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Lipid nanoparticles (LNPs) have emerged as a prominent deliv-
ery system for nucleic acid drugs, attracting significant atten-
tion, especially through the successful development of several
commercial products. As a key component in LNPs, cationic
lipids have long served as a key technical barrier to block com-
petitors by building up a complex patent thicket. However,
there have been few studies as yet that have comprehensively
analyzed the patented compounds in LNP formulations,
despite a large number of technical reviews and original
articles. In this context, this study focuses on analyzing the
macroscopic landscapes and microscopic molecular character-
istics of LNP patents, aiming to provide a valuable reference for
researchers and developers in making informed technological
and commercial decisions. By mining 2,994 patents, 265 for-
mulas, 7,674 compounds, and 28,789 fragments, this work
sketches the empirical golden ratio of lipid materials in LNP
formulation, discloses the advanced technology in the formula-
tion, characterizes high-frequency fragments of heads, linkers
and tails in both novel cationic lipids as well as targeting lipids,
and establishes a virtual focus library of LNP materials.

INTRODUCTION

With the success achieved by Onpattro from Alnylam' and the
COVID-19 mRNA vaccine developed by Moderna and BioNTech/
Pfizer companies respectively,” lipid nanoparticles (LNPs) have
garnered unprecedented attention as a platform technology
for nucleic acid drug delivery.*” They have gradually emerged
as the mainstream technology for delivering xRNA molecules such
as siRNA and mRNA. Among these technologies, cationic
lipids play a pivotal role in the development of an advanced delivery
system.

However, LNPs delivering gene therapy still encounter numerous
challenges, such as the limited escape of only 1%-2% siRNA from en-
dosomes into the cytosol,” and non-hepatic RNA delivery remains a
challenge.” Recently, researchers surprisingly discovered some rules
for designing LNPs. The pKa of LNPs affects its distribution, while
the chemical and physical features of LNPs influence the binding of
serum proteins, allowing for different organ targeting.® Typically,
there are two ways to improve LNPs—by improving formulation
and by improving cationic lipid.

Initially, nucleic acids were encapsulated solely using cationic lipids
or polymers. Subsequently, researchers introduced helper lipids and
other materials to enhance the performance of the designed delivery
system. The formulation exerts a significant influence on the structure
of LNPs, thereby impacting their stability, circulation time, and bio-
distribution.” The formulation of LNPs is currently undergoing
refinement to optimize their compatibility with diverse delivery
methods and targeting strategies.'’

In addition to the above strategy of formulation optimization, mate-
rial improvement provides another option to enhance the perfor-
mance of LNPs. Cationic lipids play a pivotal role in determining
the efficiency of endosomal escape, encapsulating nucleic acids, and
addressing safety concerns. Since last century, N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethylammonium chloride,'"'? a permanently
cationic lipid, has emerged as an important candidate. The positive
charge provided by this quaternary ammonium-containing com-
pound enables complex formation with negatively charged drugs
such as nucleic acids, facilitating their delivery. Similarly well-known
permanent cationic lipids include DOTAP and DODAC among
others. However, ensuring the safety of cationic lipids has always
been a significant challenge due to their interaction with negatively
charged substances on cell membranes leading to membrane dam-
age.”’14 In addition, side effects such as inflammatory reactions
and oxidative stress caused by cations restrict their further clinical
application.'>'® Consequently, researchers have focused on devel-
oping ionizable structures for cationic lipids that are more elaborate
and possess multiple functions while addressing these limitations.">"”
To optimize the structural design of ionizable lipids, several strategies
have been employed. For instance, the incorporation of a branched
tail structure has demonstrated enhanced transfection efficiency. In
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Figure 1. Technological classification of patents
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addition, the utilization of a biodegradable architecture has contrib-
uted to an improved safety profile.'® Furthermore, the conformation
of the ionized lipid head group can exert an impact on immune sys-
tem regulation.'” In addition to optimizing the structural aspects,
synthesis methods also exert a significant influence on the advance-
ment of cationic lipids. Combinatorial chemistry holds significant po-
tential in facilitating the design and discovery of enhanced ionizable
lipids, particularly those with ionization properties®’ while the syn-
thesis of lipids was achieved through Michael addition reaction,
ring opening reaction, condensation reactions, multi-component re-
actions, and enzyme-assisted chemical reactions,”’ wherein tails,
920.22-24 By cept for the improvement
of cationic lipids, novel targeting lipids also made contributions to
development of LNP performance by introducing a new option for
LNP targeting strategies.

heads, and linkers were formed.'

