Our findings are consistent with previous work
showing that PEGylation reduces transfection rates; however, formulations in which PEG
was incorporated into the cholesterol domain did not exhibit this detrimental effect. In some
cell lines, the incorporation of PEG into the domain actually increased transfection rates,
despite no enhancement of cellular uptake. These results suggest that the adverse alterations
in intracellular trafficking that are a consequence of PEGylation may be avoided by
utilizing delivery vehicles that allow PEG to be incorporated into a cholesterol domain.

Materials & methods
Materials

Luciferase plasmid DNA (5.9 kb) was generously provided by Valentis Inc. (CA, USA). N-
(1-[2,3-dioleoyloxy]propyl)-N,N,N-trimethyl-ammonium chloride (DOTAP), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DOPE) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy[polyethylene glycol]-2000)
(PEG2000-DSPE) were purchased from Avanti Polar Lipids (AL, USA). Cholesterol,
cholesteryl chloroformate (CholCOCl), MeO-PEG2000-OH, and tetrabutyl ammomium
chloride (TBACl) were purchased from sigma-aldrich (MO, USA). MeO-PEG2000-
cholesterol was synthesized using the modified procedure described by Zhao et al. [26]. The
identity of the MeO-PEG2000-cholesterol was confirmed by NMR (400 MHz; Bruker
Avance III 400) and its purity was estimated to be >95%. The luciferase assay kit was
obtained from Promega (WI, USA). Fetal bovine serum (FBS) was purchased from
Mediatech Inc. (VA, USA) and was filtered with a 0.22 μm low-protein-binding cellulose
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acetate filter from Fisher Scientific (PA, USA) before use. All chemicals were of reagent
grade or higher quality.

Liposome & lipoplex preparation
DOTAP combined with cholesterol at different weight percentages (36–69%) 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, dried lipids were subsequently
resuspended in autoclaved, distilled water and sonicated. Cationic liposomes were prepared
immediately before use as previously described [5]. Lipoplexes were prepared by mixing
equal volumes of DNA (40 μg/ml) and liposomes (0.5 mM), and incubated at room
temperature for 15 min before transfection.

In vitro transfection assay
KB cells and MCF7/ADR cells were obtained from American Type Culture Collection (MD,
USA). Neuro2A cells were a gift from Emmanuel Katsanis (University of Arizona, AZ,
USA), and murine cell lines including B16, CT26 and 4T1 were generously provided by
Steve Dow (Colorado State University, CO, USA). Cells were incubated at 37°C in a
humidified atmosphere containing 5% CO2. Cells were maintained in complete growth
media supplemented with 10% FBS, 50 units/ml penicillin G and 50 μg/ml streptomycin
sulfate. For in vitro transfection, cultures were freshly seeded at 3 × 105 cells/well in 12-well
plates 24 h before transfection. Lipoplexes (40 μl) containing 0.8 μg DNA were incubated at
room temperature for 15 min and then transferred into wells containing freshly washed cells
in 50% FBS medium. The use of these relatively high-serum conditions for our transfection
experiments was an effort to better simulate the environment experienced by the delivery
systems upon intravenous injection, and has been shown to provide results from cell culture
experiments that are more consistent with in vivo studies [5,25,27]. The cells were incubated
with lipoplexes for 4 h before the medium was replaced with the medium containing 10%
FBS. 40 h after transfection, the culture medium was discarded, and the cells were washed
with phosphate-buffered saline (PBS) and then lyzed with 200 μl of lysis buffer (Promega).
A total of 20 μl of cell lysis solution was used to assay for luciferase expression via a
luciferase assay kit (Promega), according to the manufacturer’s protocol. The signal was
quantified using a Monolight™ 2010 Luminometer (BD Biosciences, CA, USA). Protein
contents were determined with a Bio-Rad protein assay kit (CA, USA) according to the
manufacturer’s instructions. The absorbance was measured at 550 nm using a
THERMOmax microplate reader (Molecular Devices, CA, USA).

