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Abstract

The formation of cholesterol domains in lipoplexes has been associated with enhanced serum
stability and transfection rates both in cell culture and in vivo. This study utilizes the ability of
saturated phosphatidylcholines to promote the formation of cholesterol domains at much lower
cholesterol contents than have been utilized in previous work. The results show that lipoplexes
with identical cholesterol and cationic lipid contents exhibit significantly improved transfection
efficiencies when a domain is present, consistent with previous work. In addition, studies
assessing transfection rates in the absence of serum demonstrate that the ability of domains to
enhance transfection is not dependent on interactions with serum proteins. Consistent with this
hypothesis, characterization of the adsorbed proteins composing the corona of these lipoplex
formulations did not reveal a correlation between transfection and the adsorption of a specific
protein. Finally, we show that the interaction with serum proteins can promote domain formation
in some formulations, and thereby result in enhanced transfection only after serum exposure.

Keywords

serum protein interaction; lipoplex; cholesterol domain; transfection; gene delivery; differential
scanning calorimetry; mass spectrometry; protein corona

Introduction

Nucleic acids (DNA, siRNA, miRNA, aptamers) represent a new class of pharmaceuticals
that have the potential to successfully treat a wide variety of diseases [1-4]. Although some
nucleic acid-based pharmaceuticals have progressed through clinical trials and been
marketed, delivery has proven to be the major barrier toward realizing the full potential of
this new class of pharmaceutical agents [5]. In contrast to traditional pharmaceuticals that
can diffuse across the cell membrane, most nucleic acids must be delivered into the
cytoplasm to elicit a therapeutic effect. Intracellular delivery has proven to be a difficult
challenge, especially in vivo, and researchers have identified numerous methods of
enhancing uptake and cytoplasmic delivery. Unfortunately, none of these approaches has
proven sufficiently efficacious in clinical trials, and improved delivery systems are needed
to enhance intracellular delivery.
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Considering that nucleic acids are predominantly administered via the intravenous route,
delivery systems must maintain stability in the blood in order to access the target site.
Earlier work has documented the ability of cholesterol to greatly enhance the serum stability
of lipid-based delivery systems, and researchers have proposed that the enhanced membrane
rigidity imparted by cholesterol allows such systems to resist aggregation and dissociation
upon interactions with serum proteins [6-9]. More specifically, our previous studies have
clearly shown that increasing cholesterol content is correlated with the ability of lipoplexes
to resist serum-induced aggregation and maintain transfection rates [8,9]. Furthermore, the
enhanced stability and transfection rates observed in cell culture studies have translated to
improved tumor accumulation and reporter gene expression in vivo [10,11].

Studies characterizing formulations containing high cholesterol have shown that cholesterol
contents above 66 mole percent (49% by weight) result in the formation of a phase-
separated cholesterol domain that appears to be coincident with significant increases in
stability and delivery observed both in cell culture and in vivo [9,11,12]. In addition, studies
on serum protein binding have suggested that cholesterol domains do not adsorb detectable
levels of protein, and thus might offer an optimal environment for small molecule ligands
that could otherwise be obscured by protein binding [9]. Experiments with ligands (i.e.,
folate) have demonstrated that transfection in 50% serum is only enhanced if formulations
possess a cholesterol domain [12]. Further experiments with formulations possessing a
cholesterol domain have established that the anchor to which the ligand is attached is critical
for enhancing transfection; i.e., transfection is not enhanced when the ligand is conjugated to
a lipid anchor that is excluded from the domain [12]. In contrast, ligands conjugated to
anchors that are able to partition into the cholesterol domain resulted in significantly
enhanced transfection. This same effect was recently documented for tumor delivery in vivo
[11].

The studies summarized above clearly indicate that cholesterol domains are advantageous
for both transfection and stability. However, the use of the very high cholesterol contents
required for the formation of a domain raises concerns about the storage stability of such
formulations and potential immunogenic effects that have been previously observed with
formulations employing high cholesterol [5,13-15]. Accordingly, it would be advantageous
to develop strategies that allow the formation of cholesterol domains under conditions that
avoid concerns about storage stability and immunogenicity, i.e., lower cholesterol contents.
More specifically, previous studies have shown that lipids possessing saturated acyl chains
can promote the formation of cholesterol domains [16], and we assess this potential strategy
for creating domains in lipoplexes at reduced cholesterol contents. Furthermore, transfection
with these novel lipoplex formulations was characterized in the presence and absence of
serum to assess the potential role of protein binding in enhancing transfection in vitro. Our
results are consistent with our previous studies establishing that the formation of cholesterol
domains in lipoplex formulations greatly enhances vector performance, and demonstrate that
these benefits can be realized at much lower cholesterol contents that might be advantageous
for in vivo applications and more amenable to commercial development.
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Materials and Methods

