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Abstract

Lipid-conjugated small-interfering RNAs (siRNAs) exhibit accumulation and gene silencing in 

extrahepatic tissues, providing an opportunity to expand therapeutic siRNA utility beyond the 

liver. Chemically engineering lipids may further improve siRNA delivery and efficacy, but the 

relationship between lipid structure/configuration and siRNA pharmacodynamics is unclear. Here, 

we synthesized a panel of mono-, di-, and tri-meric fatty acid-conjugated siRNAs to systematically 

evaluate the impact of fatty acid structure and valency on siRNA clearance, distribution, and 

efficacy. Fatty acid valency significantly altered the physicochemical properties of conjugated 

siRNAs, including hydrophobicity and micelle formation, which affected distribution. Trivalent 

lipid-conjugated siRNAs were predominantly retained at the site of injection with minimal 

systemic exposure, whereas monovalent lipid-conjugated siRNAs were quickly released into the 

circulation and accumulated primarily in kidney. Divalent lipid-conjugated siRNAs showed 

intermediate behavior, and preferentially accumulated in liver with functional distribution to lung, 

heart, and fat. The chemical structure of the conjugate, rather than overall physicochemical 

properties (i.e. hydrophobicity), predicted the degree of extrahepatic tissue accumulation necessary 

for productive gene silencing. Our findings will inform chemical engineering strategies for 

enhancing the extrahepatic delivery of lipophilic siRNAs.
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Introduction

Small interfering RNAs (siRNAs) are an emerging class of drugs [1] that target disease-

causing messenger RNA (mRNA) for degradation in a sequence-specific manner [2]. 

Therapeutic siRNAs are potent, have a long duration of effect, and are able to target 

previously “undruggable” disease genes [3–5]. However, they exhibit poor in vivo stability 

and distribution. To overcome these limitations, siRNAs are first chemically modified, then 

conjugated with diverse chemical moieties [6, 7]. Fully chemically modified siRNAs 

conjugated to a trivalent N-acetylgalactosamine (GalNAc) show functional delivery to 

hepatocytes in humans [8–12], and represent a major breakthrough in the therapeutic 

oligonucleotide field.

Lipid conjugation has also emerged as a delivery platform for siRNAs [6]. Sterols, fatty 

acids, and vitamins (with or without a phosphocholine moiety) conjugated to siRNAs have 

been shown to impact both local and systemic siRNA distribution [7, 13–17]. Lipid-

conjugated siRNAs primarily accumulate in clearance tissues (liver, kidney, and spleen). 

Less hydrophobic compounds preferentially bind to high density lipoprotein (HDL) in serum 

and accumulate in kidneys, whereas more hydrophobic siRNAs primarily bind low density 

lipoprotein (LDL) and distribute to the liver [17, 18]. Lipophilic siRNAs also distribute to 

extrahepatic and extrarenal tissues, which may be influenced by conjugate configuration [17, 

19, 20].

Lipid engineering may be a useful strategy for further enhancing siRNA delivery to specific 

tissues. Indeed, lipid branching and multi-valency approaches are used in the development of 

lipid-based nanocarriers with advanced properties [21–25]. However, we currently have a 

limited understanding of how lipid chemical structure and configuration impact siRNA 

pharmacokinetic/pharmacodynamic behavior, tissue accumulation, and efficacy.

Here, we synthesized a panel of siRNAs conjugated to mono-, di- or tri-meric 

docosahexaenoic acid, eicosapentaenoic acid, or myristic acid to evaluate the impact of lipid 

structure and valency on siRNA clearance, distribution, and efficacy. Altering fatty acid 

valency significantly impacted siRNA hydrophobicity, resulting in different clearance 

profiles: (i) trivalent lipid-conjugated siRNAs were retained at the injection site with 

minimal systemic exposure; (ii) monovalent lipid-conjugated siRNAs were quickly released 

to the circulation and predominantly accumulated in kidney; and (iii) divalent lipid-

conjugated siRNAs showed intermediate behavior, with preferential liver accumulation but 

wide distribution to other tissues (lung, heart, fat). In addition to hydrophobicity, conjugate 

structure also contributed to the degree of tissue accumulation required for productive 

silencing. Our study provides the first example of how rational lipid engineering may be 

used to fine-tune the properties of therapeutic siRNAs, and their extrahepatic delivery.
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Materials and Methods

Oligonucleotide synthesis, deprotection, and purification

Oligonucleotides were synthesized following standard protocols on an Expedite ABI 

DNA/RNA synthesizer or a MerMade 12 (BioAutomation, Irving, TX, USA). Sense strands 

were synthesized at 1-μmole scales on synthesized fatty acid-functionalized CPG supports 

