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Abstract

The application of RNA interference (RNAI), either in the clinic or laboratory, requires safe and
effective delivery methods. Here we develop a combinatorial approach to synthesize a library of
delivery vectors based on two lipid-like substrates with known siRNA delivery capabilities.
Members of this library have a mixture of lipid-like tails and feature appendages containing
hydroxyl, carbamate, ether or amine functional groups as well as variations in alkyl chain length
and branching. Using a luciferase reporter system in HeLa cells, we study the relationship between
lipid chemical modification and delivery performance in vitro. The impact of the functional group
was shown to vary depending on the overall amine content and tail number of the delivery vector.
Additionally, in vivo performance was evaluated using a Factor VIl knockdown assay. Two library
members, each containing ether groups, were found to knock down the target protein at levels
comparable to the parent delivery vector. These results demonstrate that small chemical changes to
the delivery vector impact knockdown efficiency and cell viability both in vitro and in vivo. The
work described here identifies new materials for SIRNA delivery, as well as provides new insight
into the parameters for optimized chemical makeup of lipid-like sSiRNA delivery materials.

Introduction

Over the last thirty years, RNA has been shown to perform a variety of activities within the
cell that go beyond its traditional role as a translation template for protein synthesis. In
particular, the recent discovery of RNA-mediated regulation of gene expression has
spawned widespread interest (1). This technology, termed RNA interference (RNAI), is
based on the ability of short duplexes of RNA, termed siRNA, to induce the specific
cleavage of complementary mRNA, leading to a silencing of gene expression. RNAi has
potential both for use as a tool capable of elucidating cellular mechanisms, as well as a
therapeutic for treating disease at the genetic level (2,3).

Despite the opportunities afforded by siRNA, a safe and effective delivery system that can
transport the material across the cell membrane for incorporation into the necessary cellular
machinery is required for use. Both the size and negative charge of siRNA render active
transport across the cell membrane difficult. Furthermore, these RNAs are vulnerable to
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enzymatic degradation. To circumvent these issues, researchers have made extensive efforts
to rationally design chemically modified siRNA (4,5). Covalent attachment of peptides,
cholesterol and aptamers have all been reported to increase cellular uptake (6-11).
Additionally, variants such as substitution at the 2” position (eg. 2’-fluoro, 2’-O-methyl, 2’-
methoxyethyl) and modified phosphate backbone (eg. phosphorothioate and
methylphosphonate) provide for improved efficacy by imparting a greater resistance to
nuclease degradation (12). While these methods have demonstrated promise in vivo, the
development of improved delivery methods are required to allow for the fullest application
of RNA. in the clinic.

The application of materials previously used for non-viral DNA delivery to siRNA delivery
has enabled the rapid development of siRNA for use in vivo. For example, both polymer and
liposome delivery systems have demonstrated efficacy in animal models (13-15). However,
structural differences between RNA and DNA, as well as differences in their method of
action, are likely responsible for the fact that delivery systems for DNA do not always work
for siRNA and visa versa (16). Therefore, the synthesis of new materials that complex,
protect and deliver siRNA is currently an active area of research. As a result, polymers,
polymersomes, dendrimers, lipid-based formulations and rationally designed systems
specific for siRNA delivery have been developed, with carrying degrees of success in vitro
and in vivo (17-26).

Recently a new approach to the synthesis of lipid-like materials for sSiRNA delivery vectors
using combinatorial methods was reported (27). In this study, a library of over 1200 lipid-
like materials was generated through the conjugate addition of an amine to an a,p-
unstaurated carbonyl and evaluated for SiRNA delivery performance. The resulting
materials, termed lipidoids, were structurally distinct from other classes of lipid delivery
vectors in that they contained multiple protonable amine groups connected to relatively short
alkyl chains. In these studies, materials with good in vitro and in vivo performance were
identified, including a lead material 98N12-5 that was shown efficacious in primates.

In this study, we build upon the first library of lipidoids to incorporate further diversity into
two promising siRNA delivery candidates. These library members feature systematic
variation of select side chains with different capacities for hydrogen bonding, hydrophobic
interactions and protonation states, enabling the exploration of heterogeneously
functionalized lipidoids for sSiRNA delivery.