Lipoplex Preparation

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL). Lipid formulations
were prepared by mixing stock lipids in chloroform and then evaporating chloroform from
the mixtures under a stream of nitrogen gas for 15 minutes. The resulting lipid film was then
dried overnight under vacuum to ensure all residual chloroform was removed. Films were
re-suspended at 65 °C in double distilled water and sonicated for 1 minute. Lipoplexes were
then prepared at a +/- charge ratio of 4 by mixing equal volumes of plasmid encoding
luciferase with the suspended liposomes as previously described [9]. They were allowed to
associate at room temperature for 15 minutes prior to use in experiments.

Transfection Protocol

MCEF-7 cells (American Type Culture Collection # HTB-22; human breast adenocarcinoma
cells) were cultured at 37 °C, 5% carbon dioxide with 100% humidity in Minimum Essential
Media (MEM), 10% fetal bovine serum (FBS), 50 U/ml penicillin, 50 ug/ml streptomycin
(all media from Cellgro MediaTech Inc., a Corning Acquisition, Manassas, VA). Media was
filtered prior to use with either a 0.22 um syringe filter or a 0.22 um stericup to ensure
sterility (Thermo-Fisher Rockford, IL). For transfection experiments, cells were seeded at
20,000 cells/well in 96-well plates 24 hours prior to treatment. On the day of the experiment,
cells were washed twice with phosphate buffered saline (PBS) before adding 100 pl of
transfection media (50% MEM, 50% FBS to mimic in vivo serum protein conditions).
Formulations were then added to the center of each well (2 pl total volume containing 1 pg
total DNA) and allowed to incubate for 4 hours. In some experiments, lipoplexes were pre-
incubated 1:1 v/v in MEM or FBS for 30 minutes prior to dilution in 100% MEM, and then
administered to cells for transfection as described above. After 4 hours, the transfection
media was removed, and cells were again washed twice with PBS before being reintroduced
to their normal 10% FBS growth media. After resting for 48 hours, the cells were again
washed twice with PBS before being lysed with 30 ul Promega lysis buffer in the =80 °C
freezer according to manufacturer’s instructions (Promega, Madison, WI). Lysate was
assayed for protein content using the Bio-Rad protein assay (Bio-Rad, Hercules, CA) on a
96-well THERMOmax plate reader (Molecular Devices, Sunnyvale, CA). Luminescence
was quantified using a Monolight Luminometer according to manufacturer’s instructions
(BD Biosciences, San Jose, CA).

Particle Sizing by DLS

Sizes of the lipoplexes were measured by dynamic light scattering with a Nicomp 380 ZLS
(PSS Nicomp, Santa Barbara, CA). The instrument was set on vesicle mode using the
volume-weight Gaussian distribution analysis. Samples were pre-incubated 1:1 v/v in MEM
or FBS for 30 minutes prior to making the size measurements. Incubated samples were then
diluted 1:100 in PBS prior to sizing to reduce light scattering.
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Differential Scanning Calorimetry

Calorimetry measurements were made on each formulation using Microcal VP-DSC
(Microcal Inc., Northampton, MA). Samples prepared in double distilled water as described
above were loaded into the instrument. As described above for transfection and particle
sizing, some experiments involved pre-incubation 1:1 v/v with MEM or FBS for 30 minutes
prior to analysis. The concentration of lipid in all samples was 0.5 mM total lipid as
previously described [11]. Samples were degassed with the MicroCal ThermoVac (Microcal
Inc., Northampton, MA) for 20 minutes at a temperature of 4 °C and then loaded carefully
with gastight Hamilton syringes (Hamilton Company, Reno, NV) using the technique
described by Microcal. The instrument was set to scan from 10-90 °C at 90 °C/h. Melting
curves were analyzed using Origin 7.0 software.