(Supplementary Schemes 1, 2 and 3). Antisense strands were synthesized at 10-μmole scales 

on CPG functionalized with Unylinker® (ChemGenes, Wilmington, MA). 2´-O-methyl 

phosphoramidites (ChemGenes, Wilmington, MA), 2´-fluoro phosphoramidites 

(BioAutomation, Irving, Texas), Cy3-labeled phosphoramidites (Gene Pharma, Shanghai, 

China), and custom synthesized (E)-vinylphosphonate phosphoramidites [26] were used for 

preparing oligonucleotides. Oligonucleotides were removed from CPG and deprotected 

using 40% aqueous methylamine, and purified by HPLC as described previously [15, 26]. 

Purified oligonucleotides were desalted by size-exclusion chromatography, and purity and 

identity were determined by Liquid Chromatography-Mass Spectrometry (LC-MS) on an 

Agilent 6530 accurate-mass Q-TOF LC/MS (Agilent technologies, Santa Clara, CA) 

(Supplementary Figure 1).

Physicochemical characterization of conjugated oligonucleotides

The relative hydrophobicities of conjugated siRNAs were determined by the retention time 

of each compound on an Agilent Prostar System equipped with a Water HxSil C18 column 

(75 × 4.6) in a gradient of 100% buffer A (0.1 M trimethylamine acetate in water) to 100% 

buffer B (0.1 M trimethylamine acetate in acetonitrile) at a flow rate of 1 ml/min for 16 min 

at 60°C.

Hydrodynamic diameters of siRNA were determined by dynamic light scattering (DLS) 

using a Zetasizer ZEN3600 (Malvern Instruments, UK). siRNAs solutions (10 nmol in 1 mL 

PBS) were analyzed at 25°C in triplicate. All the scattered photons were collected at a 173°- 

scattering angle. The scattering intensity data was processed using instrumental software to 

obtain the hydrodynamic diameter and the size distribution of each sample.

Injection of conjugated siRNAs into mice

Animal experiments were performed in accordance with animal care ethics approval and 

guidelines of University of Massachusetts Medical School Institutional Animal Care and 

Use Committee (IACUC, protocol number A-2411). Female FB/NJ mice (The Jackson 

Laboratory) 7- to 8-weeks old were injected subcutaneously with phosphate buffered saline 

(PBS controls) or with 20 mg/kg conjugated siRNA (or unconjugated control) suspended in 

PBS (160 μL). For pharmacokinetic studies, 6 mice per group were injected (n = 18). For 

distribution studies, 3 mice per conjugate were studied (n = 9 + 1 for PBS controls). For the 

efficacy studies, 6 mice per group were injected (n = 30, including non-targeting controls 

and PBS controls).

Pharmacokinetic studies

After injection, serial blood sampling was carried out using a previously described protocol 

[27]. Briefly, microsamples of blood were collected from the lateral saphenous vein at 
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different time points. Sterile needles were used to puncture the vein, slight pressure was 

applied above the knee joint, and blood droplets were collected using Microvette CB300 

K2R tubes (Sarstedt). Blood samples were stored at −80°C until analysis.

Peptide nucleic acid (PNA) hybridization assay

Blood and tissue concentrations of antisense strands were determined using a PNA 

hybridization assay [27, 28]. Blood samples (10 μL) were diluted in tissue lysis solution 

(MasterPure, EpiCentre) to a total of 200 μL containing 1 μL proteinase K (20 mg/mL) 

(Invitrogen). Tissues (15 mg) were placed in QIAGEN Collection Microtubes holding 3-mm 

tungsten beads and lysed in 300 μl tissue lysis solution containing 3 μl proteinase K using a 

QIAGEN TissueLyser II. For all samples, sodium dodecyl sulphate (SDS) was precipitated 

from lysates by adding 20–30 μL 3 M potassium chloride and centrifuging at 5000 × g for 

15 minutes. Supernatants were then diluted in 150 μL of hybridization buffer (50 mM Tris 

10% acetonitrile pH 8.8) containing 5 pmol of a Cy3-labeled PNA probe complementary to 

the antisense strand (PNABio, Thousand Oaks, CA, USA). Annealing was carried out by 

heating the samples at 90°C for 15 min and 50°C for 15 min. Samples were analyzed by 

HPLC (Agilent, Santa Clara, CA) over a DNAPac PA100 anion-exchange column (Thermo 

Fisher Scientific). Cy3 fluorescence was monitored and peaks integrated. Final 

concentrations were ascertained using calibration curves generated by spiking known 

quantities of conjugated siRNA into blood or tissue lysates from an untreated animal.