Materials and Methods

Library synthesis

Lipidoid library members were synthesized by addition of acrylamides or acrylates to a
partially substituted amine-modified core lipidoid. A detailed synthesis of the core lipidoids
is found in the Supporting Information. Dodecylacrylamide was purchased from TCI
America. Other acrylamides were synthesized as previously described (27). Acrylates were
purchased from Sigma-Aldrich, Alfa Aesar and TCl America. Amines were purchased from
Sigma-Aldrich. All library reactions were carried out in 2ml Teflon-lined glass screw-top
vials containing a magnetic stir bar. 1.1eq of the library acrylate was added to 120mg of core
amine and the mixture was stirred at 90°C for 24-48 hours. After cooling, the lipidoid
mixtures were used without purification for initial SIRNA transfection screening. Lead
compounds were purified for further testing.

In vitro siRNA transfection assay

To facilitate high throughput screening, all transfections were performed using a
multichannel pipet and serial dilutions in a 96-well plate format. HeLa cells stably

Bioconjug Chem. Author manuscript; available in PMC 2011 August 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mahon et al.

Page 3

expressing firefly luciferase and Renilla luciferase were seeded at 15,000 cells/well into
each well of an opaque white 96-well plate (Corning-Costar) and allowed to attach overnight
in growth medium. Growth medium was composed of 90% phenol red-free DMEM, 10%
FBS, 100 units/ml penicillin and 100 mg/ml streptomycin (Invitrogen). Cells were
transfected with 50 ng of firefly-specific siLuc complexed with lipidoid at lipidoid:SiRNA
ratios of 2.5:1, 5:1, 10:1 and 15:1 (wt/wt).

Transfections were performed in quadruplicate. Working dilutions of each lipid were
prepared in 25-mM sodium acetate buffer (pH 5). 25 ul of the diluted lipid was added to 25
ul of 2.5ug/ml siRNA in a well of a 96-well plate. The mixtures were incubated for 20 min
to allow for complex formation, and then 30 ul of each of the lipidoid/siRNA solutions was
added to 200 ul of fresh growth medium in 96-well polystyrene plates. The growth medium
was removed from the cells using a 12-channel aspirating wand (V&P Scientific) after
which 150 ml of the DMEM/lipidoid/siRNA solution was immediately added. Cells were
allowed to grow for 24 hours at 37 °C, 5% CO5 and were then analyzed for luciferase
expression. Control experiments were performed with Lipofectamine 2000, as instructed by
the vendor (Invitrogen). Firefly and Renilla luciferase expression was analyzed using the
Dual-Glo® Assay System (Promega). Luminescence was measured using a Victor3
luminometer (Perkin Elmer). Firefly luminescence was normalized by the internal Renilla
control luminescence and treated wells were compared against the untreated control for
assessment of knockdown efficacy.

Viability assessment

Cell viability testing was performed as previously described (27). Briefly, HeLa cells were
seeded at 15,000 cells/ well in a 96 well plate and allowed to adhere overnight. Cells were
then transfected with 2.5, 5, 10 or 15 wt/wt ratio of lipidoid to 50ng siRNA. After incubation
for 24 hours, the media was replaced and CellTiter 96® Aqueous One Solution (Promega)
was added. After incubating for one hour, the absorbance at 490nm was read and viability
calculated relative to an untransfected control.

In vivo lipidoid-siRNA formulation

Lipidoid-based siRNA formulations comprised lipidoid, cholesterol, polyethylene glycol-
lipid (PEG-lipid) and siRNA. Formulations were prepared as described previously. Stock
solutions of lipidoid, cholesterol MW 387 (Sigma-Aldrich), and mPEG2000-Ceramide C16
(Avanti Polar Lipids) MW 2634 were prepared in ethanol and mixed to yield a molar ratio
of 42:48:10, respectively. Mixed lipids were added to 200 mM sodium acetate buffer pH 5
to yield a solution containing 35% ethanol by volume, resulting in spontaneous formation of
empty lipidoid nanoparticles. The resulting nanoparticles were extruded through an 80nm
membrane. siRNA in 35% ethanol and 50 mM sodium acetate pH 5 was added to the
nanoparticles and incubated at 37 °C for 30 min. Ethanol removal and buffer exchange of
siRNA-containing lipidoid nanoparticles was achieved by dialysis against PBS using a 3,500
MWCO membrane. Particle size was determined using a Malvern Zetasizer NanoZS
(Malvern). siRNA content and entrapment efficiency was determined using the Quant-iT™
RiboGreen® RNA reagent (Invitrogen).