On the other hand, patents represent a valuable yet underutilized data
resource that provides guidance for both academic research and in-
dustrial applications.” Patents include a substantial amount of key
information on chemical structure of cationic lipids, which not only
builds a technical barrier to the delivery technology of LNPs, but
also provides key clues to the discovery of novel lipid materials. While
there has been an abundance of technical reviews and research papers
on LNPs available in the literature, there is insufficient systematic
research focusing on the patented compounds in LNP formulations.
Technical noise may be a potential reason for the underutilization of
patent data. Patentees need to disclose Best Mode to obtain the legal
protection of exclusive rights on the one hand, and at the same time
expect that the key technology in patents will not be exposed to peer
competitors, which is usually done by adding technical noise to pat-
ents. Previously, we conducted a comprehensive classification and in-
dexing of all siRNA delivery technologies,”® analyzing the emerging
trends and proportions of various delivery methods. However, in
this study, our focus is solely on the investigation of LNP technology.
We conducted an in-depth analysis of the technical intricacies per-
taining to patents associated with LNP. Given the role of data mining
in reducing technical noise, several questions need to be addressed
such as what is the scope of protection of the existing LNP patents?
What are the chemical structural characteristics of patented core ma-

2 Molecular Therapy: Nucleic Acids Vol. 35 December 2024

Therefore, this study focuses on analyzing the

macroscopic landscapes and microscopic molec-
ular characteristics of LNP patents, aiming to provide a valuable refer-
ence for researchers and developers in making informed technolog-
ical and commercial decisions. Different xXRNA molecules exhibit
significant variations in strand structure, number of bases, and per-
formance requirements for LNP delivery (e.g., release time, metabolic
stability, payload distribution, and capacity).”” To ensure homogene-
ity, this study will specifically analyze LNP patents related to siRNA.
We have compiled a comprehensive database of patent lipids, which
has been categorized into three distinct SMILES formats. This valu-
able resource is anticipated to greatly facilitate virtual syntheses and
screening of ionizable lipids. Utilizing this virtual focused library of
LNP materials provided, integration of machine learning holds
promise for future applications in predicting and simulating LNP
formulations,*® thereby facilitating the identification of structure-ac-
tivity relationships. With the advancement of click chemistry technol-
ogy, our structural data of head groups, linkers, and tails could serve
as invaluable resources for the large-scale synthesis and screening of
novel cationic lipids.”’

RESULTS

In total, we acquired 13,709 INPADOC patent families, which is
a commercial database containing patent applications and grants
from 44 of the world’s patent issuing authorities. In addition, we
retrieved 52,985 patent documents belonging to these 13,709
INPADOC patent families. Among these patents, a substantial
number encompassed alternative delivery methods for siRNA. Our
previous research has extensively explored diverse siRNA delivery
technologies.”® However, for the purpose of this study, our specific
focus was on LNPs. Consequently, we identified 559 patent families
and 2,994 patent documents related to LNPs for siRNA delivery.
These patents underwent meticulous scrutiny and were categorized
into seven distinct types: "formulation,” "formulation + structure,”
"formulation + siRNA sequence," "structure,” "siRNA sequence," "all
involved," and "others." Figure 1 provides a comprehensive descrip-
tion of these patent types.

"o "o

Steady growing tendency
In the past two decades, there has been a significant accumulation of
patent applications related to the delivery of siRNA using LNP, both
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in terms of patent documents and patent families. The increasing num-
ber of patents applied indicates a higher investment in intellectual prop-
erty protection, as applicants are required to pay national patent office
fees to maintain their intellectual propert (IP) rights. Interestingly, as
depicted in Figure 2, there has been a more pronounced increase in
the number of patent documents compared with patent families. This
suggests that applicants tend to submit multiple applications for a single
technology across different countries. The cumulative percentage of
patents claiming cationic lipid structure has risen from 9% in 2003 to
50% in 2021. In addition, it is interesting that the percentage of patents
for chemical structures has exhibited a gradual upward trend overall,
with two significant spikes observed in 2008 and 2015, respectively.
This trend aligns with the development of LNP delivery technology
and nucleic acid therapeutics. In 2006, Alnylam successfully used
LNPs to deliver siRNA for gene silencing in non-human primates.*’
Following this, the optimization of cationic lipids gained increasing
attention. The patent for DLin-MC3-DMA, W02005120152, was first
published in 2005, subsequently leading to the disclosure of a series of
patents related to cationic lipids. Based on the analysis presented in Fig-
ure S1, it is evident that the leading companies driving the advancement
of novel lipids varied across different time periods, with Alnylam
emerging as a dominant player during the initial phase due to its
multifaceted technological strategy. From 2012, following the successful
implementation of GalNAc-siRNA coupling technology targeting
TTR,” Alnylam’s siRNA delivery technical strategy shifted its focus to-
ward the development of GalNAc conjugates. Consequently, the pro-
portion of novel lipid patents remained stable from 2013 to 2014. The
growth after 2015 is closely related to the rise of mRNA therapeutic
technology. In 2016, Moderna secured up to $474 million in funding
from AstraZeneca to develop its mRNA vaccine pipeline. Moderna
has developed amounts of cationic lipids since 2016. The cationic lipid
SM-102, which is used in the COVID-19 vaccine, was first disclosed in
patent WO2017070623.

