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Abstract

Single-walled carbon nanotubes (SWNT) have unique electronic, mechanical, and structural
properties as well as chemical stability that make them ideal nanomaterials for applications in
materials science and medicine. Here we report the design and creation of a novel strategy for
functionalizing SWNT to systemically silence a target gene in mice by delivering siRNA at doses
<1 mg/Kg. SWNT were functionalized with lipids and natural amino acid-based dendrimers (TOT)
and complexed to siRNA. Our model study of the silencing efficiency of the TOT-siRNA complex
showed that in mice injected at 0.96 mg/kg, an endogenous gene for apoliproprotein B (ApoB) was
silenced in liver, plasma levels of ApoB decreased, and total plasma cholesterol decreased. TOT-
siRNA treatment was non-toxic and did not induce an immune response. Most (80%) of the RNA
trigger molecules assembled with TOT were cleared from the body 48 h after injection, suggesting
that the nanotubes did not cause siRNA aggregation or inhibit biodegradation and drug clearance in
vivo. These results provide the first evidence that nanotubes can be functionalized with lipids and
amino acids to systemically deliver siRNA. This new technology cannot only be used for systemic
RNAI, but may also be used to deliver other drugs in vivo.
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Introduction

Single-walled carbon nanotubes (SWNT) have unique electronic, mechanical, and structural
properties as well as chemical stability that make them ideal nanomaterials for applications in
materials science and medicine. However, native SWNT have poor solubility and
biocompatibility, which has stimulated approaches to functionalize them by conjugating
molecules such as peptides, nucleic acids and polymers (1,2). The potential of SWNT has
recently been investigated in the cellular delivery of DNA plasmids and of small interfering
RNAs (siRNAs) for gene silencing (2,3). To date, however, the potential of designing, creating,
and applying SWNT for systemic delivery of nucleic acids or drugs has not been investigated.

*To whom correspondence should be addressed: trana@burnham.org.
Present address: Children’s Cancer Institute Australia for Medical Research, Randwick, NSW 2031, Australia.
These authors contributed equally to this work.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

MccCarroll et al.

Page 2

RNA interference (RNAI), a gene-silencing mechanism whereby double-stranded RNA
(dsRNA\) induces the sequence-specific degradation of homologous mMRNA (4), has been
widely used to identify gene functions and holds great potential to provide a new class of
therapeutic agents (5). During RNAI, long dsRNA is processed by Dicer into short-interfering
RNAs (siRNAs), and incorporated into the RNA-induced silencing complex (RISC) (6), a
multiturnover enzyme complex that cleaves the target mMRNA. The RNAi machinery can also
be programmed in cells by introducing duplexes of siRNAs (7,8) that are assembled into SiRISC
containing Dicer, Argonautes and other proteins (reviewed in (9)). Therefore, new siRNA-
based therapeutic agents could be designed to lower concentrations of disease-causing gene
products.

However, the development of such siRNA-based therapies faces two barriers: (1) identification
of chemically stable and effective sSiRNA sequences, and (2) efficient delivery of these
sequences to in vivo targets using sSiRNA amounts that can be translated to clinically feasible
doses for humans. Recent advances in understanding the rules for chemically modifying siRNA
sequences without compromising their gene-silencing efficiency (10-12) have allowed the
design and synthesis of therapeutically effective sSiRNA molecules that can silence target genes
in vivo (13,14). Furthermore, siRNAs have recently been delivered in vivo to successfully
inhibit various gene functions. This delivery has been facilitated by conjugating cholesterol to
SiRNA (14) or to oligonucleotide inhibitors of miRNA (15), by forming stable nucleic acid-
lipid particles (SNALP) of siRNA (13,16), and by assembling lipid-siRNA complexes (17,
18). In addition, a protamine-antibody fusion protein has been used to deliver siRNAs to HIV-
infected cells (19). Recently, application of nanotubes to successfully deliver sSiRNA in cells
have been reported (3,20-22).

Despite this progress, new chemistry and delivery approaches are greatly needed to
systematically silence disease-causing genes in a tissue-specific manner with high efficiencies
and at clinically achievable doses. Here we report the design and creation of novel nanotubes
(TOT) functionalized with lipids and natural amino acid-based dendrimers. We used these TOT
to systemically silence a target gene in mice at sSiRNA doses <1 mg/Kg. Moreover, this
treatment did not induce an immune response and showed favorable pharmacokinetics.