In vivo mouse Factor VIl silencing experiments

All procedures used in animal studies conducted at MIT were approved by the Institutional
Animal Care and Use Committee (IACUC) and were consistent with local, state and federal
regulations as applicable. C57BL/6 mice (Charles River Labs) received either saline or
SiRNA in lipidoid formulations via tail vein injection at a volume of 0.01 ml/g. 72 hours
after administration, animals were anesthetized by isofluorane inhalation and blood was
collected into serum separator tubes by retroorbital bleed. Serum levels of Factor VI protein
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were determined in samples using a chromogenic assay (Biophen FVII, Aniara Corporation)
according to manufacturers’ protocols. A standard curve was generated using serum
collected from saline-treated animals.

Results

Synthesis of heterogeneous tail lipidoid library

The core lipidoid starting materials for this library were synthesized using a three or four
step process (Scheme 1 and supporting information). Briefly, diethylenetriamine was heated
neat at 90°C with dodecylacrylamide and purified to yield the desired four-tailed isomer.
Coupling of 2-(Boc-amino)ethyl bromide followed by deprotection under acidic conditions
yielded the amine functionalized library starting material, Core 98. Alternatively, 1,3-
diaminopropane was mono-protected with Boc anhydride, heated neat at 90°C with
dodecylacrylamide to add the alkyl tails, and deprotected under acidic conditions to yield the
amine functionalized library starting material, Core 100.

Library synthesis was accomplished by reaction of 120 mg of each building block with 1.1
equivalents of the acrylates or acrylamides shown in Table 1. Core 98 reactions yielded
compound mixtures that contained mainly the fully substituted (n) and partially substituted
(n-1) compounds. Compound mixtures from Core 100 contained a residual starting material
in addition to the n and n-1 products. Select lipidoids were purified to isolate the n-1 isomer.
The identity of these compounds was confirmed by mass spectrometry (see supporting info).

Library screening for siRNA delivery

Evaluation of the library for delivering siRNA was performed using a HeLa cell line that is
stably transfected with both Renilla and Firefly luciferase. In this assay, sSiRNA specific for
firefly luciferase is used to measure knockdown, while the Renilla luciferase is monitored as
a control. Lipofectamine2000, a commonly used commercially available reagent, was also
included in the screen. Lipidoids were complexed with the siRNA at weight ratios of 2.5, 5,
10 and 15:1 lipidoid: siRNA. As shown in Figure 1, the knockdown of firefly luciferase was
dependent on the ratio of lipidoid used and was affected by the modification with members
of the library. In general, the knockdown at a 15:1 weight ratio of lipidoid to SiRNA was
highest and the efficiency decreased as the ratio of lipidoid to RNA was decreased. In cases
where the knockdown was efficient or where none was observed, the efficiency with the
ratios tested was less varied.

While the efficacy of both amine cores were affected by the tail modifications, Core 100
was generally more tolerant of the addition of the functional groups found in the library
tails. At the highest ratio of lipidoid:siRNA, 14 of the 17 members of the library showed
luciferase knockdown of at least 50%, the most active of which contained ether, carbamate
or amine functionality in the added tail. At the lowest ratio, 9 of the 17 members showed
luciferase knockdown of at least 40%. Only two members, 5b and 17B, containing PEG or a
long alkyl chain respectively, were rendered essentially inactive, having less than 10%
knockdown at two of the ratios tested.

Fewer derivatives of Core 98 had significant delivery efficiency when compared with the
number of Core 100 derivatives. Only 4 of the 17 derivatives had luciferase knockdown
levels of at least 50% at the 15:1 lipidoid: siRNA ratio and of at least 40% at the 2.5:1 ratio.
These active library members contained either a carbamate group or ether functionalities.
Core 98 was particularly sensitive to the appendage of other library members. Specifically,
3a, 5a, 8a, 9a, 16a and 17a showed little ability to deliver SiRNA at any lipidoid: SIRNA
ratio. Interestingly, the ablation of activity due to the addition of a tertiary amine was
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specific to the Core 98 system, while the addition of PEG or long hydrophobic tails
generally disrupted delivery in both Core 98 and Core 100 systems.

Dose response of siRNA in vitro

Based on the results of our initial screen, we chose 13 of the most promising compound
mixtures to purify for further investigation of siRNA delivery efficiency (Figure 2). Two
were derivatives obtained through reaction with an acrylamide while the remaining
compounds were all generated via reaction with an acrylate moiety. Earlier screens had
identified the most effective compounds as having the n-1 identity. After purification, the
identity of the purified compounds was confirmed using mass spectrometry (see Supporting
Information).