Serum Protein Pull-down Experiments

Lipoplex formulations were mixed 1:1 v/v with either MEM or FBS, and incubated at room
temperature for 30 minutes. Samples were then centrifuged at 13,000 x g for 60 min. The
supernatant was removed and the pellet was re-suspended in 10% w/v sodium dodecyl
sulfate (SDS). Surface proteins were removed by boiling (95 °C) re-suspended pellets in
SDS for 5 minutes according to the methods of Tandia et al., 2003 [17]. Samples were then
dialyzed into PBS using the lowest MW (2000 Da) dialysis cassette from Pierce Thermo-
Fisher (Rockford, IL) for 24 h with three buffer changes. Total protein content of each pull-
down was measured with the Bio-Rad protein assay as mentioned above. The remainder of
the sample was used for mass spectrometry analysis.

Protein Analysis by MALDI/MS

Dialyzed proteins from the pull-down experiments were prepared for mass spectrometry
using Millipore C4 ZipTips (Billerica, MA). Trifluoroacetic acid (TFA) was added at 0.1%
to each sample. The ZipTip was then prepared according to the manufacturer’s suggestion
before eluting with 0.1%TFA/50%acetonitrile (ACN)/water. The ZipTipped sample was
then mixed 1:1 v/v with saturated matrix solution (either a-cyano-4-hydroxycinnamic
[CHCA] for lower MW protein detection or sinapic acid both at ~10 mg/ml or saturated in
0.1%TFA/50% ACN/water). The 1:1 matrix/protein solutions were spotted at a volume of 1
pl on a clean plate. The plate was loaded in the Bruker Omniflex MALDI-TOF (Bruker
Corp., Fremont, CA). The laser was set at 65% power with 100 shots per run. The spectra
were analyzed by Flex Analysis software. Due to the mass accuracy and possible
modifications/degradation of proteins extracted from the protein corona, it is difficult to
definitively identify proteins associated with each approximate mass from this procedure.
However similar to other profiling studies, MALDI provided insight into differences in
protein coronas based on formulation that could be investigated further [18]. Additional
experiments utilized digestion for identification of individual proteins present in the corona
(see below).

Digestion Procedure for Mass Spec Analysis

Chemical denaturation for mass spec analysis was performed according to the procedure
described by Russell and Park [19]. Briefly, 1 M guanidine hydrochloride and 5 mM
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dithiothreitol were added to each pull-down after dialysis. The mixtures were incubated at
70 °C for 20 minutes on a heating block. After denaturation was completed, 25 mM
iodoacetamide was added, and this mixture was incubated at room temperature for 30
minutes. Porcine trypsin was then added to the solution at approximately a 1:40 weight ratio
of trypsin to protein. The solution was allowed to digest for 5 hours at 37 °C (all chemicals
for this procedure came from Sigma Aldrich, St. Louis, MO).

Our previous work has demonstrated that the formation of cholesterol domains in lipoplexes
can be monitored with differential scanning calorimetry (DSC) [9]. More specifically,
anhydrous cholesterol domains that form in our lipoplexes exhibit a heat signal that can be
used to calculate the number of molecules that comprise the domain [9]. These studies have
clearly established that cholesterol domains form in DOTAP/cholesterol lipoplexes at
cholesterol contents of approximately 66 mol% (49% by weight). Similar cholesterol
domains have been thoroughly characterized by other researchers, and it has been shown
that both the saturation and the length of the lipid chains can affect domain formation
[16,20,21]. Accordingly, we utilized DSC to determine if saturated phosphatidylcholines
(PC) could be used to promote domain formation in our lipoplexes. Figure 1 depicts the
distinct heat signal that is readily detectable by DSC when a domain is present as compared
to a formulation lacking a cholesterol domain. This approach was utilized to quantify both
the enthalpy and the transition temperature associated with domains that formed in
lipoplexes incorporating saturated PCs of different chain lengths.

Considering our previous work showing that cholesterol domains are detected at DOTAP/
cholesterol mole ratios of 30:70, experiments were performed at a constant DOTAP molar
percentage of 30%. Substituting saturated PC with symmetrical chain lengths of 14, 16, 18,
20, 22, or 24 carbons for cholesterol, we progressively reduced the cholesterol content from
60 to 0 mol%, and utilized DSC to monitor domain formation. It is important to recognize
that neither DOTAP nor the PCs used in these experiments exhibited detectable transition
temperatures under the conditions used for determining domain formation (i.e., 0.5 mM
lipid). Our results indicated that incorporation of PCs with chain lengths of 14, 16, and 18
carbons did not promote domain formation, and no heat signal was observed even in
lipoplexes containing 60% cholesterol (data not shown). In contrast, a domain was clearly
observed when longer PCs were incorporated into the lipoplexes, even at very low
cholesterol contents (Fig. 2). The enthalpies and transition temperatures associated with
domains formed in the presence of saturated PCs with chain lengths of 20, 22, and 24
carbons are shown in Figures 2A-C, respectively, and indicate that domains are observed at
cholesterol contents as low as 10 mol%! Overall, Tm varied from 33-53 °C in the different
lipoplex formulations, and enthalpies progressively rose at cholesterol contents above 10%,
consistent with increasing amounts of cholesterol participating in the domain (Fig. 2) [9].