Fluorescence microscopy

At 48 hours post-injection, mice were euthanized and perfused with PBS. Tissues were 

collected and immersed in 10% formalin solution overnight at 4°C. Tissues were embedded 

in paraffin and sliced into 4-μm sections that were mounted on glass slides. Tissue sections 

on glass slides were deparaffinized by incubating twice in xylene for 8 min. Sections were 

rehydrated in an ethanol series from 100% to 95% to 80%, for 4 min each. Slides were then 

washed twice with PBS, 2 min each, incubated with DAPI (250 ng/mL, Molecular Probes) 

in PBS for 1 minute, and washed again in PBS for 2 minutes. Slides were mounted with 

PermaFluor mounting medium (Molecular Probes) coverslips, and dried overnight at 4°C. 

Sections were imaged at 5× and 40× using a Leica DM5500B microscope fitted with a 

DFC365 FX fluorescence camera.

mRNA silencing experiments

At 1-week post-injection, mice were euthanized. Tissues were collected and stored in 

RNAlater (Sigma) at 4°C overnight. mRNA was quantified using the QuantiGene 2.0 Assay 

(Affymetrix). Briefly, 1.5-mm punches (3 punches per tissue) were placed in QIAGEN 

Collection Microtubes holding 3-mm tungsten beads and lysed in 300 μl Homogenizing 

Buffer (Affymetrix) containing 0.2 mg/ml proteinase K (Invitrogen) using a QIAGEN 

TissueLyser II. Samples were then centrifuged at 1,000 × g for 10 min and incubated for 1 h 

at 55° to 60°C. Lysates and diluted probe sets (mouse Htt, or mouse Hprt) were added to the 

bDNA capture plate and signal was amplified and detected as described by Coles et al. [29]. 

Luminescence was detected on a Tecan M1000 (Tecan, Morrisville, NC, USA).
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Statistical analysis

Data were analyzed using GraphPad Prism 7.01 software (GraphPad Software, Inc., San 

Diego, CA). For each independent efficacy experiment in mice, the level of silencing was 

normalized to the mean of the control (PBS) group. Data were analyzed using non-

parametric one-way ANOVA with Dunnett’s test for multiple comparisons, with significance 

calculated relative to PBS controls.

Results

Synthesis of branched fatty acids conjugated to fully chemically stabilized siRNAs

To define the impact of fatty acid conjugate chemical structure and valency on siRNA 

pharmacokinetics, distribution, and efficacy in vivo, we synthesized a library of siRNAs 

conjugated to one, two, or three fatty acids with different carbon chain lengths and degrees 

of unsaturation: myristic acid (Myr, C14:0), docosahexaenoic acid (DHA, C22:6), and 

eicosapentaenoic acid (EPA, C20:5) (Figure 1).

A fully chemically stabilized asymmetric siRNA was used as a scaffold (Figure 1A) [30]. 

Asymmetric siRNAs consist of a short duplex region (15 base-pairs) and a single-stranded 

fully phosphorothioate-modified tail that assists membrane association [31, 32]. All riboses 

are modified using an alternating 2´-O-methyl and 2´-fluoro modification pattern, which 

confers stability and minimizes innate immune activation [5, 33, 34]. The antisense strand is 

modified with a 5´-(E)-vinylphosphonate (E-VP) group that mimics the 5´-phosphate of the 

antisense strand to promote recognition by RISC (RNA-induced silencing complex) [35, 36] 

and provides stability against phosphatases and exonucleases [15, 37, 38]. The sense strand 

is labeled with Cy3 at the 5´-end, allowing for visualization of siRNA spatial distribution in 

tissues.

Fatty acids were covalently attached to the 3′ end of the siRNA sense strand (Figure 1B), 

which tolerates a range of covalent modifications [7, 39, 40]. All fatty acid conjugated 

siRNAs were synthesized using a functionalized solid support (Supplementary Schemes 1, 2 

and 3) [16]. For the incorporation of either two or three fatty acids, synthetic dividers 

(Supplementary Schemes 2 and 3, compounds 9 and 16, respectively) were introduced on 

the solid support to minimize steric hindrance, followed by fatty acid conjugation 

(Supplementary Schemes 2 and 3, solid supports 11 and 18). Oligonucleotides were purified 

by High Performance Liquid Chromatography (HPLC) and characterized by mass 

spectrometry (Supplementary Figure 1).

