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Abstract

RNAs are a promising class of therapeutics given their ability to regulate protein concentrations at 

the cellular level. Developing safe and effective strategies to deliver RNAs remains important for 

realizing their full clinical potential. Here, we develop lipid nanoparticle formulations that can 

deliver short interfering RNAs (for gene silencing) or messenger RNAs (for gene upregulation). 

Specifically, we study how the tail length, tail geometry, and linker spacing in diketopiperazine 

lipid materials influences LNP potency with siRNAs and mRNAs. Eight lipid materials are 

synthesized, and 16 total formulations are screened for activity in vitro; the lead material is 

evaluated with mRNA for in vivo use and demonstrates luciferase protein expression in the spleen. 

In undertaking this approach, not only do we develop synthetic routes to delivery materials, but we 

also reveal structural criteria that could be useful for developing next-generation delivery materials 

for RNA therapeutics.
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Short interfering RNAs (siRNAs) and messenger RNAs (mRNAs) can regulate intracellular 

protein concentrations by either silencing (siRNA) or upregulating (mRNA) genes at the 

post-transcriptional level.[1] Their use as therapeutic entities, however, is limited due to 

challenges with their intracellular delivery.[2] When RNAs are administered intravenously, 

for example, circulating nucleases in the blood stream can cause degradation, pattern 

recognition receptors can trigger an immune response, and non-specific uptake into off-

target tissues can limit their clinical translatability.[3] Additionally, cellular membranes are 

largely impermeable to naked RNAs given their size and charge, limiting passive diffusion 

of therapeutic RNAs into the cytoplasm of target cells.[2a] Towards this end, there is interest 

in developing delivery materials to improve the therapeutic potential of RNAs, with possible 

applications ranging from diabetes and cancer management to protein replacement therapies 

and immune tolerization, amongst others.[4]

RNAs can be formulated with ionizable lipids, a class of amphiphilic amine-based small 

molecules that can reversibly bind RNAs via electrostatic interactions.[5] This complexation 

can include other accessory excipients to form lipid nanoparticles (LNPs), a class of non-

viral nucleic acid delivery vehicle with demonstrated efficacy in animals and humans.[6] 

Questions still remain as to how the chemical structure of the ionizable lipid affects the 

overall delivery properties of the LNP which can aid in the design and creation of next-

generation RNA delivery materials.[3, 5a, 6b, 6h, 7] Specifically, the influence of tail length, 

tail geometry, and linker spacing on LNP potency have not yet been explored for degradable 

diketopiperazine lipids with both siRNA and mRNA cargoes.[6d]

Towards this end, we hypothesized that we could systematically vary ionizable lipid 

structure when formulating siRNA and mRNA formulations to better understand the delivery 

properties of LNPs (Figure 1). Our protocol would involve three steps: first, we would 

synthesize a series of ionizable lipids of precisely varied molecular structure around a 

previously reported lead material; second, we would formulate each of these ionizable lipid 

materials into both siRNA- and mRNA-containing LNPs; and third, we would evaluate the 

potency of each resultant siRNA and mRNA LNP, correlating the protein-knockdown or 

expression of each LNP system with the structure of the synthesized ionizable lipids.
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We synthesized a series of degradable diketopiperazine ionizable lipid materials (Figure 2). 

For our small molecule design criteria, we sought to incorporate three structural motifs: i. 
bis-lysine diketopiperazine based amine cores, as they have yielded potent synthetic 

intermediates for RNA delivery in the past including OF-Deg-Lin;[6b–d] ii. ester-based 

linkages, a degradable chemical functional group which can improve tolerability;[6d, 6g] and 

iii. a common core approach, where a single synthetic intermediate could be chemically 

derivatized into multiple ionizable lipids using identical methodologies and starting 

materials. The resultant series of eight ionizable lipids spans several areas of chemical space 

including variations in tail lengths, tail geometry, degree of tail unsaturation, and carbon 

linker lengths (C2 vs. C4).