Experimental Procedures

Synthesis of nanotubes functionalized with lipids and lysine dendrimers (TOT)

To create functionalized new nanomaterial, single-walled carbon nanotubes (SWNT) were
oxidized and cut by suspending 20 mg of SWNT in 40 ml of a mixture of concentrated
H,S04/HNO3 (3:1) and sonicating at 40 to 50 °C for 3h (23). The resulting suspension was
poured into 350 ml water and filtered through a 100 nm pore membrane. The resulting solid
was washed repeatedly with water, resuspended in water, and centrifuged (5000 rpm, 10 min)
to remove large particles.

Synthesis of Glutamic acid-Lysine Dendrimer Generation 1 (G1L1)

A mixture of H-Glu(OMe)-OMe hydrochlrode (0.50 g, 2.4 mmol), Boc-lysine(Boc)-OH
dicyclohexylamine salt (1.24 g, 2.4 mmol) and DIEA (0.80 ml, 4.72 mmol) was suspended in
30 ml DMF under nitrogen atmosphere. After the suspension was cooled to 0 °C in an ice bath,
BOP reagent (1.1 g, 2.4 mmol) was added. The reaction was performed at 0 °C for 30 min and
then at room temperature for 24 h. Then, the solvent was removed by evaporation, and the
resulting syrup was dissolved in ethyl acetate, followed by washing with 5% citric acid, 5%
sodium bicarbonate and water. After the solution was dried over anhydrous sodium sulfate,
the target compound was purified by silica gel chromatography using ethyl acetate and hexane

Bioconjug Chem. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

MccCarroll et al.

Page 3

(4:1) as eluent. The purity of the compound was confirmed by TLC, and G1L1 was obtained
as a white powder (1.01g) in 91% yield.

1H NMR (DMSO0-d6, ppm): 1.17-1.57 (m, 24H, -C(CH3)3, -CH,-), 2.23-2.31 (m, 4H, -CH,-),
3.01 (m, 2H, -CHj-), 3.84 (m, 2H, -C(NH-)HCH-), 3.68 (s, 6H, -CH3), 6.61-6.65 (m, 2H, -
CONH-), 7.65 (t, 1H, -CONH-). MS (ESI) m/z 526.48 (M + Na)*.

Synthesis of Glutamic acid-Lysine Dendrimer Generation 2 (G1L3)

Deprotection of G1L1: G1L1 wasdissolved in a mixture of dichloromethane and trifluoroacetic
acid. After vigorously stirring at room temperature for 30min, the solvents were evaporated,
and the syrup was washed with anhydrous ethyl ether.

Synthesis of G1L3: deprotected G1L1 was reacted with Boc-lysine(Boc)-OH in a similar
method described above to give G1L3 in 88% yield. 'TH NMR (DMSO-d6, ppm): 1.17-1.57
(m, 54H, -C(CHg)3, -CHy-), 2.23-2.31 (m, 4H, -CH>-), 3.01 (m, 6H, -CH>-), 3.84 (m, 2H, -C
(NH-)HCH-), 4.14 (m, 2H, -C(NH-)HCH5-), 3.68 (s, 6H, -CH3), 6.61-7.65 (m, 7H, -
CONH-). MS (ESI) m/z 982.95 (M + Na)*.

Synthesis of Glutamic acid-Lysine Dendrimer Generation 3 (G1L7)

G1L3 was deprotected, and reacted with Boc-lysine(Boc)-OH in a similar method described
above to give G1L7 in 82% yield.

14 NMR (DMSO-d6, ppm): 1.17-1.57 (m, 118H, -C(CHg)s, -CHy-), 2.23-2.31 (m, 4H, -
CHy-), 3.01 (m, 14H, -CHj-), 3.84 (M, 4H, -C(NH-)HCHy-), 4.14 (m, 4H, -C(NH-)HCH,-),
3.68 (s, 6H, -CH3), 6.61-7.65 (m, 15H, -CONH-). MS (ESI) m/z 1896.84 (M + Na)*.

Synthesis of Glutamic acid-Lysine Dendrimer Generation 4 (G2L7)

G1L7 (0.36 g, 0.19 mmol) was stirred in a mixture of methanol (15ml) and 1M NaOH solution
(15ml) at room temperature. The demethylation process was monitored by TCL (DCM:
methanol, 10: 1). After the reaction was complete, the suspension was neutralized by adding
dilute hydrochloric acid, followed by evaporation, extraction with chloroform, and washing
with dilute HCI solution. Then the solution was dried and the solvent was removed to give
demethylated G1L7 as oil.