The valency of fatty acid conjugate affects siRNA hydrophobicity and aggregation

To evaluate the impact of conjugate chemical structure and valency on siRNA 

physicochemical properties, we measured the overall hydrophobicity and aggregation of 

each compound. The retention time in reversed-phase HPLC was used to determine overall 

hydrophobicity (increases with retention time) (Figure 2A) [41]. Monomeric fatty acid-

conjugated siRNAs had the lowest retention time (8.8 to 9.5 min), followed by dimeric (12 

to 13 min), and trimeric (15 to 16 min) fatty acids, respectively. The nature of the fatty acid 

carbon chain (Myr vs. DHA vs. EPA) had a relatively low impact on retention time. Our 
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findings suggest that increasing the valency of the fatty acid conjugate increases overall 

compound hydrophobicity.

Lipid-conjugated siRNAs can self-assemble in aqueous media [42]. To determine the impact 

of conjugate chemical structure and valency on aggregate size, hydrodynamic diameters of 

fatty acid-conjugated siRNAs were measured by Dynamic Light Scattering (DLS) (Figure 

2B). The monomeric fatty acid-conjugated siRNAs did not aggregate, with a mean diameter 

of 2.5 nm, similar to unconjugated siRNA. By contrast dimeric and trimeric fatty acid-

conjugated siRNAs did self-assemble into small aggregates and micelles. The average 

particle size was much larger for trimeric compared to dimeric compounds (11 versus 4 nm 

diameter, respectively). The nature of the fatty acid carbon chain (Myr vs DHA vs EPA) did 

not significantly affect the size of the aggregate formed. Our findings suggest that valency of 

the fatty acid conjugate impacts siRNA physicochemical properties.

Impact of fatty acid conjugate valency on siRNA tissue distribution profile.

Understanding clearance kinetics of engineered siRNAs is essential for further functional 

optimization [43]. Given that siRNA physicochemical properties were mainly affected by 

valency rather than the chemical nature of the conjugate carbon chain, we evaluated the 

impact of valency on clearance profile using one fatty acid—Myristic acid. The blood 

clearance profile for siRNAs conjugated with monomeric (Myr-s), dimeric (Myr-d), and 

trimeric (Myr-t) myristic acid were evaluated (Figure 3) by injecting siRNA into mice 

subcutaneously (n=6 per variant, 20 mg/kg dose), and collecting blood samples at different 

time points according to a previous method [27]. Pharmacokinetic profiles were determined 

by quantifying antisense strands in blood samples using a peptide nucleic acid (PNA) 

hybridization assay [28] (Figure 3A and 3B).

Myr-s, Myr-d, and Myr-t conjugated siRNAs showed distinct clearance profiles. Myr-s 

siRNAs were rapidly released into the blood from the site of injection (t1/2 abs = 12 min, 

Tmax = 60 min), whereas Myr-d exhibited slower release (t1/2 abs = 32 min, Tmax= 120 min). 

Although the areas under the curve (AUC) between Myr-s and Myr-d siRNAs were similar 

(3768 and 3511 μg/mL*min, respectively), the mean residence time (MRT) for Myr-d 

siRNAs was more than 2- fold higher than for Myr-s siRNAs (1543 and 644 min, 

respectively). These data suggest that Myr-d siRNAs stayed in the circulation longer than 

Myr-s siRNAs despite the two having comparable levels in the blood. By contrast, the 

majority of Myr-t siRNAs were not released from the site of injection (AUC of 984 μg/

mL*min) even after one week. This is likely due to Myr-t siRNAs forming highly 

hydrophobic micelles (Figure 2A). Our results suggest that altering fatty acid conjugate 

valency generates siRNA compounds with substantially different pharmacokinetic profiles.

Fatty acid conjugate valency fundamentally defines siRNA tissue accumulation profiles

To evaluate the impact of fatty acid conjugate valency on siRNA tissue distribution, we 

injected mice subcutaneously with Myr-s, -d, or -t siRNA variants (20 mg/kg, n = 3 per 

variant). 48 hours post injection, we collected 15 tissues per mouse—liver, kidney, adrenal 

gland, lung, heart, thymus, spleen, pancreas, intestine, fallopian tube, bladder, fat (white fat 

from the belly), muscle, injection site, and skin—and evaluated spatial and quantitative 
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siRNA tissue distribution in each sample. Spatial siRNA distribution was evaluated using 

fluorescence microscopy (Cy3 fluorophore attached to 5’ end of sense strand). We have 

previously shown that the presence of Cy3 has minimal impact on overall tissue distribution 

in the context of lipophilic siRNAs [17].

