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Abstract
A series of diwalled and tetrawalled molecular umbrellas have been synthesized using cholic acid,
spermidine, and lysine as starting material. Coupling of these molecular umbrellas to an
octaarginine peptide afforded agents that were capable of promoting the transport of small
interfering RNA (siRNA) to HeLa cells, as judged by the knockdown of enhanced green
fluorescent protein (eGFP) expression. The efficiency of this knockdown was found to increase
with an increasing number of facially amphiphilic walls present, and also when a cleavable
disulfide linker was replaced with a non-cleavable, maleimido moiety. The knockdown efficiency
that was observed for one tetrawalled molecular umbrella-octaargine conjugate was comparable to
that observed with a commercially available transfection agent, Lipofectamine 2000, but showed
less cytotoxicity.

The ability of small interfering RNA (siRNA) to silence gene expression has generated
considerable interest in recent years because of their potential as chemotherapeutic agents
and as biological tools.1–4 One of the major goals in this area has been to improve the
delivery of siRNA directly to the cytosol in order to allow for more efficient incorporation
into the RNA-induced silencing complex (RISC)—a key step in the silencing process.2 To
date, most approaches that have been used to deliver siRNA appear to rely on endocytotic
pathways. Because endosomal release is known to be inefficient, a more direct means of
delivery would be highly desireable. In particular, if siRNA could be transported into the
cytosol via passive diffusion, significant improvement in their efficacy should be possible.
With this ultimate goal in mind, we have begun to explore molecular umbrellas as delivery
agents for siRNA.5 Here, we report our results with first-generation molecular umbrellas
bearing a pendant octaaarginine peptide moiety for binding to siRNA.

As discussed elsewhere, molecular umbrellas are conjugates composed of two or more facial
amphiphiles (i.e., “walls”) that are attached to a central scaffold.5 When immersed in a
hydrophilic environment, these molecules create a hydrophilic exterior. Conversely, when
immersed in a hydrophobic environment, they create a hydrophobic exterior. Recently, we
have shown that the transport properties of molecular umbrellas in model membranes do not
follow the classic size/lipophilicity rule.6 Specifically, bilayer transport rates were found to
increase with increasing numbers of umbrella walls and increasing facial hydrophilicity.
This is exactly the opposite of what is expected based on existing drug transport theory.7 In
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addition, we and other researchers have shown that molecular umbrellas can readily enter
live HeLa cells and that passive transport may play a significant role in this entry.8,9 Based
on these features, molecular umbrellas offer an opportunity for promoting the passive
transport of biologically-active agents across cell membranes in ways that have not
previously been possible.

As a first step in exploring molecular umbrellas for siRNA delivery, we examined a series of
molecular umbrella-octaarginine conjugates for their ability to reduce (i.e., “knockdown”)
gene expression of enhanced green fluorescent protein (eGFP) in HeLa cells. Octaarginine
was chosen because of its contguous array of positive charges for binding to siRNA through
electrostatic interactions and hydrogen bonding. Our working hypothesis was that such
conjugates would create a “slide” within a plasma membrane for the passage of siRNA and/
or a sheath that shields the siRNA as it crosses the bilayer (Figure 1). A related mechanism
that can also be envisioned is one in which the conjugates act like “ferries” to shuttle the
cargo across the membranes (not shown). In the present study, our primary aim was four-
fold: (i) to determine whether molecular umbrella-octaarginine conjugates canpromote
siRNA-induced knockdown of eGFP expression beyond that of octaarginine itself, (ii) to test
whether knockdown efficiency is dependent on the size of the umbrella that is used, (iii) to
determine whether the introduction of a cleavable linker in a molecular umbrella-
octaarginine conjugate can improve knockdown efficiency, and (iv) to judge the potential
importance of a “slide” versus a “sheath” mechanism of delivery.2

With this purpose in mind, five agents were chosen as synthetic targets for this work; that is,
conjugates 1, 2, 3, 4 and 5 (Figure 2). Thus, comparison of 1 with 2, and 3 with 4, addresses
the question of how umbrella size may influence siRNA delivery. Comparison of 1 with 3,
and 2 with 4, bearing a cleavable disulfide or a non-cleavable maleimido moiety for
conjugation, addresses the question of conjugate lability on knockdown efficiency. As a
control for investigating the role that only the peptide portion of these conjugates play in
siRNA delivery, we synthesized an octaarginine analog (5), which contains a 2-
mercaptoethanol moiety instead of a molecular umbrella. To place the knockdown
efficiencies of these agents into perspective, we have compared them with that found using
Lipofectamine 2000—a proprietary formulation that is widely used as a “gold standard” for
transfection.