The oil was dissolved in 5 ml DMF. To this solution was added H-Glu(OMe)-OMe
hydrochloride (0.163 g, 0.77 mmol), DIEA (0.164 ml) and BOP reagent (0.34 g, 0.77 mmol).
The reaction was performed at 0 °C for 30 min and at room temperature for 24 h. Then, a
mixture of ethyl acetate and hexane (4: 1, 100 ml) was poured into the reaction flask, and the
resulting precipitate was collected by filtration. The solid was suspended in 10 ml methanol
and re-precipitated by adding ethyl acetate and hexane to give a white powder (0.31 g) in 75%
yield. 1H NMR (DMSO-d6, ppm): 1.17-1.57 (m, 118H, -C(CH3)3, -CH2-), 2.23-2.31 (m, 12H,
-CH2-), 3.01 (m, 14H, -CH2-), 3.84 (m, 6H, -C(NH-)HCH2-), 4.14 (m, 4H, -C(NH-)HCH2-),
3.68 (s, 12H, -CH3), 6.61-7.65 (m, 17H, -CONH-). MS (ESI) m/z 2183.06 (M + Na)*.

Synthesis of Tetra-Oleoyl Lysine Dendrimer Generation 3 (TOL7)

Demethylated G2L7 (0.09 g, 0.05 mmol), oleoylamine (0.14 g, 0.54 mmol) and DIEA (0.15
ml) was dissolved in DMF. BOP (0.24 g, 0.54 mmol) was added and the solution was stirred
at r.t. for 24 hrs. After workup, a white powdery TOL7 (0.12 g) was obtained in 80% yield.

1H NMR (DMSO-d6, ppm): 0.81 (t, 12H, -CHg), 1.21-1.62 (M, 154H, -CH,-), 1.93-1.99 (m,
16H, -CH,CH=CHCH,-), 2.73, 2.96-3.03 (m, 22H, -CH,NH-, -CH,NH,), 3.59, 4.18 (m, 10H,
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-OCCH(NH-)CH,-), 5.28 (m, 8H, -CH=CH-), 7.75-8.48 (m, 25H, -CONH-, -NH5). MS
(MALDI-TOF) m/z 2322.91 (M + Na)*.

Conjugation of TOL7 to oxidized SWNT (TOT)

To a solution of TOL7 (0.5 ml, 24 mg/ml) in water was added SWNT stock solution (2 ml).
EDC (80 mg) was added and the suspension was stirred at r.t. After 2 hrs, the mixture was
filtered through a polycarbonate filter, rinsed, and re-suspended in water, followed by dialysis
against pure water for 3 days. The larger particles were removed by centrifuge at 7,000 rpm
for 5 min. The final concentration of TOT was made 0.2mg/ml (24,25). The concentration of
TOL7 on SWNT was determined by quantitative Kaiser assay (26). The structure of TOT was
characterized by transmission electron microscopy (Core Electron Microscopy Facility,
UMASS Medical School) and dynamic light scattering (Department of Food Science, Umass
Amherst).

Preparation of TOT-siRNA complexes

All siRNAs used in these studies were chemically synthesized using silyl ethers to protect 5'-
hydroxyls and acid-labile orthoesters to protect 2’-hydroxyls (2'-ACE) (Dharmacon, Lafayette,
CO, USA). After deprotection and purification, sSiRNA strands were annealed as described
(11): ApoB siRNA (ORF position 10049-10071): Unmodified (UM) sense 5'-
GUCAUCACACUGAAUACCAAU-3, antisense 5'-
AUUGGUAUUCAGUGUGAUGACAC-3'; chemically modified (CM): sense 5'-
GSUFCFAUFCFACACUGAAUACFSCFAASUF-propylamine-3', antisense 5'-
PAUFUFGGUAUUCAGUGUGAUFGACFSASC; UM mismatch (mm) siRNA: sense 5'-
GUGAUCAGACUCAAUACGAAU propylamine-3’, antisense
5-’AUUCGUAUUGAGUCUGAUCACAC-3'; CM mm: sense 5'-
GSUFGAUFCFAGACUCAAUACFGAASUF propylamine-3', antisense 5'-
AUFUFCGUAUUGAGUCUGAUFCACFSASC. The superscript letters F and S represent 2'-
O-F and HS-backbone modifications, respectively. TOT-siRNA complexes were prepared by
mixing siRNA and TOT in Hepes saline or Opti-MEM culture medium (Invitrogen) and
incubating at room temperature for 20 min (see below).