Because our previous studies have demonstrated enhanced transfection with lipoplexes
possessing a cholesterol domain, transfection experiments were conducted with lipoplexes
formulated with 30% DOTAP/20% cholesterol/50% PC. Formulations incorporating each of
the PC chain lengths (14-24 C) were assessed for their ability to transfect MCF-7 cells in
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culture as compared to a standard formulation of 50% DOTAP/50% cholesterol and our
best-performing formulation of 20% DOTAP/80% cholesterol [8-12]. Consistent with our
previous studies, all transfection experiments were performed in 50% serum, and lipoplexes
were formulated at +/- = 4. As documented in our earlier studies, lipoplexes formulated at
80% cholesterol exhibited significantly greater transfection rates as compared to a standard
formulation containing 50% cholesterol (Fig. 3). Incorporation of PCs with progressively
longer chain lengths resulted in a significant increase in transfection (= 8-fold) when the
chain length was increased from 18 to 20 carbons. Furthermore, transfection rates
comparable to our formulation containing 80% cholesterol were observed when 20-24C PCs
were incorporated even though these formulations possessed only 20% cholesterol (Fig. 3).
These findings are consistent with our previous studies showing that the formation of a
cholesterol domain significantly enhances transfection rates [9,11,12].

One of the initial observations that motivated us to investigate high cholesterol formulations
was their ability to resist aggregation and dissociation in the presence of serum [8]. Many
studies have demonstrated the adverse effects of serum protein binding on lipoplexes [22—
25], and we have previously shown that high cholesterol formulations maintain elevated
transfection levels in the presence of serum [8]. Considering the detrimental effects of
serum, it would be expected that lipoplexes lacking a domain should exhibit higher
transfection in serum-free media as compared to that observed in 50% serum. To assess the
effect of serum protein binding on transfection, lipoplex formulations were pre-incubated in
either serum-free media or 50% serum for 30 min before being diluted 50-fold in serum-free
media and used to transfect MCF-7 cells in culture. Control experiments performed in the
presence of 1% serum to mimic the low serum levels present after dilution demonstrated that
transfection is not affected by these conditions (data not shown). The data in figure 4 show
that pre-incubation in serum enhanced transfection rates of all lipoplexes containing
saturated PCs, suggesting that serum instability is not responsible for the lower transfection
rates observed with lipoplexes lacking a cholesterol domain. Furthermore, pre-incubation in
serum resulted in the highest transfection rates when lipoplexes possessed a cholesterol
domain (20-24C PC), whereas formulations incorporating short-chain PCs (14+16C)
exhibited 3—4 fold lower transfection under these conditions. When all formulations are
compared under serum-free conditions, lipoplexes possessing a domain exhibited a sharp
increase in transfection rates, suggesting that the beneficial effects of a cholesterol domain
are not dependent on protein binding (Fig. 4). Curiously, the lipoplex formulation
incorporating 18C PC transfected at distinctly higher rates in serum than the other
formulations in which a domain was not detected by DSC (Fig. 2).