Dynamic light scattering & zeta potential analysis
Lipoplexes at charge ratio of 4:1 prepared as previously described were diluted to a final
volume of 500 μl with 10 mM 4-(2-hydroxyethyl)-1-piper-azineethanesulfonic acid, pH 7.4.
To measure the size and zeta potential of lipoplexes after exposure to serum, lipoplexes were
mixed with 100% FBS at equal volume and incubated for 30 min at room temperature
before measurement. Diluted samples were transferred to a cuvette for dynamic light
scattering analysis on a Nicomp 380 Zeta Potential/Particle Sizer (Particle Sizing Systems,
CA, USA). 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. Intensity-weighted Gaussian size distribution was fit to the autocorrelation
functions, and particle size values were obtained as previously described [5]. Samples were
then subjected to an electric field in a Nicomp 380 Zeta Potential/Particle Sizer for zeta
potential determination.
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Flow cytometry analysis of cellular uptake of lipoplexes
Plasmid DNA was labeled with fluorescein by Label IT® Nucleic Acid Labeling Kit
according to the manufacturer’s manual (Mirus Bio LLC, WI, USA). Lipoplexes (1.6 μg
fluorescein-labeled DNA) were incubated with 4 × 105 kb cells at 37°C for 4 h. After
incubation, cells were washed with ice-cold PBS three times and collected by centrifugation
at 300 × g for 5 min. The final cell pellets were resuspended by vortexing and fixed in 1%
formalin in PBS. To quench the bound lipoplexes on the outer leaflet of the cell 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, CA, USA) with the
excitation at 488 nm and emission at 530 nm. A total of 50,000 cells were analyzed for each
sample and the mean fluorescence intensity was determined by FlowJo software and
interpreted as a measure of 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
Particle size & zeta potential measurement

The particle size and zeta potential of lipoplexes containing 69% cholesterol and PEG
conjugates (0.4 mol%) were measured at charge ratio (+/−) of 4:1 before and after exposure
to serum (Table 1). Before exposure to serum, the zeta potentials of lipoplexes are
comparably high at this charge ratio (≥30) and the particle sizes of all the formulations are
approximately 200 nm. After exposure to serum for 30 min, particle sizes of all the
formulations increased slightly while zeta potential decreased dramatically and became
negative. These results indicate that the size of the lipoplexes are not dramatically altered by
serum; however, the extra positive charge on the lipoplexes surface are neutralized after
exposure to serum. In addition, the very similar changes in zeta potential observed with all
formulations after serum exposure suggest that the location of PEG (within or excluded from
the domain) does not appear to significantly alter the extent of serum protein binding.

Effect of the PEG anchor on transfection
To test the effect of the PEG anchor on transfection, PEGylated lipoplexes with DOTAP/
cholesterol (31:69, wt/wt) were prepared by incorporation of PEG–cholesterol or PEG–
DSPE and used to transfect KB cells in the presence of 50% serum. Interestingly, PEG–
cholesterol showed the highest transfection rate among the three formulations while
lipoplexes with PEG–DSPE showed the lowest transfection. Surprisingly, PEG–cholesterol
enhanced transfection rates threefold as compared with the non-PEGylated control (Figure
1). Although cell viability was not specifically measured in these experiments, we did not
observe alterations in total protein content of the cell lysate, suggesting that neither of the
PEG conjugates are highly toxic.