In this comparison, the purified library members were compared to 98N12-5 and 100N12-3,
two members of the original library that were structurally similar to the library members
derived from Core 98 and Core 100, but solely contained alkyl tails of uniform length. The
majority of the purified set of library compounds, 8 of the 13, had a knockdown of at least
50% using 50ng of siRNA, and at least 60% using 15 ng of siRNA. Decreasing the dose of
SiRNA to 5 ng led to a significant separation amongst the library members. Only three
members, 11a, 12b and 13b, retained knockdown efficiency greater than or equal to the
parent compound at this level (50% knockdown). Interestingly, 11a was the most efficient
compound for delivering low doses of sSiRNA in this assay, achieving 50% knockdown
using only 0.5 ng siRNA.

Also of interest is the deleterious effect that purification of the n-1 isomer had on certain
compound mixtures. The delivery ability of 1a, 2b, 3b, 4b and 6b were all significantly
attenuated after they were removed from the crude mixture. Of these, only 1a is derived
from Core 98, while the other four compounds are derived from Core 100. Only one
condition, 50ng of siRNA with 1a, showed any luciferase knockdown at all. Activity was
completely abolished in all other cases.

Viability after siRNA delivery with selected library members

Purified library members were evaluated for their effect on cellular viability using an MTS
assay (Figure 3). All compounds had at least one weight ratio that gave viability values
above 80%, the value also observed using Lipofectamine2000. At a weight ratio of 15:1, 6a,
10a, 11a and 13b all had cell viability rates of less than 60%, while the remainder of the
purified compounds were at or above 80%.

Factor VIl knockdown in vivo

We further assessed the ability of these selected library members to deliver siRNA in vivo.
For increased serum stability and enhanced shielding of the payload, lipidoids were
formulated with cholesterol and PEG-ceramide prior to complexation with the duplexes. The
entrapment efficiency and particle sizes resulting from these formulations varied from 68%
to 98% and 45nm to 138nm, respectively (See Supporting Information). siRNA directed
against the hepatocyte-specific blood-clotting protein Factor VII was administered via tail
vein injection. At 72 hours post injection, mice were bled and assayed for protein levels.
Notably, six compounds, 1a, 2a, 6a, 10a, 11a and 15a, all derivatives of Core 98, were
shown to decrease the serum levels of Factor VII by at least 40% when compared to a saline
control (Figure 4a). In contrast, none of the Core 100 based compounds had a knockdown
efficiency greater than 20%. The two most effective compounds, 6a and 10a were screened
in this same assay at two different doses of siRNA (Figure 4b). 6a, when complexed at 12:1
wt/wt at doses of 2 or 4 mg/kg of siRNA resulted in over 80% knockdown of factor VI at
72 hours post injection. Using a higher ratio of 15:1 wt/wt led to a slightly decreased
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knockdown efficiency. 10a achieved over 80% knockdown when complexed at 12:1 wt ratio
with 4 mg/kg siRNA. Complexes of 10a at 15:1 wt ratio and a dose of 4mg/kg, or either
ratio at 2 mg/kg led to approximately 60% knockdown at 72 hours. These compounds
compared favorably to the previously identified lead compound 98N12-5, which, while
slightly more efficacious, contained no heterogeneity in the tails.

Discussion

The application of siRNA in both laboratory and clinical settings requires safe and effective
delivery methods. While a number of materials and methods for siRNA delivery have been
investigated, non-viral chemical approaches continue to receive widespread attention due to
their relative ease of production and favorable safety profile. To increase the diversity of
delivery molecules, the development of alternative lipid-like structures for siRNA delivery
has been pursued (16,18,26,28-32). Here we systematically investigate the effect of the
chemical modification of lipid-like materials.

Most siRNA delivery reagents utilize the overall negative charge of the nucleic acid to
facilitate binding and particle formation. Many of these materials feature various degrees of
protonable amine functionalities. For example, cationic lipids generally feature one cationic
amine, while polymeric vectors such as polylysine and polyethyleneimine (PEI) have
multiple amine groups. Previous studies identified the best lipidoid delivery molecules to
contain three or four secondary or tertiary amines (26,27). The results here offer further
evidence for this optimal number of amines. Compounds 3b, 8b and 9b all feature three
amine functional groups and were among the top performers in the initial library screen.
Alternatively, compounds 3a, 8a and 9a, featuring the same tertiary amine tails conjugated
to a tetraamine core, were less efficient. In other polyamine delivery systems, such as PEl,
high amine content can lead to cytotoxicity (21). In this system, it appears that the increased
amine content serves to disrupt the particle formation and delivery, as little toxicity was
observed in those particular molecules.