Although the beneficial effects of a cholesterol domain are not dependent on serum pre-
incubation, the data in figure 4 clearly show that pre-exposure to serum proteins enhances
transfection in all formulations, with the exception of the 50% DOTAP/50% cholesterol
formulation. While some studies have suggested that interactions with serum proteins might
be able to enhance cell uptake mechanisms or endosomal escape such that transfection is
improved [26,27], exposure to serum more typically causes aggregation/dissociation that
results in dramatic reductions in transfection [8,22-25,28]. It follows that serum proteins
which bind to our formulations might promote cell uptake, internalization and/or
advantageous intracellular trafficking. Accordingly, we endeavored to characterize proteins
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that bound to each of our formulations after serum exposure, i.e., “the protein corona”.
Lipoplexes incubated in 50% serum for 30 min (mimicking the exposure in Fig. 4) were
isolated from the media, and MALDI/MS was used to characterize proteins associated with
each formulation. In addition, the total amount of protein bound to each formulation was
quantified, as was the diameter of lipoplexes before and after serum exposure. The results of
these experiments are displayed in Table I, and show distinct differences in the proteins that
bind to these formulations. Although we do not observe any protein that binds to all
formulations, we do observe striking differences in the proteins adsorbed to lipoplexes
incorporating long chain PCs (20-24C) as compared to short chain PCs (14-18C). More
specifically, five proteins (13,300 Da, IgG 2C, IgG 1C, alpha-2-HS-glycoprotein, collagen
alpha-1 chain) bind to formulations with long chain PCs, and three proteins (3530 Da,
12,600 Da, albumin) bind to lipoplexes incorporating short-chain PCs (Table I). However,
comparing these proteins with proteins adsorbed to our high transfecting 20/80 formulation
and the lower transfecting 50/50 formulation reveals that none of these proteins can explain
the enhanced transfection observed after serum incubation, i.e., no single protein adsorbed
specifically to only the lipoplexes exhibiting cholesterol domains and high transfection. We
also did not observe a good correlation between transfection and total protein bound or size
after serum exposure (Fig. 5).

Discussion

It is well-established that the delivery of nucleic acids to the interior of the target cell
represents a major barrier to the therapeutic use of genes and RNA. Successful delivery
systems for nucleic acids must exhibit stability in the blood, accumulation at the target site,
uptake and efficient trafficking within the target cell. It is generally accepted that
accumulation in the tumor is primarily governed by the Enhanced Permeation and Retention
(EPR) effect whereby leaky tumor vasculature allows particles of sufficiently small size to
extravasate into the tumor, at least in animal models [29]. Studies have shown that the
mobility of nanoparticles is restricted in the extracellular tumor environment, and the use of
ligands enhances the uptake of targeted nanoparticles by the tumor cells [30]. Our previous
work has demonstrated that lipoplexes endowed with a cholesterol domain offer the
potential to locate ligands within a “nanoenvironment” that facilitates gene delivery both in
cell culture and in vivo [9,11,12]. Although the exploitation of cholesterol domains is a new
strategy that can significantly improve intracellular delivery, the very high levels of
cholesterol needed to form domains raise concerns about shelf stability and immunogenicity
[5,13-15]. However, researchers working on cholesterol domains as models for membrane
rafts have demonstrated that saturated lipids possessing long carbon chains can promote
domain formation [16,20], and this approach was applied to lipoplexes in the current study.

The ability to detect the formation of cholesterol domains in lipoplexes by DSC allows us to
assess the ability of different saturated phosphatidylcholines to promote domain formation.
Our results clearly demonstrate that long chain PCs (20-24 C) greatly facilitate the
formation of a cholesterol domain, and domains are detected in these formulations at
cholesterol contents as low as 10% (Fig. 2). Consistent with our earlier work showing the
ability of domains to enhance transfection [9,12], lipoplexes formulated with long chain PCs
and 20 mol% cholesterol possessed transfection rates comparable to our best-performing
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formulation containing 80 mol% cholesterol (Fig. 3). Although this finding might be
expected based purely on the presence of a domain, PC is known to inhibit non-bilayer
phases that are thought to be critical for membrane fusion events involved in transfection
[31,32]. Therefore, the ability of these formulations to efficiently transfect cells even though
they possess 50 mol% PC is quite surprising, and in stark contrast to previous studies in
which the incorporation of PC abolished transfection [8,31,33]. This finding suggests that
the ability of PC to inhibit transfection in some studies is not straightforward.