Effect of cholesterol domain on transfection by PEGylated lipoplexes
To evaluate the effect of cholesterol domain formation on transfection, PEGylated
lipoplexes containing different cholesterol contents (36, 45, 56 and 69%) were prepared with
either PEG–cholesterol or PEG–DSPE, and used to transfect KB cells in 50% serum. In all
cases, the use of PEG–DSPE reduced transfection rates, consistent with previous reports
[14,15,17,19]. Similar effects were observed with PEG–cholesterol in lipoplexes formulated
with 36% and 45% cholesterol (Figure 2). In contrast, PEG–cholesterol significantly
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enhanced transfection when incorporated into lipoplexes possessing 56 and 69% cholesterol.
As shown in our previous study [25], cholesterol domains are formed in lipoplexes with
≥52% cholesterol, whereas cholesterol domains are not observed in lipoplexes formulated
with 36 and 45% cholesterol. Considering PEG–cholesterol is able to partition into the
cholesterol domain while PEG–DSPE is excluded from such domains, the results suggest
that presentation of the PEG molecule within the cholesterol domain facilitates transfection
in KB cells. In this context, it should be noted that PEG–DSPE reduced the transfection
efficiency in all the formulations regardless of the presence of a cholesterol domain, whereas
the ability of PEG–cholesterol to enhance transfection was dependent upon cholesterol
domain formation (Figure 2).

Effect of PEG–cholesterol concentration on transfection in KB cells
The ability of domain-containing lipoplexes incorporating PEG–cholesterol to significantly
enhance transfection in KB cells proved very reproducible, and further investigation of this
curious effect seemed warranted. Lipoplexes containing 69% cholesterol were prepared with
PEG–cholesterol at concentrations ranging from 0 to 2.5 mol% and used to transfect KB
cells in 50% serum. The transfection increased progressively from 0 to 1% PEG–cholesterol
and reached a plateau above 1% (Figure 3). This apparent saturation suggests that the
enhanced transfection by PEG–cholesterol may involve an interaction with a specific
cellular component(s). To test this hypothesis, increasing quantities of free PEG were added
into the transfection media with lipoplexes containing PEG–cholesterol. The data
demonstrated that transfection efficiency remained constant regardless of the amount of free
PEG added (Figure 4). It should be pointed out that the free PEG added into the transfection
was in great excess to the PEG included in the lipoplexes, with 1000 μg of PEG being
approximately 5000-fold that in the lipoplexes used for transfection.

Cellular uptake of PEGylated lipoplexes
Liposomes with DOTAP/cholesterol (31:69, wt/wt) and PEG conjugate were complexed
with fluorescein-labeled DNA to quantify the cellular uptake of lipoplexes by KB cells.
After a 4-h incubation in 50% serum, cellular uptake of lipoplexes was measured by flow
cytometry. In Figure 5, lipoplexes PEGylated with PEG–cholesterol demonstrated levels of
cellular uptake comparable to the non-PEGylated control, whereas PEG–DSPE
demonstrated significantly lower levels of uptake. The values of mean fluorescence appear
to be very low, with the nontransfected control showing only 3.5 in mean fluorescence. This
result indicates that the enhanced transfection induced by PEG–cholesterol in domain-
containing lipoplexes (Figure 1) could not be explained by increased cell uptake.

Enhanced transfection by PEG–cholesterol in different cell lines
To determine whether the enhanced transfection by PEG–cholesterol was unique to KB
cells, transfection experiments were performed on different cell lines. Lipoplexes containing
DOTAP/cholesterol (31:69, wt/wt) were prepared with PEG–cholesterol and PEG–DSPE,
respectively. Human breast cancer cells (MCF7/ADR) and murine cancer cells (Neuro2A,
B16, CT26 and 4T1) were transfected in 50% serum. As summarized in Figure 6, the
enhanced transfection was also observed in MCF7/ADR and Neuro2A cells, but not in the
other cell lines. In all the cells tested, PEG–DSPE dramatically decreased transfection,
consistent with reports in the literature [14,15,17,19]. Even in the cell lines where no
enhanced transfection by PEG–cholesterol was observed, the PEG–cholesterol conjugate did
not reduce transfection efficiency, in contrast to that observed with PEG–DSPE (Figures
6C–E). These results indicate that incorporation of PEGylated components within a
cholesterol domain does not compromise transfection efficiency in vitro, and even improves
transfection in some cell lines.
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Discussion
To develop lipoplexes that efficiently transfer genes in the presence of serum, PEGylation
has become the standard procedure in liposomal formulation to sterically shield the delivery
vehicles from blood components and increase circulation lifetimes in vivo. 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 in tumors [28]. It is thought that PEGylation provides steric
stabilization that ultimately reduces surface–surface interactions, including the aggregation
of liposomes [29–31]. 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
[14,15,17,19].