in vitro Assay for RNAI activity of TOT-siRNA

FL83B (mouse hepatocyte) cells were maintained at 37°C with 5% CO, in F12 Khangians
modified culture medium (ATCC, USA) supplemented with 10% fetal bovine serum (FBS),
100U/ml penicillin and 100 pg/ml streptomycin. Cells were regularly passaged and plated in
96-well and 6 well-culture plates 16 h before transfection at 70% confluency. Cells were
transfected with 1ml/well of complex (siRNA: TOT) for 2.5 h at 37°C. Medium was removed
and replaced with complete medium without antibiotics and incubated for an additional 24 h.
Cell viability was assessed using a CellTiter 96® AQequs One Solution cell proliferation assay
by colorimetric analysis of the MTS tetrazolium compound according to the manufacturer’s
instructions (Promega, USA). Total RNA was extracted using RNeasy mini spin columns and
treated with DNase | (Qiagen, USA) before quantitation. To assess levels of ApoB mRNA,
real time quantitative PCR (gPCR) was performed using SYBR Green (Qiagen USA) with
forward (5'-TTCCAGCCATGGGCAACTTTACCT-3') and reverse (5'-
TACTGCAGGGCGTCAGTGACAAAT-3') ApoB primers. ApoB mRNA levels were
normalized against the housekeeping gene GAPDH using forward (5’
ATCAAGAAGGTGGTGAAGCAGGCA-3) and reverse (5'-
TGGAAGAGTGGGAGTTGCTGTTGA-3') GAPDH primers.
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in vivo Assay for RNAI activity of TOT-siRNA

Six- to eight-week-old male C57BL/6 mice (Charles River laboratories, USA) were maintained
under a 12 h light/dark cycle in a pathogen-free animal facility. Mice were injected via the
lateral tail vein with phosphate buffered saline pH 7.4 (PBS) or TOT-siRNA complexes of
chemically modified (CM) ApoB siRNA or its mismatched (mm) siRNA. At 48 h after
injection, liver tissue levels of ApoB mRNA, plasma levels of ApoB protein, and total plasma
cholesterol were measured. For pharmacokinetic studies, liver tissue levels of ApoB mRNA
were analyzed at various time intervals (48-144 h) after the injection.

Measurement of in vivo ApoB mRNA and protein levels

To determine ApoB mRNA levels in liver tissue after sSiRNA treatment, small uniform tissue
samples were collected from 3 regions of the liver. Total RNA was extracted with Trizol and
treated with DNase | before quantification. ApoB mRNA levels were determined by gPCR as
described above. ApoB protein levels were determined by western blot using a polyclonal goat
anti-ApoB100/48 antibody (Santa Cruz, USA). ApoB protein levels were then detected by
enhanced chemiluminescence (PerkinElmer Life Sciences, USA). As a control, fibronectin
was visualized by immunoblot using a polyclonal rabbit anti-fibronectin antibody (Sigma,
USA).

Measurement of plasma ApoB and total cholesterol levels

Plasma cholesterol was measured by a commercial enzyme assay according to the
manufacturer’s instructions (Biodesign International, USA).

In vivo interferon induction

To assess for any nonspecific immune response to injected TOT-containing siRNA, mouse
liver tissue was assessed for expression of two interferon (IFN)-inducible genes, IFN-induced
protein with tetratricopeptide repeats 1 (IFIT1), and signal transducer and activator of
transcription 1 (STAT 1). Liver tissue was obtained from mice treated with PBS (control) and
TOT-ApoB siRNA. Expression of IFIT1 and STAT1 were measured by gPCR as described
above using the following primers: IFIT1 forward: 5'-
AAACCCTGAGTACAACGCTGGCTA-3' IFIT1 reverse: 5'-
AAACCCTGAGTACAACGCTGGCTA-3'; STAT 1: forward: 5'-
CAGCTGCAAAGCTGGTTCACCATT-3' STAT 1 reverse: 5'-
AGGTTCGATCTGACAACACCTGCT-3". IFIT1 and STAT 1 mRNA levels were
normalized against the housekeeping gene GAPDH. In addition, plasma IFN-a levels were
quantified 24 h after the final injection using sandwich ELISA according to the manufacturer’s
instructions (PBL biomedical Laboratories, USA). As a positive control for both assays,
C57BL/6 mice were injected via the lateral tail vein with 250 pg polyinosinic-polycytidylic
acid (Poly IC, total volume 0.125 ml). Six h after the injection, liver and plasma samples were
collected.