We quantified antisense strand accumulation using a PNA hybridization assay [28], which is 

not dependent on the presence of Cy3. Both methodologies generated overall consistent 

data.

siRNA variants were mostly cleared from the blood (AUC0–48h > 85% of total AUC) at 48 

hours post-injection, suggesting that tissue distribution profiles at this time point are 

representative of overall long-term delivery. Figure 4 shows siRNA distribution in primary 

sites—liver, kidney and site of infection, where compounds accumulate to the largest extent. 

In general, levels of siRNA accumulation in primary sites were at least 20-fold higher than 

in extra-hepatic tissues (Figure 4, Figure 5). Fatty acid conjugate valency had a profound 

impact on the liver-to-kidney-to skin (site of injection) distribution ratio (Figure 4). 

Representative fluorescent images (Figure 4A) and antisense strand quantification (Figure 

4B) of liver, kidney, and skin (site of injection) show that Myr-s siRNAs preferentially 

accumulated in kidneys, Myr-d in liver, and Myr-t at the injection site. The difference in the 

liver-to-kidney distribution between Myr-s and Myr-d is consistent with our previous result 

that more hydrophobic compounds accumulate in liver and less hydrophobic compounds 

accumulate in kidney [17]. The preferential skin delivery and reduced liver accumulation of 

Myr-t is consistent with its limited release from the skin, and lower Cmax and AUC (Figure 

3B).

Measuring antisense strand accumulation in 15 tissues, which comprise most of the mouse 

body, allowed us to estimate the fraction of the injected siRNA dose that was retained after 

48 hours (Supplementary Figure 2A, Supplementary Table 1). The mass of each tissue was 

experimentally defined, or approximated based on published mouse organ weights [44–46]. 

More than 85% of unconjugated siRNAs were cleared from the body, while the majority of 

the retained siRNA accumulated in kidneys (Supplementary Figure 2). The addition of fatty 

acid conjugates dramatically enhanced siRNA overall retention—approximately 100% of the 

injected dose for all three variants was accounted for. These findings indicate that fatty acid 

conjugates, regardless of valency status, reduce clearance into the urine compared to 

unconjugated siRNAs.

Figure 5 shows quantification of antisense strand accumulation in twelve tissues, including 

bladder, spleen, heart, lung, muscle, and fat. Myr-s and Myr-d siRNAs distributed to extra-

hepatic tissues significantly more than unconjugated siRNAs and Myr-t. Overall tissue 

distribution profiles for Myr-s and Myr-d conjugated siRNAs were similar, with a few 

exceptions (Supplementary Table 1). Myr-s accumulated in bladder and skin (systemic, far 

from the site of injection) to a significantly higher degree than Myr-d. By contrast, Myr-d 

showed enhanced delivery to the lung. These findings indicate that modulating the valency 

of fatty acid conjugates can alter compound tissue distribution, and potentially enhance 

extra-hepatic delivery.
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Fatty acid conjugated siRNAs enable functional gene silencing in several tissues

To evaluate the effect of conjugate valency on gene silencing, mice were injected 

subcutaneously with Myr-siRNA variants targeting Huntingtin (Htt) mRNA or controls (n = 

6 per group, 20 mg/kg). We elected to target Htt mRNA because it is widely expressed in all 

tissues and has a validated siRNA sequence available [47]. Htt and Hprt (hypoxanthine-

guanine phosphoribosyl transferase, a housekeeping gene) mRNA expression was measured 

one week post injection using the QuantiGene Assay. The efficacy of Htt targeting 

compounds with different Myr variants was evaluated in liver, kidneys, spleen, heart, lung, 

fat, bladder, and fallopian tube (Figure 6, Supplementary Figure 3). PBS, unconjugated 

siRNAs, and a non-targeting siRNA (Ntc, compound of identical chemical configuration but 

not targeting Htt mRNA) were used as controls.

Ntc was indistinguishable from PBS in all tissues tested, suggesting that any observed 

modulation of gene expression is target-specific and not related to overall oligonucleotide 

chemical configuration. Unconjugated compounds induced statistically significant silencing 

in kidneys (Supplementary Figure 3). This finding is consistent with previously reported 

data, and is likely due to the phosphorothioate modifications in our siRNA scaffold driving 

renal epithelia retention [31, 48].

Conjugation of fatty acids had a profound impact on siRNA efficacy, and statistically 

improved silencing in several tissues (compared to unconjugated, PBS and Ntc compounds) 

(Figure 6, Supplementary Figure 3). In general, there was a correlation between the degree 

of accumulation and the level of silencing within the same tissue. Myr-s conjugated siRNAs 

accumulated to a higher extent in bladder (~10 ng/mg, Figure 5), resulting in productive 

silencing (31% silencing, Figure 6), while Myr-d conjugated siRNA compounds show 

higher accumulation and more productive silencing in lung and spleen (8 ng/mg, 25% 

silencing; and 42 ng/mg, 29% silencing, respectively) (Figure 5, Figure 6, Supplementary 

Figure 3).