The commercially available PEGylated lipids are mostly PEG conjugated to phospholipids
and ceramides, with PEG–DSPE being the most commonly used. In the present study, MeO-
PEG2000–cholesterol was synthesized by linking the hydroxyl moiety in MeO-PEG2000-OH
onto cholesterol via cholesteryl chloroformate to form a carbonate ester (i.e., ‘PEG–
cholesterol’). As shown in Figure 1, transfection was not reduced in KB cells when
lipoplexes containing a cholesterol domain were PEGylated with PEG–cholesterol. Instead,
transfection was enhanced in comparison to lipoplexes PEGylated with PEG–DSPE and the
non-PEGylated control. The data in Figure 3 indicate that the enhanced transfection by
PEG–cholesterol in KB cells is dependent on the concentration of the conjugate, and the
effect is saturated above 1%. However, as shown in Figure 4, free MeO-PEG2000-OH was
not able to reduce transfection, suggesting that a specific interaction of PEG with a cellular
component is not responsible for the observed enhancement of transfection with PEG–
cholesterol. Furthermore, cellular uptake of lipoplexes with or without PEG–cholesterol was
equivalent (Figure 5), suggesting that increased uptake cannot explain the enhanced
transfection by PEG–cholesterol. Our results (Figure 1) are consistent with previous reports
concluding that PEG–DSPE has a detrimental effect on intracellular trafficking [14]. By
contrast, enhanced transfection by PEG–cholesterol suggests that incorporation of
PEGylated components into a cholesterol domain does not trigger the same pathway as
PEG–DSPE. Instead, PEG–cholesterol appears to promote more productive intracellular
trafficking, which results in improved transfection. However, parallel experiments using
confocal microscopy to assess changes in intracellular trafficking did not reveal consistent
differences among the PEGylated formulations with regard to accumulation in endosomes or
nuclei (data not shown). It should be pointed out that the PEG molecule we utilized is linked
to cholesterol via a carbonate ester bond while the PEG–DSPE is linked via a carbamate
bond. It has been reported that PEG–lipids with orthoester linkages are sensitive to the
reduced pH of the endosomal compartment [32–34]. Thus, the carbonate ester linkage in our
PEG–cholesterol conjugate may be more labile than the carbamate linkage in PEG–DSPE;
these chemical differences may contribute to the enhanced transfection observed with the
former conjugate. However, the inability of PEG–cholesterol to enhance transfection when
incorporated into lipoplexes lacking a domain suggests that linker chemistry alone cannot
explain the current observations. Similarly, after the lipoplexes were exposed to serum, zeta
potentials became negative and the particle sizes remained comparable among all the
formulations. Furthermore, the negative charge contributed by the very small amount of
PEG–DSPE used in this study is small compared with the cationic lipid (DOTAP) content,
and the surface charge remains strongly positive even after 1% PEG–cholesterol is
incorporated into the formulation (zeta potential is reduced from +33.0 to +16.2 mV; data
not shown). Therefore, we conclude that the slight chemical differences between these
conjugates cannot explain their differential effects on transfection, and the mechanism
responsible for our observations is not clear.
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We feel it is important to reiterate that the beneficial effects of PEG–cholesterol were
dependent on the presence of a cholesterol domain. This is consistent with our previous
findings that when the targeting ligand, folate-cholesterol, was incorporated in the DOTAP/
cholesterol formulation, the presence of the ligand within the cholesterol domain promotes
more productive transfection in cultured cells [35]. In lipoplexes with 36 and 45%
cholesterol that lack a cholesterol domain, PEG conjugates should be evenly distributed over
the particle surface. In these formulations, the transfection efficiency was reduced by both
PEG conjugates, consistent with the well-known adverse effects of PEGylation on delivery
[14,15,17,19]. By contrast, enhanced transfection was observed with PEG–cholesterol in
formulations that are known to possess a cholesterol domain (i.e., the 56 and 69%
cholesterol formulations) [25]. Considering that the PEG–cholesterol conjugate would be
expected to partition into the cholesterol domain while PEG–DSPE is excluded from the
domain, our findings suggest that presentation of the PEG moieties in the cholesterol
domain may alleviate (at least partially) the adverse effect on intracellular trafficking due to
PEGylation.