Patented formulas
In general, LNPs are composed of cationic lipids, helper lipids,
steroids, and PEG lipids in different ratios.”> We have conducted a

Percentage of patents of chemical structures

lized lipids for each component type. As shown
in Figure 3, the distribution of lipid mole ratios
differed between the periods of 2000-2010 and
2011-2021. From 2011 to 2021, the mole ratios
of cationic lipids, helper lipids, and steroids
exhibited a concentrated distribution around
the median, whereas from 2000 to 2010 the mole ratios of lipids
were widely dispersed. The mole ratio range of cationic lipids, which
significantly determines the performance of LNPs, exhibited a
decrease from 31% to 12.88% between the 25th and 75th percentiles
when comparing the periods 2011-2021 with 2010-2010, indicating a
narrowing of the molar ratio range for cationic lipids. In contrast,
both helper lipid and steroid mole ratios showed higher concentra-
tions over this time period.

Structural split of novel lipids

Novel lipids, which had the greatest impact on the transfection
efficiency and safety, account for a large proportion in our patent
analysis. By sorting out novel lipid compounds, we found that, in
212 patent families involving novel lipids, approximately 75% pro-
vided in vivo transfection data. Some of them adopt classical models
such as ApoB, FV II, and luciferase targets, others focus on specific
diseases such as tumors or viruses among others. In the remaining
20% of patent families, only transfection data are provided on
cellular level while their patentees are mainly reagent companies.
It is worthwhile analyzing these novel lipids and understanding
their structural characteristics. The novel lipids were categorized
into four types: cationic lipids, targeting lipids, neutral lipids, and
PEG-lipids (Figure 4). It can be seen from the figure that cationic
lipids account for the majority. Therefore, this study primarily fo-
cuses on discussing novel cationic lipids. What is more, despite
the limited abundance, we also made a comprehensive analysis of
targeting lipids in response to the growing interest in targeting
technology.

For novel cationic lipids, an analysis was conducted to examine the
number of newly developed cationic lipids and the percentage of
major patentees during each period (Figure S1), revealing changing
trends in active patentees across different periods. With regard to
the structure, usually a cationic lipid comprises a head group, a
tail group, and a linker group, which are relatively flexible in terms
of number and position (Figure 5B). From a novel perspective, we
extracted 7,185 novel cationic or ionizable lipid compounds from
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Figure 3. Violin plot of LNP formulation ratio in patents during 2000 to 2021

212 patent families using SciFinder. After image capture, informa-
tion translation, and molecule resolution, these compounds were
divided into 2 or 3 fragments for analysis based on their frequency
and age aspects, as shown in Figures 5A and 5C-5E. The original
database of all cationic lipid splits can be viewed in the supple-
mental information (Tables S3, S4, S5, and S6). The statistics of
structure frequency can well help us understand which structures
are popular and the age of a structure can reflect its active
period. Furthermore, we conducted an in-depth analysis of each
component of the cationic lipid including information related to
group position, group types, and patentees. The number and
proportion of patentees within each head group are presented in
Figure S2; the analysis of linker types and positions is depicted in
Figure S3, while the analysis of tail types and numbers is illustrated
in Figure S4.

For novel targeting lipids, a small portion of the novel lipids are
targeting lipids, which hold significant importance in LNP research
and application. Consequently, we conducted an analysis on targeting
lipids from targeting ligands as well as structural aspects, while Table 1
shows the basic information of patents involving targeting and
Figure 6 and Table S7 give an overview of structural information
for targeting lipids.