Although RNAs can be directly complexed with ionizable lipids, their potency is superior 

when they are formulated into LNPs containing cholesterol, lipid anchored polyethylene 

glycol, and a phospholipid.[2a, 6a, 8–10] Accordingly, each ionizable lipid was then 

formulated in turn using microfluidic mixing approaches with either siRNA against firefly 

luciferase or mRNA coding for firefly luciferase while keeping the molar ratio of all LNP 

components constant and only varying the identity of the ionizable lipid in each formulation 

(Figure 1).[6a, 6d, 6g] In using this approach, we were able to successfully formulate each 

ionizable lipid into LNPs, with both siRNA and mRNA cargoes, with the exception of the 

ionizable lipid OF-Deg-C18. We attribute this finding to a limited solubility profile of OF-
Deg-C18 in ethanol, the organic solvent for our LNP formulations. cKK-E12, which shares 

the same diketopiperazine core as our new lipids and has previously been established as a 

potent nucleic acid delivery vehicle, was selected as a positive control and also formulated 

with siRNA and mRNA.[6b, 6c] The size, polydispersity index, and entrapment efficiency for 

each of the siRNA and mRNA LNPs were then determined and tabulated for siRNA and 

mRNA LNPs composed of each ionizable lipid (Figure 3A for siRNA; Figure 3B for 

mRNA). In analyzing these data, there are two apparent trends. First, the nanoparticle 

diameter for both siRNA and mRNA LNPs decreased as the length of alkyl tails in the 

ionizable lipid increases (see OF-Deg-C9, OF-Deg-C12, and OF-Deg-C15). Second, the 

cis/trans geometry of the tails had minimal impact on the LNP properties for singly 

unsaturated ionizable lipid tails independent of the nucleic acid cargo (see OF-Deg-Ela vs. 

OF-Deg-Ole for both siRNA and mRNA).

Having established that our series of ionizable lipid materials could indeed be formulated 

into siRNA and mRNA LNPs, our efforts were then focused on evaluating their in vitro 
potency. Given that Apolipoprotein E (ApoE) has been shown to impact the efficacy of some 

LNPs,[6c] we sought to compare cellular transfection of both our siRNA and mRNA LNPs in 

the presence of additional ApoE than is endogenously present in media. Towards this end, 

HeLa cells that stably expressed two reporter luciferase proteins (Luciferase – the target 

gene, and Renilla – the control gene) were treated with a 50 ng dose of LNPs containing the 

anti-Firefly luciferase siRNA sequence per well. After 24 hours, the normalized firefly 

luciferase activities were calculated and plotted as the percent knockdown of the luciferase 

gene relative to baseline expression levels (Figure 3C).[6g] In a similar fashion, mRNA 

potency was evaluated by treating non-reporter HeLa cells with a 50 ng dose of LNPs 

containing mRNA coding for luciferase protein per well. After 24 hours, the luminescence 
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was quantified (Figure 3D).[6d] It is important to note that, at the doses studied in this 

experiment, limited toxicity was observed as there was minimal reduction in Renilla 

luciferase levels (siRNA, Figure S1) and a Promega cell viability kit (mRNA, Figure S2) 

respectively.

In analyzing the siRNA and mRNA in vitro data, several trends emerge. From a general 

perspective, it was observed that the chemical structure of the ionizable lipid was more 

critical for biological effect for mRNA delivery than for siRNA delivery within this series of 

LNPs at this dose. Indeed, only doubly unsaturated tail derivatives OF-Deg-Lin and OF-C4-
Deg-Lin resulted in meaningful levels of protein production relative to the signal observed 

in untreated cells. By contrast, only one ionizable lipid (OF-Deg-C15) did not result in 

significant levels of silencing using anti-luciferase siRNA relative to untreated cells. As a 

second point, the presence of ApoE affected potency more for mRNA LNPs than for siRNA 

LNPs. For example, the presence of ApoE for OF-Deg-Lin and OF-C4-Deg-Lin increased 

the total amount of protein expression by approximately 140%, whereas for siRNA delivery 

it had minimal impact. This result suggests that these LNPs may undergo different cellular 

uptake mechanisms. Moreover, increasing the linker length from a two carbon to a four 

carbon aliphatic chain increased the potency of both siRNA and mRNA LNPs (see OF-Deg-
Lin and OF-C4-Deg-Lin). Finally, increasing the tail length of fully aliphatic systems 

decreased the potency of the siRNA-LNPs (OF-Deg-C9, OF-Deg-C12, and OF-Deg-C15). 