The synthetic method that was used to prepare conjugate 1 is shown in Scheme 1. In brief,
Boc-protection of the terminal amino groups of spermidine with 2-(Boc-oxyimino)-2-
phenylacetonitirile) (Boc-ON) to give 6, followed by acylation with N-[O-1,2,3-
benzotriazin-4(3H)one-yl]-3,(2-pyridyldithio)propionate (BPDP), afforded 7.10 Subsequent
deprotection to give 8, followed by acylation with the N-hydroxysuccinimide ester of cholic
acid (Ch-NHS) afforded 9, which was then reacted with the free thiol form of 5 (designated
as Pep-SH) to give 1. The synthesis of 2 was carried out in a similar manner (Scheme 2). In
this case, lysine dicholamide was first activated with N,N,N′,N′-tetramethyl-O-(N-
succinimidyl) uranium tetrafluoro borate (TSU) and then used to acylate 8 to give 10.11

Conjugate 4 was synthesized by first acylating both terminal amino groups of spermidine
with lysine dicholamide, followed by acylation of its secondary amine with 3-maleimido-
propanic acid and conjugated addition of Pep-SH (Scheme 3). The analogous diwalled
conjugate, 3, was synthesized by a similar route (note shown). Finally, the control peptide,
5, was obtained by reacting Pep-SH with 2-(2-pyridyldithio)ethanol (not shown).

Using procedures described in the Supporting Information section and 50 nM eGFP siRNA,
knockdown efficiencies were determined with concentrations of 1, 2, 3, 4 and 5 that varied
from 100 to 2000 nM. In control experiments, where HeLa cells were treated only with
eGFP siRNA, or with eGFP siRNA plus 5, no significant knockdown was observed (Figure
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3). Because a primary aim of this work was to compare the efficacy of 5 with corresponding
molecular umbrella conjugates under similar experimental conditions, no effort was made to
find other conditions in which 5 shows significant activity; e.g., by using higher
concentrations of 5. In contrast, when the siRNA was first incubated with 1, the extent of
knockdown increased on going from 100 to 1000 nM; however, at a concentration of 2000
nM, the extent of knockdown was found to decrease. This corresponds to the concentration
at which cytotoxicity began to occur. Similar results were observed with 2 except that the
knockdown efficiency was found to be significantly greater (Figure 3). Thus, an increase in
the number of umbrella walls resulted in a significant increase in transport activity.6
Compared with Lipofectamine 2000, however, the ability of 2 to induce eGFP knockdown
was significantly lower. Also reported in Figure 3 are the corresponding cytotoxicities of
these delivery agents, as determined by a standard MTS assay. None of the conjugates
displayed any decrease in cell viability until a concentration of 1000 nM was reached. This
can be compared to Lipofectamine 2000 which shows 76.8% cell viability using optimum
conditions described by the manufacturer.

To judge the consequences that a cleavable linker has on molecular umbrella-assisted
transport of siRNA, we examined the relative activities of 3 and 4 (Figure 4). Similar to 1,
the diwalled analog 3 showed very low activity. However, for the tetrawalled conjugate that
contained the maleimido linkage (i.e., 4), its activity was significantly greater than its
cleavable counterpart, 2, and it compared favorably to that of Lipofectamine 2000. Control
experiments carried out with 4, alone, showed no knockdown and no cytotoxicity at 500 nM.

Although we hypothesized that the cleavable analogs might exhibit greater activity because
of a greater ability to release siRNA in the cytoplasm, the exact opposite was observed. We
presently suspect that cleavage on the outer surface of the HeLa cells via neighboring
cysteine groups of membrane proteins may be responsible for this difference. It is also
noteworthy that under optimized conditions (i.e., using 500 nM of the molecular umbrella
conjugate), 4 exhibited no significant decrease in cell viability, whereas the use of
Lipofectamine 2000 resulted in a moderate decrease in cell viability.

In an effort to judge the potential importance of a slide versus a sheath mechanism of
transport, knockdown experiments were carried out with 4 in two different ways; that is, (i)
by first incubating HeLa cells with the conjugate prior to the addition of siRNA, and (ii)
incubating 4 with the siRNA followed by incubation with the HeLa cells. As shown in
Figure 5, the latter (where the umbrella conjugate is premixed with the eGFP siRNA) clearly
results in a greater knockdown efficiency. These results suggest that contributions from a
sheath mechanism of delivery are likely to be more important than a slide mechanism
(Figure 5).

To judge the consequences that a cleavable linker has on molecular umbrella-assisted
transport of siRNA, we examined the relative activities of 3 and 4 (Figure 4). Similar to 1,
the diwalled analog 3 showed very low activity. However, for the tetrawalled conjugate that
contained the maleimido linkage (i.e., 4), its activity was significantly greater than its
cleavable counterpart, 2, and it compared favorably to that of Lipofectamine 2000. Control
experiments carried out with 4, alone, showed no knockdown and no cytotoxicity at 500 nM.