Other modifications featuring tails of varying degrees of hydrophobicity or hydrogen
bonding capacities were generally well tolerated. For example, appendages featuring
hydroxyl, ether and carbamate functional groups predominantly led to increased siRNA
delivery efficiency, indicating that these moieties enhanced particle formation for
intracellular delivery. Some biophysical characterization of sSiRNA complexes with nonviral
delivery vectors has been reported (33-35). While electrostatic forces are generally accepted
as the driving force behind cationic lipids binding to nucleic acids, entropy, hydrophilic and
hydrophobic forces have been shown to contribute to the complex formation (36-38). The
delivery systems described in this work could provide further insight into the contributions
of these parameters to SiRNA complexation.

Modification of the lipidoid with ligands containing ethylene or propylene glycol units was
shown to result in efficient delivery systems in vivo. Both polyethylene and polypropylene
glycol are commonly used excipients in drug delivery formulations that stabilize particles in
serum. Indeed, a recent report indicates successful sSiRNA delivery to primates using such
methods (10). In this study, the best performing lipidoids from the in vitro screen were also
investigated for their ability to deliver sSiRNA to mice in vivo using a Factor VII liver
function assay. The range of activity observed in vivo indicates that alteration of the lipidoid
molecular structure through simple tail modification can affect overall particle
characteristics, and may have some effect on pharmacokinetic properties and biodistribution.
Indeed, two members of this library containing a combination of alkyl tails and ether groups
were particularly well tolerated in vivo, indicating that heterogeneous functionalized
delivery vectors warrant further investigation. While more in depth studies will have to be
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conducted to support these ideas, the ability to tune such pharmacodynamic properties may
provide a tool to optimize the biodistribution of delivery. Furthermore, the appendage of
these stabilizing ligands suggests that other more specific targeting ligands could be utilized
with this system to enable localization of SiRNA delivery to tumors or specific areas in vivo.

Conclusion

Here, we have demonstrated the utility of combinatorial methods to generate a chemically
diverse set of heterogeneously functionalized compounds for siRNA delivery. These
compounds are useful as in vitro delivery vectors, and, importantly, have shown the ability
to translate in vitro efficacy to in vivo utility. Furthermore, the range of activity observed
through subtle changes in chemical functionality to the lipidoid provides insight into the
relationship between chemical structure and cellular delivery performance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Library screening for siRNA transfection efficiency. HelLa cells stably expressing firefly and
Renilla luciferase were transfected with 50 ng of firefly specific SIRNA complexed at
lipidoid/ siRNA ratios of 2.5:1, 5:1, 10:1 and 15:1 (wt/wt). Lipofectamine 2000 was used as
instructed by the vendor. Luminescence was measured after 24 hour incubation, and the
results presented relative to an untransfected control set of cells. a) Core 98 library. b) Core
100 library.
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Figure 2.

Luciferase knockdown at low doses of siRNA. HeLa cells stably expressing firefly and
Renilla luciferase were transfected using selected lipidoids at 15:1 lipidoid/siRNA ratio (wt/
wt) at 0.5, 2.5, 5, 15 and 50 ng siRNA. Luminescence was measured after 24 hour
incubation, and the results presented relative to an untransfected control set of cells.
Lipidoids were purified isolate the n-1 isomer prior to transfection.
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Figure 3.

Viability of HeLa cells post-transfection with selected lipidoids. HeLa cells were transfected
with 50 ng siRNA complexed at lipidoid/ siRNA ratios of 2.5:1, 5:1, 10:1 and 15:1 (wt/wt).
Lipofectamine 2000 was used as instructed by the vendor. After incubation for 24 hours, the
media was replaced and CellTiter viability solution (Promega) was added. The absorbance at
490nm was read after incubating for 1 hour. Values are reported relative to an untransfected
set of control cells.
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Figure 4.

In Vivo Silencing of Factor VII in Mice. Lipidoids shown to be efficacious in in vitro studies
were formulated for intravenous delivery of anti-Factor VII siRNA to hepatocytes via tail
vein injection. a) Mice were administered a single dose of 2.5 mg/kg siRNA and blood
samples were drawn at 72 hours for detection of Factor VII levels in serum. b) Selected
lipidoids are formulated with varied weight ratios of lipiods to siRNA and injected at doses
of 4 and/ or 2mg/kg. Factor VII levels in all treated groups are expressed relative to PBS
injected mice.
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