Head groups
Through structural analysis of the head groups, we have observed that
most of the head groups in cationic lipids developed over the past two

Novel lipid structure

Cationic lipid
Targeting lipid I 85
Neutral lipid | 95

PEG-ipid | 309
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decades predominantly exist as amine groups, particularly tertiary
amines, which exhibit an ionizable state rather than being perma-
nently cationic lipids. The most notable and potent head groups
can be broadly categorized into linear structures, cyclic structures,
and amino acid or polypeptide structures.

The structures of amino acids and polypeptides are mainly basic amino
acids such as arginine, lysine, and histidine, and the most representative
structure comes from the guanidine group structure of arginine. From
the active period of head pieces shown in Figure 5D, it can be observed
that guanidine gradually declined in popularity. The six most utilized
head groups, shown in Figure 5E, were -CCN(C)C, piperazine, pyrroli-
dine, -CCCN(C)C, -CN(C)C, and piperidine, with cyclic and linear
groups being equally represented. The most prevalent structure for
linear tertiary amines is -(C),,N(C)C. Over an extended period of devel-
opment, # =2 or 3 in -(C),N(C)C emerged as the preferred choice with
participation from more than 18 patentees. However, n = 0 or >3 was
rarely selected over time with fewer than 10 patentees involved. Apart
from linear head groups, cyclic groups also gained increasing
prominence in the head group composition. Piperidine, piperazine,
morpholine, and pyrrolidine garnered greater attention and underwent
extensive experimentation within novel lipid research. To account
for variations in the number of novel lipids synthesized by each
patentee, we have also compiled a summary of patentees involved in
each head group in Figure S2. Notably, Moderna demonstrated
strong specificity toward squaramide (3-cyclobutene-1,2-dione)-based
and -NCCO structures.

Figure 4. Distribution of novel lipid types
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Linkers

In terms of the linkers, we observed four distinct configurations in the
patent: absence of a linker, presence of a linker between the head and
tail regions, placement of a linker within the middle section of the tail,
and occurrence of linkers at both ends. Consequently, our analysis
focused on two specific types within the group of linkers: those
positioned between the head and tail regions, as well as those
exclusively located at the tail.

From the results, it is evident that over 80% of the cationic lipid head
groups and hydrophobic tails are linked by a diverse range of functional
groups. Among these, amide groups, ether groups, ester groups,
thioether, and triazine are the most frequently employed linkers. The
prevalent use of thioether and triazine can be attributed to Innorna’s
efficient synthesis method for constructing lipid libraries, which is
further discussed later in this article. In addition, cyclic groups such
as benzene, tetrahydrofuran, cyclopentane, and triazine are not utilized
independently but rather in conjunction with esters, amides, ethers or
thioethers. The incorporation of cyclic moieties enriches the diversity
of linkers while it is worth highlighting that several linkers exhibit
high specificity among patentees compared with the head group.

In contrast, the hydrophobic chain at the tail was found to be concealed
by the linker, accounting for less than 30%. Figure S3 illustrates that this
lipid component predominantly emerged after 2010, with Alnylam and
Merck as representative patent rights holders. Moderna witnessed a sig-
nificant surge in activity after 2015, primarily focusing on designing
cationic lipids with linkers at the tail. While there is considerable struc-
tural diversity between the head and tail of the linker, it is noteworthy
that the groups present at the tail are relatively limited in variety. The
blue section of Figure 5E demonstrates their high prevalence over the
past decade, including amide, thioester, carbonic ester, ether, and ester
functionalities; among these groups, ester functionality holds an over-
whelmingly dominant position.

Tails

As shown in Figure 5E, the number of tails in lipid varied from 1 to 12
with most of the lipids containing 2 tails, which could be further
classified into asymmetrical and symmetrical types. Over 95% of lipids
possess fewer than 4 tails with only a small fraction having more than 6
tails. Lipid tails exhibit significant diversity, primarily attributed to var-
iations in length, number and position of unsaturated bonds, presence
of bifurcations, as well as type and location of linkers. Despite this di-
versity observed among lipid tails, we have identified certain highly
frequent tail configurations. In approximately 2009, cholesterol
emerged as a prominent lipid tail. Several patentees such as Moderna,
Alnylam, Arcturus, Thermo. Novartis, Merck, Enzon, etc., conducted

Molecular Therapy: Nucleic Acids

trials to explore its potential. However, this particular lipid did not
exhibit significant efficacy. Conversely, alkane chains containing unsat-
urated bonds garnered widespread success. C18 containing two double
bonds emerged as the most popular choice. Saturated alkane chains of
various lengths (from C6 to C18) have consistently served as funda-
mental building blocks for novel lipid synthesis over an extended
period. The advent of Innorna has significantly influenced the statisti-
cal distribution of saturated alkane chain frequencies, owing to the
inventors’ efficient synthesis of a comprehensive lipid library encom-
passing diverse chain lengths ranging from C6 to C18. By analyzing
the data after removing Innorna, it was observed that C8, C9, C10,
C12, C14, C15, and C16 were more frequently preferred; however, their
prevalence was concentrated between 2010 and 2012. Notably, in
recent years, tails containing ester groups have emerged prominently
with remarkable diversity attributed to variations in ester length and
position along the alkane chain. Branching is a common characteristic
feature observed in such tails.