In contrast to the lipoplexes incorporating long chain PCs, short chain PCs (14, 16C) that did
not promote domain formation had significantly lower transfection rates (Fig. 3).
Surprisingly, lipoplexes formulated with 18C PC exhibited relatively high transfection rates
after pre-incubation in serum even though a cholesterol domain was not detected in the DSC
experiments (Fig. 2). More specifically, the 18C PC formulation exhibited transfection rates
more consistent with domain formation after a pre-incubation in serum, but performed
comparable to lipoplexes lacking a domain in the absence of serum (Fig. 4). This apparent
paradox can be explained by the fact that pre-exposure to serum induces the formation of a
relatively small domain in this lipoplex that is not present prior to serum exposure (Fig. 6).
The ability of membrane proteins to stabilize cholesterol domains has been proposed by
McConnell et al. [34], but ours is the first study to demonstrate the ability of serum proteins
to promote cholesterol domains, and also to establish that this can improve delivery by a
lipid-based vehicle. The formation of a domain in response to serum protein exposure was
only observed with the formulation incorporating 18C PC, but this finding serves to
illustrate that changes to the physical properties of the lipid vehicle upon serum protein
binding have the potential to dramatically improve transfection. However, this effect cannot
account for the approximately 2-fold enhancement in transfection observed for all other
formulations possessing saturated PCs (Fig. 4). While some studies have suggested that
interactions with serum proteins might be able to enhance cell uptake mechanisms such that
transfection is improved [26], exposure to serum more typically causes aggregation/
dissociation that results in dramatic reductions in transfection [8,22-25,28].

The role of adsorbed proteins is not well understood, and studies have clearly shown that
opsonization enhances uptake by liver macrophages and clearance in vivo [35]. Interestingly,
previous work has suggested that adsorbed serum components might alter particle
trafficking within cells [27,36,37], and such an effect could potentially enhance transfection
rates. Furthermore, it has also been proposed that certain membrane proteins might bind
specifically to cholesterol domains [34]. Our analysis of the proteins bound to different
formulations after serum exposure identified distinct differences between proteins bound to
lipoplexes incorporating long chain PCs as compared to shorter chains (Table I). However,
we did not identify any specific protein in the protein corona that unambiguously correlated
with transfection and/or domain formation. For example, four of the five proteins that bound
to lipoplexes incorporating long chain PCs were also adsorbed onto the 50%/50%
formulation which does not possess a domain and exhibited consistently lower transfection
(Figs. 3+4; Table I). The last protein bound to the lipoplexes incorporating long chain PCs
(collagen alpha-1-chain) was not present on our potent 20%/80% formulation which
possesses a domain and exhibits high transfection [9]. In addition, we did not observe a
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correlation of transfection with total protein bound or particle size after serum incubation
(Fig. 5). Additional plots of transfection (50% serum, preincubation in serum-free media,
preincubation in 50% serum) with particle size before serum exposure or with percent
change in particle size upon serum exposure yielded similarly weak correlations (data not
shown).

In conclusion, our results are consistent with previous studies showing that lipids with long,
saturated acyl chains promote cholesterol domain formation [16,20]. In this study, we
exploited this lipid mixing behavior to generate cholesterol domains in lipoplexes at lower
cholesterol levels that might be advantageous for clinical applications and commercial
development. Our data clearly demonstrate that cholesterol domain formation significantly
improves transfection, and also that domain formation can be triggered by serum protein
binding in certain formulations. While recent studies have suggested that cholesterol can
enhance transfection by promoting membrane fusion and directing lipoplexes away from the
lysosome [38], we observe distinct increases in transfection if lipoplexes possess a
cholesterol domain even when compared to lipoplexes formulated at equivalent cholesterol
contents. Although we characterized the individual proteins adsorbed to each of our lipoplex
formulations, we were unable to establish a direct relationship between transfection or
domain formation and the adsorption of a specific serum protein. Previous studies have
documented that adsorption of albumin can promote endosomal escape and improve
transfection, but albumin was not present on formulations incorporating long chain PCs that
possessed domains and exhibited enhanced transfection. Our findings suggest that the
enhanced transfection observed with lipoplexes possessing a cholesterol domain after serum
exposure is not due to recruitment of a specific serum protein that improves uptake and/or
trafficking. This suggestion is consistent with the observation that all formulations
possessing a cholesterol domain exhibited significantly higher transfection rates even under
conditions where they were not exposed to serum. We conclude that the presence of a
cholesterol domain, as opposed to cholesterol content, must alter cell uptake and/or
trafficking by mechanisms associated with raft/membrane sorting rather than the traditional
protein-receptor interactions that are utilized in antibody-targeted delivery systems. The
significant role of intracellular trafficking/sorting is also evident in our previous work
demonstrating that some domain-containing formulations do not enhance internalization by
the target cell despite dramatically increasing transfection both in cell culture and in vivo
[9,11,12].
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Future Perspective