Although we hypothesized that the cleavable analogs might exhibit greater activity because
of a greater ability to release siRNA in the cytoplasm, the exact opposite was observed. We
presently suspect that cleavage on the outer surface of the HeLa cells via neighboring
cysteine groups of membrane proteins may be responsible for this difference. It is also
noteworthy that under optimized conditions (i.e., using 500 nM of the molecular umbrella
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conjugate), 4 exhibited no significant decrease in cell viability, whereas the use of
Lipofectamine 2000 resulted in a moderate decrease in cell viability.

In an effort to judge the potential importance of a slide versus a sheath mechanism of
transport, knockdown experiments were carried out with 4 in two different ways; that is, (i)
by first incubating HeLa cells with the conjugate prior to the addition of siRNA, and (ii)
incubating 4 with the siRNA followed by incubation with the HeLa cells. As shown in
Figure 5, the latter (where the umbrella conjugate is premixed with the eGFP siRNA) clearly
results in a greater knockdown efficiency. These results suggest that contributions from a
sheath mechanism of delivery are likely to be more important than a slide mechanism
(Figure 5).

The present findings demonstrate the feasibility of applying molecular umbrella chemistry to
siRNA transport. They also show that significant improvements are possible in the case of
molecular umbrella-octaargine conjugates by increasing the number of umbrella walls and
increasing the stability of the linker used to connect both components. The fact that the
knockdown efficiency of 4 is at a level that is comparable to Lipofectamine 2000 while
exhibiting reduced cytotoxicity provides considerable incentive for exploring molecular
umbrellas more broadly in this context. It should be noted, in this regard, that this
comparison is based on experiments in which HeLa cells were transfected for 4 h with the
siRNA complexes in serum-free media prior to changing to serum-containing media. When
serum was present throughout the entire course of the transfection, the activity of 4 was
reduced by ca. 50% (Supporting Information). In contrast, serum had a negligible effect on
the activity of Lipofectamine 2000. Whether further changes in the composition and
structure of such molecular umbrella conjugates can minimize such reduction in activity
remains to be established.

Efforts currently in progress are focused on (i) the synthesis of related conjugates in which
the sense strand of a double-stranded siRNA has been covalently attached to the umbrella of
a molecular umbrella, thereby circumventing the need for a pendant octaarginine moiety,
and (ii) gaining insight into the probable contributions made from passive transport and
endocytotic pathways for cellular entry. The results of these studies will be reported in due
course.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Synopsis

A series of diwalled and tetrawalled molecular umbrella-octaarginine conjugates have
been found capable of transporting siRNA into HeLa cells, as judged by the knockdown
of green fluorescent protein. A tetrawalled conjugate, containing a non-cleavable
maleimido linkage, exhibited an efficiency that was comparable to that of Lipofectamine
2000 but with reduced cytotoxicity.
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Figure 1.
A hypothetical “slide” created by two diwalled molecular umbrella-oligoarginine conjugates
inserting into a plasma membrane (top) versus a sheath (bottom), affording an exposed or
shielded conformation. The black and white rectangles represent lipophilic and hydrophilic
faces of the umbrella, respectively, and the red spheres represent individual units of the
siRNA.
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Figure 2.
Molecular structures of umbrella-octaarginine conjugates 1, 2, 3 and 4, and control peptide,
5.
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Figure 3.
Percentage of eGFP knockdown (bar graph) and cell viability (open rectangles) using
varying concentrations of 1 (DW-S-S-Pep), 2 (TW-S-S-Pep), and 5 (OH-S-S-Pep) as
compared to cells which were untreated. Lipofectamine 2000 was used as described by the
manufacturer. Values for percent knockdown of eGFP expression are given above each
column, and represent the average of a typical experiment done in triplicate. Error bars
represent the standard deviation of these values.
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Figure 4.
Percentage of eGFP knockdown (bar graph) and cell viability (open rectangles) using
varying concentrations of 3 (DW-mal-Pep) and 4 (TW-mal-Pep) as compared to cells which
are untreated. Lipofectamine 2000 was used as described by the manufacturer. Values for
percent knockdown of eGFP expression are given above each column, and represent the
average of a typical experiment done in triplicate. Error bars represent the standard deviation
of these values
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Figure 5.
Percentage of eGFP knockdown (bar graph) and cell viability (open rectangles) for 4 when
the molecular umbrella-octaarginine conjugate was (A) first incubated with the HeLa cells
prior to addition of the eGFP siRNA, or (B) pre-mixed with the eGFP siRNA, followed by
incubation with the HeLa cells. Values for percent knockdown of eGFP expression are given
above each column, and represent the average of a typical experiment done in triplicate.
Error bars represent the standard deviation of these values
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Scheme 1.
Synthetic approach used for the synthesis of 1
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Scheme 2.
Synthetic approach used for the synthesis of 2
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Scheme 3.
Synthetic approach used for the synthesis of 4
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