Results and Discussion

To create a novel SWNT-based nanomaterial for efficient systemic siRNA delivery, we
hypothesized that SWNT should be functionalized with at least two moieties: (1) a positive-
charge for siRNA binding, and (2) lipid chains to modify the hydrophilic properties of SIRNA-
SWNT and make contacts with cellular membranes (Fig 1a,b). Thus, we constructed TOL7, a
lysine-based dendrimer with covalently attached oleoyl lipid chains. The MADLI-TOF mass
spectrum (Fig 1a) shows a major peak at 2322.91, which matches the calculated molecular
mass of TOL7 (2300.47 + Na*). Although the spectrum also shows some other minor peaks
due to the lower purity of starting material (oleoylamine contains 60% C18 chain), nonetheless,
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the MS and TH NMR confirms the successful synthesis of the target molecule. The lipid
moieties on TOL?7 bind to the hydrophobic wall of the nanotube upon mixing a solution of
TOL7 and oxidized SWNT. However, we found that adding EDC to the mixture during the
coupling increases the loading of TOL?7 to the nanotube, suggesting that a covalent attachment
occured through amide bonds between carboxyl groups of SWNT and amines on the surface
of TOL7, which facilitated the TOL7-SWNT interaction. Quantitative analysis by performing
Kaiser assay showed that in the presence of EDC the loading was 1.35 mg TOL7 to 1.0 mg
SWNT, higher than in the absent of EDC (1.0 mg TOL7 to 1.0 mg SWNT). SWNT modified
with TOL7 (see Experimental Procedures for details) is denoted here as TOT (Fig 1). Electron
microscopic images of TOL7 assembled on the surface of SWNT reveal regular lateral
striations on the surface of 80- to 150-nm nanotubes (Fig 1c). These striations suggest that
TOL7 molecules are coupled to SWNT by forming half-cylinders on the nanotube surface,
consistent with a previous report (27) showing supramolecular self-assembly of lipid
derivatives on carbon nanotubes.

To test the efficacy of TOT for systemic RNAI, we chose as model system the endogenous
mouse gene, apolipoprotein B (ApoB). ApoB, a large protein that exists in two forms, ApoB100
and ApoB48 (28), is a ligand for the low-density lipoprotein (LDL) receptor and is involved
in cholesterol metabolism. Mouse ApoB contains 4,515 amino acids and is predominantly
expressed in the liver and intestine. In mice, both ApoB100 and ApoB48 are expressed in the
liver, whereas ApoB48 is predominantly expressed in the intestine. Heterozygous knockout
mouse models for ApoB show a 20% decrease in serum cholesterol levels and resist diet-
induced hypercholesterolemia (29).

In humans, serum levels of ApoB have been strongly correlated with increased risk of coronary
artery disease (28,30). Because ApoB is a large protein for which no three-dimensional
structural data are available, it is not a suitable target for small molecules development to treat
hypercholesterolemia. An alternative therapy that has recently been explored in a mouse model
is to silence ApoB with siRNA chemically modified by conjugation to cholesterol (14,31).
These studies were very encouraging in providing proof of the concept for developing RNAI-
based therapeutics (14), but the amounts of siRNA used (50 mg/kg) would translate to
unfeasible doses for clinical application in humans (31). Furthermore, the delivery of sSiRNA
required cholesterol conjugation, which might increase risk factors in patients who cannot
tolerate higher levels of cholesterol. Lower doses of siRNAs have recently been used by
encapsulating them in SNALP to efficiently silence ApoB in non-human primates (16), but
this approach requires a sophisticated SNAPL assembly. Therefore, we planned to develop
new nanomaterial that can be used to easily assemble siRNA for systemic delivery. To test our
approach for systemic siRNA delivery and to achieve ApoB silencing with siRNA doses in
animals that are clinically relevant for RNAi-based therapy in humans, we chose ApoB
silencing in mice as an animal model system.

To determine whether TOT could deliver active siRNA to its target and silence ApoB mRNA
levels in vitro, we treated FL83B (mouse hepatocyte) cells with TOT-siRNA complexes and
analyzed ApoB mRNA levels by quantitative PCR (qPCR). TOT-siRNA containing ApoB
siRNA almost completely silenced ApoB mRNA expression (>80%) in FL83B cells relative
to that in controls or cells treated with TOT containing mismatched siRNA (Fig 2a). Notably,
the efficiency of ApoB mRNA silencing using TOT to transport sSiRNA was similar to that of
cells transfected with Lipofectamine 2000 complexed to siRNA (Fig 2a), although we observed
slightly lower RNAi with TOT as compared with L2K. Similar to unmodified siRNA, TOT
containing our chemically modified siRNA directed against ApoB efficiently silenced ApoB
mMRNA (Fig 2a). These results therefore show that our modifications to siRNA did not
negatively influence its RNAI activity (Fig 2a). Furthermore, these reduced levels of ApoB
MRNA levels in FL83B cells were not due to TOT-siRNA induced cell toxicity, as confirmed
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by cell viability assays (Fig 2b). Taken together, these results demonstrate that TOT-siRNA is
non-toxic and efficiently transports siRNA into cells.