This work clearly demonstrates that cholesterol domains that form in lipid-based delivery
vehicles can have significant effects on intracellular delivery. Future work will attempt to
understand the mechanism by which cholesterol domains facilitate intracellular delivery,
but this study documents that the adsorption of specific proteins that might promote
delivery cannot account for the enhanced transfection rates observed. Therefore, it seems
likely that cholesterol domains interact with components of the cellular membrane (e.g,
plasma membrane lipids, specific receptors, internal membranes) to enhance delivery.
The improved understanding of the role of distinct, phase-separated lipid domains on
nanoparticles could allow more sophisticated delivery systems that better exploit the lipid
raft structures and mosaic characteristics of biological membranes. It is hoped that
harnessing lipid phase behavior may allow the field of drug delivery to shift away from
protein-based ligands and focus on approaches that are more compatible with commercial
development. In addition, the use of delivery vehicles that do not require PEGylation will
circumvent problems associated with PEG immunogenicity and reduced circulation
lifetimes.
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Detection of domain formation by DSC. The formation of a cholesterol domain in lipoplexes
is indicated by a heat signal from anhydrous cholesterol as previously described [9]. The
DSC thermogram from lipoplexes incorporating 50% long chain PC (24C) demonstrates the
distinct thermal signature characteristic of domain formation. In contrast, no heat signal is
observed (dashed line) in formulations incorporating 50% short chain PC (14C). Each trace
is the average heat signal from 8 individual samples. None of the individual lipid
components exhibit transition temperatures from 20-80 °C.
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Characterization of domain formation in lipoplexes incorporating long chain PCs. PCs
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composed of saturated acyl chains of different lengths were investigated for their ability to
promote domain formation. Lipoplexes incorporating 20C (A), 22C (B), and 24C (C) PCs
each induced the formation of domains at cholesterol contents ranging from 10-60 mol%.
Symbols represent the mean of 8 replicates; the standard error is within the symbol size.
Chain lengths of 14, 16 and 18 carbons did not induce the formation of cholesterol domains.
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Figure 3.
Transfection rates of lipoplexes incorporating saturated PCs in serum. The ability of

lipoplexes incorporating saturated PCs with chain lengths of 14-24 carbons was assessed in
MCEF-7 cells. Transfections were performed in 50% serum at a +/- charge ratio of 4, and
standard formulations (20% DOTAP/80% cholesterol, 50% DOTAP/50% cholesterol) are
shown for comparison. Each bar represents the mean transfection of 8 individual wells, and
the error bars (not visible) represent the standard errors.
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The effect of serum on transfection. The ability of lipoplexes incorporating saturated PCs
with chain lengths of 14-24 carbons was assessed after a 30-min incubation in either 50%
serum or serum-free media. Transfection of MCF-7 cells occurred in serum-free media at a
+/- charge ratio of 4; standard formulations (20% DOTAP/80% cholesterol, 50%
DOTAP/50% cholesterol) are shown for comparison. Each bar represents the mean
transfection of 8 individual wells, and the error bars (not visible) represent the standard
errors.

Ther Deliv. Author manuscript; available in PMC 2014 September 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Betker et al.

Page

300 600
]
'S 250 - - 500
2
> 200 -
E - 400
£ 150
3
o - 300
a 100
€
S 50 - [ 200
o
o]

0 . , , 100
0 20000 40000 60000 80000
transfection (RLU/mg protein)

Figure 5.

Correlation of transfection with bound protein or particle size after serum exposure.
Transfection levels after pre-incubation in serum were plotted against bound protein (open
circles, RZ = 0.25) and particle diameter after serum exposure (filled squares, R% = 0.53).
Linear regression analysis was performed, and very low correlation coefficients were
obtained.
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Figure 6.

Exploiting endogenous IgG binding for targeted delivery. An antibody (Herceptin) that is
known to bind the Her-2 receptor was adsorbed to lipoplexes (20% DOTAP/80%
cholesterol), and used to transfect Her-18 cells that overexpress this receptor. No
enhancement of transfection was observed. Each bar represents the mean transfection of 5
individual wells, and the error bars represent the standard errors.
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Serum proteins induce cholesterol domain formation. Lipoplexes composed of 30%
DOTAP/20% cholesterol/50% 18C PC were incubated in 50% serum for 30 minutes prior to
DSC analysis. A distinct heat signal is observed (solid line) indicating the formation of a
cholesterol domain resulting from the adsorption of serum proteins. In contrast, no heat
signal is observed when this formulation is incubated in serum-free media (dashed line).
Each trace is the average heat signal from 8 individual samples.
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