The levels of accumulation necessary for productive silencing differed significantly between 

tissues, likely due to differences in internalization pathways and intracellular trafficking. For 

example, Myr-d siRNAs accumulated to 3 ng/mg in fat (Figure 5), translating to ~50% 

silencing (P<0.0001) (Figure 6), whereas Myr-d kidney accumulation was >100 ng/mg 

(Figure 4B) and did not support functional silencing (Supplementary Figure 3). Figure 6 

shows representative data for delivery and functional silencing in key tissues for the best-

delivered siRNA per tissue—Myr-s siRNAs for heart, and bladder, and Myr-d siRNAs for 

lung, fat and liver. Myr-s conjugated siRNAs induced 31% silencing in both tissues, and 

Myr-d siRNA compounds induced 25%, 49% and 39% silencing in lung, fat, and liver 

respectively. All observed effects were statistically significant relative to PBS or Ntc 
(P<0.0001 or P<0.001, One-way ANOVA with Bonferroni correction). Our collective 

findings suggest that altering fatty acid conjugate valency affects tissue-specific siRNA 

accumulation for productive gene silencing.
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siRNA hydrophobicity does not fully explain differences in siRNA distribution and efficacy

We and others have previously demonstrated that differences in conjugate-mediated siRNA 

tissue distribution are partially explained by changes in serum lipoprotein binding that are 

driven by hydrophobicity [14, 18, 19]. To evaluate how conjugate chemical structure impacts 

siRNA tissue distribution profiles independent of hydrophobicity, we compared tissue 

accumulation and efficacy of three conjugated siRNA: Myr-d, cholesterol (Chol), and α-

tocopheryl succinate (TS) siRNAs.

Figure 7A shows reverse-phase HPLC traces for the three conjugated siRNAs. All three 

compounds have similar retention time (within 11.5–12.5 minutes), indicating they have 

similar hydrophobicities. siRNA variants were then injected subcutaneously (20 mg/kg dose) 

into mice (n=3 per variant) and tissue accumulation was evaluated at 48 hours post injection 

(PNA hybridization assay). Figure 7B shows that accumulation in primary clearance tissues 

(liver/kidney/injection site) were similar between Myr-d and Chol but different for TS 

compounds. While Myr-d and Chol siRNAs mostly distributed to liver and site of injection, 

TS siRNAs accumulated equally between all three tissues. Next, we evaluated the impact of 

conjugate chemistry on extrahepatic/extrarenal delivery, and observed significant differences 

(Figure 7C). For example, Myr-d siRNAs accumulated to higher levels in lung (~13 ng/mg), 

and heart (~10 ng/mg), whereas TS siRNA clearly accumulated to a higher degree in adrenal 

gland (Figure 7C).

Finally, we evaluated the impact of conjugate chemical structure on gene silencing in tissues 

where differences in accumulation were observed (n=6–8, compared to PBS and Ntc, 1-

week post-injection, QuantiGene Assay). Myr-d siRNAs show statistically significant 

silencing in lung and heart (25% and 24% silencing respectively, P<0.01), whereas Chol and 

TS siRNAs did not. Similarly, TS and Chol siRNAs induced silencing in adrenal gland (34% 

and 26% silencing, P<0.001 and P<0.1 respectively), but Myr d siRNA compounds did not 

(Figure 7D). In liver, significant silencing is observed for all three compounds, which can be 

explained by the significant accumulation of all three siRNAs in this tissue (Figure 7B).

Our findings suggest that although the physicochemical properties (i.e. hydrophobicity) of a 

conjugate may affect siRNA clearance and distribution, the chemical nature/structure and 

self-association properties of conjugated-siRNA drive cellular internalization and functional 

silencing.

Discussion

The recent clinical success of GalNAc-conjugated siRNAs for liver-associated disorders 

demonstrates that the conjugation of chemically-stabilized siRNA is primordial for 

developing therapeutic oligonucleotides [8, 9, 11, 49]. Lipid conjugation of siRNAs supports 

broad tissue distribution beyond the liver [6, 17]. Advancements in lipid engineering may 

further refine siRNA delivery, but the relationship between conjugate structure/configuration 

and siRNA pharmacodynamic behavior must be more clearly defined. This paper is the first 

to report the effects of lipid conjugate valency on siRNA delivery. We demonstrate that 

modulating conjugate valency alters siRNA physicochemical properties, which directly 

affect clearance, distribution, and silencing. This study demonstrates that rational 
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engineering of lipid conjugates may be used to enhance extrahepatic siRNA delivery and 

efficacy.