To determine the effect of TOT on the uptake and localization of siRNA in FL83B cells, we
used Lipofectamine 2000 (L2K) or TOT as described above to deliver Cy3-labeled siRNA to
cells. The localization of Cy3-SS/AS-3'N3 siRNA was first established by transfecting it into
cells using L2K. In both live and 4’,6-diamidino-2-phenylindole (DAPI)-stained transfected
cells (32), Cy3-labeled siRNA delivered by L2K was localized to the cytoplasm around the
periphery of the nucleus (Fig 2¢). To determine the effect of TOT on localization of Cy3-SS/
AS-3'N3 siRNA, cells were transfected with the Cy3-labeled siRNA-TOT complex. Similar
to the siRNA delivered into cells by L2K, siRNA delivered by TOT localized to perinuclear
regions of the cytoplasm (Fig 2c). This localization pattern is typical for sSiRNA transfection
because siRNA duplexes are first localized to cytoplasm, which are not P bodies, and then
released to form RISC assembly for RNAI functions and localization to P bodies together with
argonaute proteins (9,32,33). Due to low fluorescence intensity and higher backgrounds, it is
quite difficult to quantify the amount of RNA released and subsequent assembly into RISC in
cells. Nonetheless, this result indicates that siRNA delivery by TOT did not affect cellular
localization of the RNA and did not cause any aggregate formation or nuclear translocation of
SiRNA.

We next determined the ability of TOT to deliver siRNA to its target and to silence ApoB
expression in vivo. To determine if chemical modifications in the siRNA sequence are
necessary for in vivo RNAI, we verified that injecting mice with cholesterol-conjugated
unmodified siRNA did not significantly knockdown ApoB expression (data not shown),
consistent with a previous report (14). Therefore, our in vivo experiments focused on TOT
containing chemically modified siRNA. After mice were injected via tail vein with TOT
complexed to either chemically modified ApoB-targeted siRNA or its mismatch, samples of
liver and plasma were analyzed (see Experimental Procedures for details). To quantify ApoB
mRNA silencing throughout the liver, separate regions were analyzed for ApoB mRNA levels.
ApoB mRNA decreased in a dose-dependent manner in liver tissue from mice treated with
TOT-siRNA relative to that in liver tissue from control mice and mice treated with TOT
containing mismatched siRNA (Fig 3a).

The maximum silencing effect of TOT-siRNA was reached at 0.96 mg/kg, resulting in 56 =
4% reduction in ApoB mRNA (n =5 animals). Increasing the siRNA dose did not enhance the
in vivo RNA.i efficiency (data not shown). ). We reasoned that applying multiple doses would
not enhance the silencing efficiency of TOT-siRNA, since our previous work showed that a
nanoparticle created from similar dendrimer (iNOP) did not increase the RNA. efficiency when
injected multiple times in animals (34). To quantify the amount of ApoB siRNA in livers of
mice injected with varying doses of TOT-siRNA, total RNA was isolated from liver 48 h after
treatment and guide strand ApoB siRNA was identified by northern blot analysis. Interestingly,
the amount of guide strand in mouse liver decreased with decreasing doses of injected SiRNA
(Fig 3b). It was not clear why higher concentrations of TOT-siRNA did not increase RNAI
efficiency. Nonetheless, these observations show a clear correlation between in vivo RNAI
efficiency and amount of guide strand delivered.

To determine if silencing of ApoB mRNA correlated with reduced plasma levels of ApoB
protein, we used immunoblot analysis to measure levels of ApoB100 and ApoB48. Both
ApoB100 and ApoB48 serum levels decreased to >60% of control (Figs 3c and d) in mice
injected with 0.96 mg/kg TOT-siRNA, while fibronectin levels were unaffected. These results
show that TOT-siRNA complex efficiently silenced ApoB expression in vivo. Remarkably,
this TOT-mediated silencing required only 0.96 mg/kg siRNA, a clinically feasible dose for
RNA. therapeutic applications.
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To investigate the physiological effects of ApoB mRNA silencing on cholesterol metabolism,
we measured total plasma cholesterol levels in mice 48 h after a single injection of 0.96 mg/
kg TOT-siRNA. As shown in Fig 4a, TOT-siRNA-mediated silencing of ApoB expression in
liver and plasma samples was correlated with a reduction of total cholesterol (33 £ 10%).
However, cholesterol levels were unchanged in mice treated with PBS TOT (control) or with
TOT containing mismatched siRNA (Fig 4a). Together, these findings demonstrate that TOT-
siRNA-mediated targeting of ApoB could provide a clinically significant new approach to
reducing cholesterol levels in patients with hypercholesterolemia.