Targeting lipids

As revealed in Table 1, there are six patent families within our data
system involved in novel targeting lipids. According to the disclosed
patents, these targeting lipids employed various ligands for different
targeting sites, specifically to liver, tumors, and immune cells.
Notably, these targeting lipids differ from the commonly employed
head groups and linkers described previously.

Targeting lipids, employing the active targeting strategy, usually
exhibit a general formula for the structure: head group (targeting moi-
ety)-linker-hydrophobic tail. There is diversity observed in both the
types and numbers of target moieties present in targeting lipids,
which is shown in Figure 6A. Generally, targeting lipids contain be-
tween one and four target moieties. As illustrated in Figure 6B, linkers
utilized by targeting lipids display diverse patterns, and they
commonly rang from two to four types with only a few exceeding
this range. Amide represents the most frequently employed linker
followed by ether, PEG, and carbamate, as shown in Figure 6C. In
terms of tail composition among targeting lipids, they predominantly
consist of either a single-stranded (cholesterol or cholesterol + C18:2)
or symmetrical double-stranded structures. Symmetrical double
strands primarily comprise C18 saturated alkane chains along with
C17 containing single unsaturated double-bonded olefin chains or
C18 containing two unsaturated double-bonded olefin chains
(Figure 6D).

DISCUSSION
By conducting comprehensive mining and analysis of siRNA+ LNP-
related patents, we have obtained valuable insights into the overall

Figure 5. Cationic lipid fragmentation analysis from 1997 to 2022

(A) The process of data collection. (B) Structures of LNPs and fragments of cationic lipid composition. (C) Scale representing the number of structural fragments, with colors
indicating different fragments of the cationic lipid (deeper color means larger number). (D) The active period of the most frequent fragment type for each site, with colors
representing the various sites of the cationic lipid (the point means age, calculated by average number of active years. The horizontal bar means active period, calculated by
standard deviation). (E) The most frequent fragment type for each site, where different colored boxes represent the specific structure and frequency of the fragment. Red,
head structure; yellow, linker between head and tail; blue, linker inside tail; green, tail group.
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Table 1. Targeting lipid patent information

Patent family Patentee Lipid amount Targeting moiety Targeting tissue
WO2012016188A2 Alnylam 31 RGD peptides; PSMA; anisamide; fucose tumor; liver

CN107082747B Nitto Denko 22 retinoic acid liver

US9814777B2 Arbutus 10 monosaccharide; folate tumor; liver
US20130079383A1 Arrowhead 12 VLA-4-ligand leukocyte plasma membranes
WO02014055941A2 Vladimir Torchilin 1 monosaccharide antigen-presenting cells
W02006022325A1 Nippon Shinyaku 9 galactose derivative liver

development trends and significant technical aspects. In general, there
has been a consistent expansion in both the patent family size and the
number of siRNA+ LNP-related patents each year, with the proportion
of novel compound inventions generally trending upward. However,
this growth trend is not static, and it has experienced two log-type
growths in 2008 and 2015, respectively. The increase in the proportion
of novel lipid patents primarily stems from two factors: firstly, a reduc-
tion in the proportion of other types of patents; and, secondly, the
growing advancements and attention toward novel lipids in both tech-
nology and market domains. As depicted in Figure 3 above, the stability
of classic LNP formulations fluctuated between 2000 and 2010, result-
ing in a higher frequency of formulation-related patents during the
initial stage. However, with a relatively stable proportion of four-lipid
components, academic and industrial communities gradually shifted
their focus toward exploring novel lipids with enhanced efficiency.
Consequently, there has been an upward trend observed in the share
of such patents. Technological innovation within the industry has
been led by companies that successfully commercialized LNP formula-
tions along with their close collaborators. For instance, Arbutus and Al-
nylam exhibited high activity around 2008 but experienced gradual
cooling thereafter; whereas Moderna has spearheaded a new wave of
ionizable lipid innovation since 2015.