Unconjugated siRNAs are quickly cleared from the bloodstream [27, 50, 51] with less than 

~15% body retention [17]. Primary retention is in the kidney epithelia due to the high 

phosphorothioate (PS) content of our siRNA scaffold (13 PS bonds within a 35-nucleotide 

scaffold). This retention mechanism is similar to that of short single-stranded PS-antisense 

oligonucleotides [31, 48, 52]. In general, lipid conjugates significantly improve siRNA 

overall body retention (almost 100%) and extra-hepatic/extra-renal tissue exposure. We and 

others have shown that the higher overall retention and tissue distribution of lipophilic 

siRNAs is primarily explained by changes in hydrophobicity that drive serum lipoprotein 

binding [14, 18, 19]. Less hydrophobic compounds preferentially bind HDL and accumulate 

in kidney; more lipophilic siRNAs preferentially bind LDL and accumulate in liver.

By manipulating lipid conjugate valency, we were able to modulate hydrophobicity such that 

siRNA pharmacokinetic behaviors and distribution to primary clearance tissues were altered. 

Trimeric fatty acid-conjugated siRNAs are highly hydrophobic, resulting in ineffective 

release from the injection site, low siRNA blood level and systemic exposure, and limited 

tissue accumulation. These poor pharmacokinetic properties may be due to micelle 

formation and non-productive entrapment in neighboring subcutaneous fat. The 

hydrophobicity of the trivalent conjugate appears to be well above the optimal range for 

siRNA distribution in vivo.

Monomeric fatty acid-conjugated siRNAs were rapidly released into the bloodstream and 

predominantly accumulated in kidney (Figure 3). Their overall behavior is similar to 

relatively less lipophilic conjugates like DHA, which preferentially bind HDL [18, 27]. 

Dimeric fatty acid-conjugated siRNAs are released from the injection site, but stayed in the 

blood longer than monomeric compounds, and accumulated predominantly in liver. Thus, 

divalent lipid-conjugated siRNAs act similar to LDL-binding compounds.

Although hydrophobicity primarily explains the effect of conjugate valency on the liver-to-

kidney accumulation profile, the exact chemical nature/structure of the conjugate impacted 

the degree of siRNA accumulation in extrahepatic/extrarenal tissues. Myr-d siRNA showed 

lung accumulation levels ~3 times higher than other conjugated siRNAs of similar 

hydrophobicities, which resulted in productive silencing. The mechanism underlying 

enhanced lung delivery is unknown, but may be due to the impact of lipid branching on 

membrane fluidity, receptor interactions, and trafficking/endosomal escape.

Consistent with previous reports on siRNA accumulation/efficacy ratios for different tissues 

[17, 53], we found that the level of tissue accumulation sufficient to induce mRNA silencing 

is tissue-dependent. Liver and kidney require relatively high (>100 ng/mg, Figure 4B) 

siRNA accumulation, whereas lung, fat, and heart require relatively low siRNA 

accumulation (2–13 ng/mg, Figure 5) for productive silencing. This is likely related to 

tissue-specific internalization mechanisms. Liver and kidneys are responsible for eliminating 

metabolic bi-products from the bloodstream. Thus, oligonucleotides largely accumulate in 
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those tissues as a byproduct of filtering and are trapped non-productively. By contrast, 

cellular internalization in non-filtering tissues results from active endocytosis.

This study reports that the valency of fatty acid conjugates is a strong determinant of the 

siRNA pharmacokinetic and distribution profiles in vivo. Thus, chemically engineering 

lipid-conjugated siRNA is a viable strategy for improving extrahepatic delivery and efficacy 

of therapeutic siRNAs.
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Figure 1. 
Library of fatty acid-conjugated siRNAs (A.) Schematic of chemically modified siRNAs 

used in this study. The desired conjugate is attached at the 3’-end of the sense strand (B.) 

Structures of the conjugates attached to the siRNAs: monomeric (s); dimeric (d) and trimeric 

(t) fatty acids (Myristic acid, Myr; Docosahexaenoic acid, DHA; Eicosapentaenoic acid, 

EPA).
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Figure 2. 
The presence of fatty acids significantly impacts siRNA hydrophobicity and micelle 

formation (A.) High Performance Liquid Chromatography (HPLC) spectra of conjugated 

Cy3-siRNAHtt sense strands showing variation in retention time (hydrophobicity) due to the 

nature and number of fatty acids (B.) Hydrodynamic diameter of lipid-conjugated siRNAs 

determined by Dynamic Light Scattering. Mean diameter for: unconjugated = 2 nm; 

monomeric lipid = 2.3–2.7 nm; dimeric lipids = 3.6–4.2 nm; trimeric lipids = 10.1–11.7 nm.
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Figure 3. 
Myr-s, Myr-d and Myr-t conjugated siRNAs exhibit distinct pharmacokinetic profiles. (A.) 