Another interesting finding of this study is that the enhanced transfection by PEG–
cholesterol was not unique to KB cells, a human carcinoma of the nasopharynx.
Transfection in MCF7/ADR (human breast cancer cell line) and Neuro2A (murine
neuroblastoma cell line) cells was also significantly enhanced by PEG–cholesterol.
Although PEG–cholesterol did not improve transfection in other murine cancer cell lines
(B16, CT26 and 4T1), it did not have a negative effect on transfection in these cell lines.
Our experiments do not allow us to definitively determine whether the maintenance of
transfection in these cell lines is caused by avoidance of detrimental trafficking, or if
transfection enhancement due to the incorporation of this conjugate into domain-containing
lipoplexes is equal in magnitude to the adverse effects. Regardless of the exact
mechanism(s) involved, these results demonstrate that the ability of cholesterol domains to
increase transfection rates is further enhanced by the incorporation of PEG in the domain.
Considering that transfection was enhanced despite constant cellular uptake, we conclude
that the inclusion of PEG in cholesterol domains likely promotes more productive
intracellular trafficking of particles that results in increased transfection efficiency.

Future perspective
PEGylation has been commonly adopted as surface modification of drug- and gene-delivery
systems to improve the stability and circulation time in vivo. However, it has been shown
that the influence of PEGylation on cellular uptake and intracellular trafficking compromises
the ultimate delivery efficiency. Furthermore, PEGylated liposomes have been linked to
accelerated blood clearance and an immune response after repeated injection [36].
Considering these issues, it would be beneficial to develop alternative strategies to
PEGylation for increasing circulation lifetimes. In this context, high levels of cholesterol in
lipid-based formulations have been shown to reduce aggregation in serum and result in
longer circulation lifetimes [5,8,27]. Our current work indicates that PEGylation in a
cholesterol domain may be advantageous for intracellular delivery, although the mechanism
behind the enhanced transfection is unclear. This alternative strategy offered the potential of
exploiting lipid domains to compartmentalize different functionalities within a delivery
vehicle. Therefore, PEGylated formulations incorporating PEG–cholesterol, instead of the
typically used PEG–DSPE, is worthy of further examination. Future work on the modes of
cell binding and uptake might be also explored.
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Key Terms

Liposome Spherical, self-closed structures formed by one or several
concentric lipid bilayers

Transfection The process of introducing DNA or RNA into cells

PEGylation The incorporation of components that are covalently linked to
polyethylene glycol

Lipoplex Liposome/nucleic acids complex

Cholesterol domain Cholesterol-rich area on cell membrane or artificial membrane

Gene delivery Delivery of foreign DNA (gene) into cells

Intracellular
trafficking

The physical translocation within the target cell, including
interactions with various organelles and transport systems
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Executive summary

• Size of PEGylated lipoplexes were not dramatically altered by serum, but
surface charge was.

• Enhanced transfection in KB cells by PEG–cholesterol in domain-containing
lipoplexes is dependant on PEG–cholesterol concentration.

• The enhanced transfection induced by PEG–cholesterol in domain-containing
lipoplexes could not be explained by increased cell uptake.

• Confinement of PEG to a lipid domain does not compromise transfection
efficiency in vitro, and even improves transfection in some cell lines.