Undoubtedly, novel cationic lipids have garnered significant attention
from companies and researchers. Therefore, targeted exploration of
the structural characteristics of these novel cationic lipids will be of
great benefit to future industrial development and academic research.
In terms of technical aspects, the formulas of LNPs and novel lipid
compounds emerge as the most salient features. Drawing upon our
obtained results and in conjunction with academic articles, we delve
into a more comprehensive discussion below.

Current status and future prospects of LNP formulations

Previously, Moderna and Pfizer have generated over $100 billion in
global revenues from the sales of COVID-19 mRNA vaccines. Howev-
er, their LNP technology is subject to claims of US8058069 and poten-
tial infringement risks. Patented formulation information reflects the
progressive establishment of optimized formulations of LNPs and
means that companies seeking to develop LNP formulations face chal-
lenges beyond prior patent claims, including finding new formulation
ratios for efficient delivery.”” In our analysis of patents on LNP formu-
lations, we have identified specific specialized patents that indicate
companies are already focusing on formulations for non-hepatic deliv-

ery or targeted pathway implementation. Regarding LNP targeting pat-
ents, the majority employ active targeting strategies such as antibodies,
peptides, folic acid, hyaluronic acid, mannose, etc. In addition, there are
passive targeted transports achieved by modifying the physical and
chemical properties of LNPs. Consequently, there is significant scrutiny
regarding the fundamental components and optimal ratio of LNPs. The
following two examples illustrate this point.

It is noteworthy that the molar ratio of cationic lipids in a specific pat-
ent may consist of a single permanent cationic lipid, a single ionizable
lipid, or a combination of two different cationic lipids when exam-
ining the formulation details of these patents. For instance, Moderna’s
patent WO2017180917 employs a blend comprising 50% ionizable
lipids and 5% permanent cationic lipids to enhance efficiency and
retention for intratumoral delivery. In the patent example, following
injection into tumors in mice, GFP protein expression within the tu-
mor was observed to be 1,037 times greater than in the liver. Similarly,
in certain patent cases, helper lipids can also be mixtures of diverse
lipids. These findings suggest that the composition of LNPs is not
limited to four components and incorporating additional constituents
could potentially yield improved outcomes.

In patent W02020051223, the authors propose enhancing the
efficiency of non-liver delivery by incorporating a selective organ-tar-
geting compound into LNPs. They successfully demonstrated that
altering the apparent pKa of LNPs enables targeting delivery to spleen,
liver, and lung. The selective organ targeting compound can be either a
permanently cationic lipid or a permanently anionic lipid. This
approach serves as a technical prototype for SORT (selective organ
targeting). Recently, Dr. Daniel J. Siegwart’s group from the University
of Texas introduced an innovative technology known as SORT, which
involves introducing a fifth lipid component (either permanent cationic
or permanent anionic) into ionizable lipid-based LNPs for extrahepatic
targeting delivery.'’
nized as one among Natures Seven Technologies to Watch for 2022.

This groundbreaking technology has been recog-

Therefore, revising the patent layout in the future may involve incor-
porating one or more components to expand the application scope
and functionality of LNPs. In addition, cationic lipid protection poses
another barrier for LNP technology development. Moderna and
Pfizer hold patents for their respective cationic lipids SM-102 and
ALC-0315. A comprehensive discussion on all patented cationic
lipids is provided in a subsequent section.
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Figure 6. Analysis of targeting lipid structure

(A) Distribution of targeting moiety mentioned in patents.
(B) Number of linker species applied by targeting lipids. (C)
Frequency of each linker species. (D) Frequency of tail
species.
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Advancements in the structure of novel
cationic lipids

Previously, the analysis of lipid structures primar-
ily focused on commercially available lipids,
which are highly representative but lack evolu-
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Prospective on targeting lipids

As we described in the last section, current strategies for targeting
LNP formulations can be achieved through formulation alterations.
Our analysis of patents also revealed a novel class of targeting lipids
designed to facilitate LNP targeting using an active ligand-based
approach. Structurally, these targeting lipids primarily consist of a
targeting moiety, linker, and hydrophobic tail. From a structural
perspective, key features of targeting lipids include abundant linkers
with limited variation in tail forms and a diverse range of targeting
moieties at the head region. It is evident that the efficacy of LNP
targeting is determined by the type and number of corresponding
counterparts within the targeting moiety responsible for directing
LNPs toward desired sites. The hydrophobic tail plays a role in
providing hydrophobicity and can be selected from alkane chains,
olefin chains, or cholesterol-like tails as main options. On the other
hand, linkers assume multifaceted roles such as connecting synthetic
processes and regulating lipid amphiphilicity if necessary; thus
presenting greater complexity and serving as a crucial regulatory
position in novel targeting lipid inventions.