siRNA-based therapies could have at least two major side effects: (1) activation of an immune
response (35,36), and (2) toxic effects. To address the concern that a non-specific immune
response could be elicited by injecting mice with TOT-CM siRNA, their liver tissue RNA was
assessed by gPCR for induction of the interferon (IFN)-inducible genes, IFN-induced protein
with tetratricopeptide repeats 1 (IFIT1) and signal transducer and activator of transcription 1
(STAT 1), and plasma IFN-a levels were measured by ELISA. Our results show that injecting
mice with TOT-siRNA did not alter the expression of IFLT1 and STAT 1 genes in the liver
(data not shown), nor did it induce the release of IFN-a. in plasma relative to controls (Fig 4b).
To address concerns about TOT-siRNA toxicity, all mice were monitored daily for overall
health, food intake and weight changes. At the end of TOT-siRNA treatment, mice were
sacrificed and necropsied. Histological sections of liver, our target tissue for ApoB silencing,
were prepared and independently examined for toxic effects by a board-certified animal
pathologist. No histological differences were noted between tissues from control (no treatment
or TOT only) mice and from those treated with TOT-siRNA complex (data not shown). These
results demonstrate that TOT-siRNA treatment may not induce an immune response in animals
and caused no apparent toxic effects.

One concern about applying nanotechnology in medicine is its safety. Nanomaterials used to
deliver a drug could cause undesired effects by inhibiting the drug’s biodegradation and
clearance, thus prolonging its half-life in vivo. To address this question, we determined the in
vivo pharmacokinetics of TOT-siRNA by injecting mice with 0.96 mg/kg of TOT-siRNA via
tail vein, isolating liver tissues at various times after injection, and analyzing different regions
for ApoB mRNA levels. The maximum knockdown of ApoB mRNA was observed 48 h after
injecting TOT-siRNA and the ApoB mRNA levels increased to ~80% after 72h and remained
at that level until 144 h (Fig 5a). To determine the amount of ApoB siRNA in mouse liver,
total RNA was isolated from livers at various times after injecting mice with TOT-siRNA, and
guide strand ApoB siRNA was identified by northern blot analysis. The amount of guide strand
found in mouse liver was greatest at 48 h after TOT-siRNA injection and decreased with time
(up to 144 h) (Fig 5b). Taken together, these results show a correlation between in vivo RNAI
efficiency at various times after TOT-siRNA treatment and amount of guide strand present in
mouse liver. Although these findings do not directly demonstrate the half-life of nanomaterial
in vivo, however, these results suggest that the RNA trigger molecules in the SiRNA-TOT
complexes were not trapped in liver and were cleared quite rapidly from the body.

Nanomedicine has recently emerged as a new branch of science that explores applications of
nanotechnology for diagnosing, monitoring, treating, and controlling biological functions
(37). However, the questions of physiological toxicity and favorable pharmacology of
nanomaterials remains unanswered. Here we present evidence that a new approach to designing
nanotubes can be used to create nanomaterials for in vivo delivery of SiRNA to silence
endogenous disease-related genes at clinically acceptable and therapeutically affordable doses.
Injecting mice with only 0.96 mg/kg siRNA in complex with TOT (SWNT functionalized with
lipids and natural amino acid-based dendrimers) silenced ApoB mRNA and reduced protein
levels in liver, decreased plasma levels of ApoB, and lowered total plasma cholesterol.
Moreover, TOT treatment was non-toxic and did not induce an immune response. Most of the
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RNA molecules (80%) assembled with TOT were cleared from the body 48 h after treatment,
indicating that the nanotubes did not inhibit siRNA biodegradation and clearance, ensuring a
short half-life for SIRNA in vivo. These results provide the first evidence that nanotubes can
be safely and effectively used to systemically deliver siRNA, thus offering a new technology
for systemic RNAI and potentially for delivering other drugs in vivo.
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Figure 1. Structural analysis of lysine dendrimers TOL7 and functionalized nanotube TOT

(a) MALDI-TOF MS spectrum of TOL7. (b) Chemical structure of TOL7 and schematic
illustration of TOT. (c) Electron micrograph of TOT complex and (d) Particle size distribution
of oxidized single walled nanotube (blue), TOT (pink), and TOT-siRNA (yellow) complex by
dynamic light scattering.
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Figure 2. in vitro silencing of ApoB by TOT-siRNA