Mice were injected subcutaneously with Myr variant conjugated siRNAs (n = 6, 20 mg/kg). 

Serial blood samples were collected through the lateral saphenous vein at different time 

points after injection over a 7 day period. Antisense strands in blood samples were 

quantified using PNA hybridization assay (B.) Pharmacokinetic parameters for Myr variant 

conjugated siRNAs. AUC = area under the curve. MRT = mean residence time.
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Figure 4. 
Lipid valency defines siRNA accumulation in skin (injection site), kidney, and liver. (A.) 

Representative fluorescence images of skin (injection site), kidney, and liver sections from 

mice injected subcutaneously (n=3, 20 mg/kg) with Myr variant Cy3-labeled siRNAs (red). 

Nuclei stained with DAPI (blue). Tissues were collected 48h after injection. Images taken at 

10× and 40× magnifications and collected at the same laser intensity and acquisition time. 

Scale, 1 mm (10×) and 50 μm (40×) (B.) Bar graph showing siRNA quantification in skin 

(injection site), kidney (cortex), and liver measured by PNA hybridization assay (mean ± 

SD)

Biscans et al. Page 18

J Control Release. Author manuscript; available in PMC 2020 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
siRNA accumulation is defined by the valency of lipids: monomeric and dimeric fatty acids 

enhance siRNA retention into extra-hepatic tissues. Bar graph (mean ± SD) showing the 

quantity of unconjugated, Myr-s, Myr-d, and Myr-t conjugated siRNAs in 12 tissues at 48h 

after a single subcutaneous injection (20 mg/kg) in mice (n=3). siRNA quantification was 

determined by PNA hybridization assay.
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Figure 6. 
The amounts of conjugated siRNA in several tissues are sufficient to induce mRNA 

silencing. Representative fluorescence images of heart, bladder, lung, fat, and liver sections 

from mice (n=3 per conjugate) injected subcutaneously with 20 mg/kg Cy3-labeled Myr 

variant conjugated siRNAs (red) or PBS. Nuclei stained with DAPI (blue). Tissues were 

collected 48h after injection. Images taken at 40× magnification and collected at the same 

laser intensity and acquisition time. Scale, 50 μm. For the measurement of mRNA, mice 

were injected subcutaneously with 20 mg/kg of conjugated siRNA (n = 6 per group, Ntc = 

non-targeting controls). The tissues were collected after 1 week, and Huntingtin (Htt) 
mRNA levels were measured using QuantiGene®, normalized to a housekeeping gene, Hprt 
(Hypoxanthine-guanine phosphoribosyl transferase), and presented as percent of PBS 

control (mean ± SD). Statistical analysis: One-way ANOVA with Bonferroni correction
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Figure 7. 
Hydrophobicity does not fully explain differences in siRNA distribution and efficacy in vivo. 

(A.) High Performance Liquid Chromatography (HPLC) spectra of conjugated Cy3-

siRNAHtt sense strands showing similar hydrophobicities between Myr-d, TS (tocopheryl 

succinate conjugate), and cholesterol-conjugated siRNA (B.) Bar graph showing siRNA 

quantification in skin (injection site), kidney (cortex), and liver for Myr-d, cholesterol and 

TS siRNAs, measured by PNA hybridization assay (3 mice per conjugate, mean ± SD) (C.) 

Bar graph showing the quantities of Myr d, cholesterol (chol.) and TS conjugated siRNAs 

present in 12 tissues at 48h after a single subcutaneous injection with 20 mg/kg (n=3 ± SD). 

siRNA quantification was measured by PNA hybridization assay. (D.) Measurement of 

Huntingtin mRNA levels in mice injected subcutaneously with 20 mg/kg of Myr d, 

cholesterol or TS conjugated siRNA (n = 6–8 per group, Ntc = non-targeting controls). The 

tissues were collected after 1 week and Huntingtin (Htt) mRNA levels were measured using 

QuantiGene®, normalized to a housekeeping gene, Hprt (Hypoxanthine-guanine 

phosphoribosyl transferase), and presented as percent of PBS control (mean ± SD). 

Statistical analysis: One-way ANOVA with Bonferroni correction, * = P<0.1, ** = P<0.01, 

*** = P<0.001.
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