Although the amount of novel targeting lipids in LNP patents on
siRNA is not as prominent as that of novel cationic lipids, this tech-
nology deserves greater attention and holds significant prospects. In
2023, Dr. Michael J. Mitchell’s team synthesized a lipid library with
anisamide ligand using the one-pot method, which serves not only
as a cationic lipid for siRNA binding but also utilizes ligand targeting
to enhance LNP uptake by liver fibroblasts.”* This multifunctional
lipid aligns with current research interests. In addition, targeting
lipids offers the potential for direct conjugating with siRNA to obtain
targeting delivery. Previously, siRNA conjugated with antibodies,
peptides, and GalNAc have made great success in both academic
and commercial areas. Furthermore, the conjugation of a C16 lipid
chain to siRNA has shown durable gene silencing in local administra-
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evident that the identification of suitable target
LNP delivery systems necessitates the establish-
ment of diverse lipid libraries catering to distinct groups, thereby
facilitating extensive screenings.’® Notably, novel lipid patents hold a
significant position among all patents, highlighting their immense value
and warranting further in-depth analysis. The structural information
derived from patents can serve as a valuable database, laying the ground-
work for subsequent establishment of a comprehensive lipid library and
facilitating novel LNP screening.

Head groups

Through the analysis of head structure, it becomes evident that, over the
course of more than two decades of development, various representative
linear and cyclic head groups have been extensively employed. In the
pursuit of novel cationic lipids, researchers have also established a
screening platform and explored diverse head group options. Apart
from considering conversion efficiency and safety as primary factors,
no other significant biases were observed. However, recent studies
have shed light on the crucial role played by the structural configuration
of the head group in immune regulation. Notably, it has been demon-
strated that the cyclic shape of the head group exhibits STING agonistic
properties, thereby modulating innate immune cells.'” These findings
emphasize the imperative need to incorporate additional functionalities
into future designs for cationic lipids.

Linkers

The linker is typically synthesized to connect the head group and the
tail group, thereby influencing the pKa of ionizable lipids, transfection
efficiency, and lipid biodegradability.”” Various synthetic routes
result in cationic lipid linking groups composed of multiple compo-
nents such as benzene, cyclopentane, and triazine. Among these
linkers, ester groups are widely employed due to their favorable
biodegradability properties,”” as demonstrated by the number of
patents and patentees involved. Notably, ester groups exhibit pro-
nounced advantages in tail linkers. In recent years, hydrophobic
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chain-concealing linkers have emerged with Alnylam’s significant
contribution in 2011 through introducing ester or thioester bonds.
Presently, both ALC-0315 and SM-102 adopt this strategy for
enhanced biodegradability within the body. In contrast to the diver-
sity observed in head-to-tail linkers, tail region linkers display less
variability primarily based on ester linkages.

As the most abundant linker triazines, their prevalence can be attrib-
uted to the data impact facilitated by the lipid library synthesized by
Innorna. Triazines function as a bridge between the cationic head and
lipophilic tail, allowing for facile derivatization with up to three
distinct substituent groups, including lipophilic tails and polar heads.
Moreover, owing to their antibacterial properties, recent studies have
demonstrated that cationic lipids employing triazine linkers also
exhibit potent antibacterial activity against Gram-negative bacteria.”®
This implies that future development of each component of cationic
lipids should not only consider transfection efficiency and safety
concerns but also aim at enhancing their functional research capabil-
ities. By designing more targeted lipid materials based on diverse
physiological conditions and pathological characteristics, further
advancements can be achieved.

Tails

The characteristics of the tail group are primarily manifested in
the number, type, length, degree of unsaturation, presence, and
position of a linker, as well as the existence of branches. The num-
ber and length of tails have a significant impact on the lipophilicity
(cLogD) of lipids; therefore, it is preferable to restrict the hydro-
phobic tails to achieve a cLogD within the range of 10-14. Studies
have shown that tail unsaturation greatly influences the fluidity of
ionizable lipids.”” Notably, MC3 serves as an exemplar of success-
ful implementation. The introduction of a linker in the tail en-
hances lipid biodegradability. Branching in two-tailed lipids offers
advantages comparable with those observed with multi-tailed
lipids by facilitating endosome escape through increased cross-
sectional area provided by lipid tails. Successful mRNA delivery
systems utilizing ionizable lipids predominantly feature ester-
linked and branched tails.