• Enhanced uptake of PEG–cholesterol indicates unknown pathways of
intracellular uptake that may be exploited for delivery.
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Figure 1. Transfection by DOTAP/cholesterol lipoplexes prepared with 69 wt% cholesterol
KB cells were transfected by non-PEGylated lipoplexes and formulations incorporating 0.4
mol% PEG–cholesterol or PEG-DSPE in 50% serum. The data represent the mean ± one
standard deviation of three replicates.
*p < 0.05 when compared with the non-PEGylated control.
DOTAP: N-(1-[2,3-dioleoyloxy]propyl)-N,N,N-trimethylammonium chloride;
DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine.
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Figure 2. Transfection of DOTAP/cholesterol lipoplexes prepared with 36, 45, 56 and 69 wt%
cholesterol
KB cells were transfected by non-PEGylated lipoplexes and with formulations incorporating
0.4 mol% PEG–cholesterol or PEG–DSPE in 50% serum. It is known that the 56 and 69%
formulations possess a cholesterol domain, whereas the 36 and 45% formulations lack a
domain. The data represent the mean ± one standard deviation of three replicates.
*p < 0.05 when compared with the non-PEGylated control.
DOTAP: N-(1-[2,3-dioleoyloxy]propyl)-N,N,N-trimethylammonium chloride;
DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine.
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Figure 3. Effect of PEG–cholesterol concentration in lipoplexes with DOTAP/cholesterol (31:69,
wt/wt) on transfection of KB cells in 50% serum
The data represent the mean ± one standard deviation of three replicates.
DOTAP: N-(1-[2,3-dioleoyloxy]propyl)-N,N,N-trimethylammonium chloride.
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Figure 4. Effect of free MeO-PEG2000-OH on transfection of KB cells in 50% serum
KB cells were transfected by lipoplexes with 69% cholesterol and 1% at doses of 1, 10, 100
and PEG–cholesterol in the presence of free PEG2000 1000 μg in each well of a 12-well
plate. The data represent the mean ± one standard deviation of three replicates.
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Figure 5. Cellular uptake of DOTAP/cholesterol (31:69, wt/wt) lipoplexes with different PEG
conjugates (0.4 mol%)
The mean fluorescence intensity measured by fluorescence-activated cell sorting was used to
quantify the cellular uptake of lipoplexes. The data represent the mean ± one standard
deviation of three replicates.
*p < 0.05 when compared with the non-PEGylated control.
DOTAP: N-(1-[2,3-dioleoyloxy]propyl)-N,N,N-trimethylammonium chloride;
DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine.
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Figure 6. Transfection of DOTAP/cholesterol (31:69, wt/wt) lipoplexes with PEG–cholesterol in
different cell lines
(A) MCF7, (B) Neuro2A, (C) B16, (D) CT26 and (E) 4T1 cells were transfected with non-
PEGylated lipoplexes and formulations incorporating 1% PEG–cholesterol or PEG–DSPE in
50% serum. The data represent the mean ± one standard deviation of three replicates.
*p < 0.05 when compared to the non-PEGylated control.
DOTAP: N-(1-[2,3-dioleoyloxy]propyl)-N,N,N-trimethylammonium chloride.

Xu et al. Page 17

Ther Deliv. Author manuscript; available in PMC 2012 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Xu et al. Page 18

Table 1

Particle size and zeta potential of DOTAP/cholesterol (wt/wt: 31/69) lipoplex at charge ratio of 4:1 before and
after exposure to serum.

Particle diameter (nm) Zeta potential (mV)

In buffer In serum In buffer In serum

Non-PEGylated 196.4 ± 12.4 235.8 ± 23.5 +45.8 ± 5.1 −16.5 ± 0.6

PEG–DSPE 198.9 ± 17.1 235.3 ± 14.7 +37.2 ± 6.2 −17.5 ± 0.4

PEG–cholesterol 193.8 ± 26.6 217.7 ± 13.1 +34.8 ± 6.6 −15.4 ± 1.3

Data represent mean ± one standard deviation of three replicates.

DOTAP: N-(1-[2,3-dioleoyloxy]propyl)-N,N,N-trimethylammonium chloride; DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine.
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