(a) TOT-siRNA complex specifically silences ApoB in mouse hepatocyte cells. FL83B cells
were treated for 24 h with TOT without sSiRNA (Mock) or with TOT-siRNA complex
containing unmodified (UM) siRNA, chemically modified (CM) siRNA, or their respective
mismatches (mm). As a control, Lipofectamine 2000 (L2K) was used to transfect chemically
modified or unmodified SiRNA. ApoB mRNA levels are expressed as percent of control (no
transfection). Each value represents the mean + SD of duplicate cultures from two
representative experiments. (b) FL83B cells remain viable after 24 h treatment with TOT-
SiRNA complex. Cells were treated with TOT without sSiRNA (Mock) or with TOT-siRNA
complex containing unmodified (UM) or chemically modified (CM) siRNA. Cell toxicity
levels are expressed as percent of control (no transfection). Each value represents the mean *
SD of duplicate cultures from two representative experiments. (c) Localization of sSiRNA.
Cells were transfected with Cy3-labeled siRNA using Lipofectamine 2000 (L2K) or with
SiRNA-TOT complex. Localization of the duplex siRNA after 24 h was monitored by confocal
microscopy. Overlay images of siRNA and nuclear DNA (4',6-diamidino-2-phenylindole
[DAPI] stained) are shown.
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Figure 3. In vivo silencing of ApoB by TOT-siRNA

(a) ApoB is specifically silenced in livers of mice injected with TOT-siRNA complex. ApoB
mMRNA levels were reduced in livers of mice treated 48 h earlier with varying doses of TOT
complexed to chemically modified (CM) siRNA or its mismatch (mm). Values represent the
mean + SD of tissue samples from 3 liver regions (n= 3-5 animals). Data are expressed as
percent of control. (b) ApoB siRNA content in mouse liver varies with TOT-siRNA dose. Total
RNA was isolated from livers of mice treated with varying doses (a) of TOT complexed to
unmodified (UM) or chemically modified (CM) siRNA, and was identified by northern blot
analysis. A representative northern blot shows the presence of the ApoB guide strand siRNA
in mouse liver 48 h after the treatment. tRNA was identified as a positive control. (c) ApoB
protein plasma levels are reduced in mice injected with TOT-siRNA. Mice were injected with
TOT-siRNA containing chemically modified (CM) siRNA or its mismatch (mm), and 48 h
later plasma was analyzed for ApoB100 and ApoB48 protein levels by western blot analysis
with anti-ApoB100 or anti-ApoB48. Total protein loading was confirmed by assessing plasma
fibronectin levels. (d) Quantification of reduced ApoB plasma levels after TOT-siRNA
treatment. Western blots for mouse plasma levels of ApoB100 and ApoB48 (d) were analyzed
by densitometry. Data are expressed as percent of control (n = 3-5 animals).

Bioconjug Chem. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McCarroll et al. Page 16

a) 100 -
80 -

Cholesterol
(% Control)
H
(=)

20
0
Control TOT TOT
mm siRNA
siRNA
b) 60
—g 50 - L
S 40
£ 30
? 20
4
L 10 :
0 . —
Control TOT Poly I:C
siRNA

Figure 4. (a) TOT-siRNA therapeutically reduces cholesterol levels

Plasma cholesterol levels were measured 48 h after injecting mice with 0.96 mg/kg TOT-
SiRNA complex, (b) TOT-siRNA treatment does not induce interferon response in mice. IFN-
a plasma levels were measured 48 h after injecting mice with 0.96 mg/kg TOT without SiRNA
(Mock) or with 0.96 mg/kg TOT-CM siRNA. As a positive control, IFN-o plasma levels were
measured after Injecting mice with 250 ug Poly IC. Each value represents the mean + SD of 5
plasma samples from each treatment group.

Bioconjug Chem. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McCarroll et al. Page 17

a
) 120 -
(2]
5 100 - -
>
2 S 80 ~
< 2
ZE 60
Z5 e
EO 40
m X
o~ 20 -
Q.
< 0 : : ‘
Cont 48h 72h 96h 120h 144h
b) 48 72 96 120 144 hours

.----- - & . < APOB

Guide strand

ORI -

Figure 5. Pharmacokinetics of TOT-siRNA

(a) Mice were injected with 0.96 mg/kg of TOT-siRNA and ApoB mRNA levels were
measured in liver at various times after injection. Values represent the mean + SD of tissue
samples from 3-5 animals, (b) ApoB siRNA decreases with time in livers of mice injected with
TOT-siRNA. Mice were injected with TOT-siRNA (a), total RNA was isolated from their
livers at various times after injection, and ApoB siRNA guide strand was identified by northern
blot analysis. A representative northern blot shows that the amount of ApoB guide strand
siRNA decreased over the time range shown. tRNA was Identified as a positive control.
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