While it is difficult to discern why these specific trends are observed, this empirical data 

may be useful in generating next generation materials for RNA delivery given that chemists 

can use empirical structural criteria to rationally design new substrates.[11]

Having established that our systems are functional in vitro, we sought to test a representative 

LNP formulation with a preliminary study in mice. The in vivo delivery of RNA therapeutics 

has application in cancer therapy, protein replacement therapies, immune tolerization, and 

vaccine development, amongst others.[2b, 5b, 6e, 12] Towards this end, we selected OF-C4-
Deg-Lin, the most potent ionizable lipid for both siRNA and mRNA delivery in vitro, to 

serve as our initial platform for in vivo studies. OF-C4-Deg-Lin was first formulated with 

cyanine 5 (Cy5) labeled mRNA to assess particle distribution. Following intravenous 

injection, euthanasia, organ resection and fluorescence quantification, it was revealed that 

these particles predominantly distribute to the liver (Figure S3). By contrast, OF-C4-Deg-
Lin LNPs entrapping mRNA coding for luciferase induce the majority of protein expression 

in the spleen, with minimal translation in the liver, and negligible translation in other organs 

(Figure 4A). Indeed, quantification of this data suggests that more than 85% of 

luminescence occurred within the spleen (Figure 4B). This expression profile is unique as 

compared to those of other mRNA delivery systems including cKK-E12 and 

Invivofectamine [Figure 4B (quantification), Figure S4 (resected organs)]. These 

formulations were selected as positive controls given their literature precedent[6b, 6d] and 

commercial availability respectively, and unlike the OF-C4-Deg-Lin system, both of these 

positive controls induce the majority of protein expression in the liver.[6b] Nevertheless, the 

expression profile for OF-C4-Deg-Lin mRNA LNPs is consistent with some other 

published formulations that also target the spleen, but not others that instead target the liver 

and lungs.[6a, 6b, 6d, 6f, 13] Future work will aim to study the mechanism of why this 
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biodistribution profile is observed and will also aim to explore molecular cargoes beyond 

firefly luciferase.

In summary, we have designed, synthesized, and biologically evaluated a series of ionizable 

lipid materials for the in vitro and in vivo LNP mediated delivery of model siRNA and 

mRNA cargoes. These new materials are not only capable of delivering RNAs, but also 

provide an empirical set of data from which scientists can better design future generations of 

ionizable lipid materials for RNA delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Medicinal chemistry approaches for evaluating the effect of ionizable lipid structure on LNP 

function in siRNA and mRNA LNPs
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Figure 2. 
a) Synthesis of OF-Deg-CX derivatives, a series of degradable diketopiperazine lipids with 

varied tail lengths, tail geometries, and total number of unsaturations. b) Synthesis of OF-
C4-Deg-Lin, an ionizable lipid with varied linker lengths.
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Figure 3. 
a) LNP size and entrapment efficiencies for Luciferase siRNA cargoes measured by dynamic 

light scattering and Quant-IT RiboGreen RNA Assay Kits. b) LNP size and entrapment 

efficiencies for Luciferase mRNA cargoes measured by dynamic light scattering and Quant-

IT RiboGreen RNA Assay Kits c) Knockdown evaluation of a target luciferase gene in HeLa 

cells with 50 ng doses of OF-Deg-CX siRNA LNPs per well (n=5). d) Luciferase protein 

expression in HeLa cells with 50 ng doses of OF-Deg-CX mRNA LNPs per well (n=5)
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Figure 4. 
a) Representative in vivo expression profile of luciferase mRNA OF-C4-Deg-Lin LNPs in 

mice following luciferin injection and euthanasia at a 0.75 mg/kg intravenous dose (n=3) b) 

Quantification of luciferase expression per organ as measured by percent of total average 

radiance for OF-C4-Deg-Lin, cKK-E12, and Invivofectamine luciferase mRNA 

formulations at 0.75 mg/kg intravenous doses (n=3).
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