Cases and prospectives

This study presents a concise overview of the macroscopic landscapes
and microscopic molecular characteristics of LNP patents. Initially, we
conducted an analysis on the macro trends of LNP technology-related
patents, followed by an in-depth examination of patent documents to
investigate formulation ratios and structural attributes exhibited by
lipid molecules across representative patentees. Alnylam achieved
commercial success with their pioneering siRNA LNP formulation
by employing different strategies involving varying linker amounts
and positions within novel lipid design frameworks. Moderna’s active
involvement since 2015 primarily focuses on tail-based linker strate-
gies while adopting NCCQ or NCCCQ as head groups (where Q rep-
resents diverse functional groups). Innorna, very outstanding in these
years, based their strategy on a triazine+ X linker, where X represents
either ether or thioether. Several groups have been selected for head

and tail, utilizing combinatorial chemistry (multi-component reac-
tion) to obtain a multitude of novel components. Thus far, the synthe-
sis of all FDA-approved cationic lipids, including Dlin-MC3-DMA
(MC3), ALC-0315, and SM-102, has required complex multi-step
methods with low yields. Combinatorial chemistry serves as a crucial
guiding principle for lipid synthesis due to its high-throughput, high-
selectivity, and high-efficiency synthetic capabilities. In academia, Dr.
Daniel G. Anderson’s group from the Massachusetts Institute of
Technology successfully screened and identified the best cationic lipid
using a three-component reaction (3-CR) system which exhibited
superior anti-tumor efficiency as well as pulmonary delivery capabil-
ities.">”” In addition, Dr. Xu Xiaoyang’s group from the New Jersey
Institute of Technology efficiently synthesized a biodegradable
cationic lipid library by employing enzymes as catalysts along with
various amino alcohols and fatty acids as raw materials.”* However,
in specific pathological environments where no clear standards exist
for group selection and combination can be followed, combinatorial
chemistry synthesis enables high-throughput screening to identify
the optimal combination of cationic lipids.

In summary, this research shows a landscape of LNP patents, and
especially describes the chemical space distribution of patented
cationic lipids, identifies key cationic lipids, and provides a method-
ological reference of drug discovery. There is still ample scope for
application scenarios and design in this area. The empirical golden ra-
tio of different lipid materials within LNP formulation represents a
concentrated reflection of research outcomes from the past decade
and will serve as a foundation for future investigations. As major
companies and universities delve deeper into research, this golden ra-
tio will evolve based on changes in delivery methods and targets.
Considering diverse delivery purposes and physiological environ-
ments, novel lipid synthesis should not only fulfill requirements for
high transfection efficiency and safety but also exhibit enhanced func-
tionality in auxiliary applications; for instance, activate the immune
system like a vaccine adjuvant or make a contribution in anti-inflam-
mation. Combinatorial chemistry significantly influences the number
of patented novel lipids, while the development of structure-activity
relationships remains a fundamentally important avenue for the
future in helping to understand lipids and develop novel lipid
materials. The targeting lipids disclosed patents revealed a common
structure, which is head group (targeting moiety)-linker-hydropho-
bic tail. These findings from patents may help design not only
functional lipids in LNPs but also conjugate siRNA. Generally, the
empirical golden ratio of lipid materials, advanced technology in
the formulation, high-frequency fragments of heads, linkers and tails
in novel cationic lipids, and the virtual focus library of LNP materials
in this study will provide a valuable reference for researchers and
developers in making informed technological and commercial
decisions in the area of LNPs.

MATERIALS AND METHODS

In this study, patents were retrieved from Derwent Innovation. The
initial step involved identifying relevant search keywords for LNPs
that deliver siRNA for LNPs that deliver siRNA. Drawing on our
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previous research,””*® we formulated the following patent search

terms: CTB=(siRNA* OR (small ADJ interfer* ADJ] RNA*) OR (short
ADJ interfer* ADJ] RNA*) OR (silenc* ADJ RNA*)) AND CTB=(de-
liver* OR vehicle OR carrier) AND PY>=(2000) AND PY<=(2021).

Irrelevant patents were manually excluded from the collected patent
dataset. Subsequently, relevant patents were labeled for classification
through hierarchical reading of their title, abstract, claims description,
and full text. Obtaining valid structural data is crucial for analyzing
novel lipid structures. We utilized SciFinder to capture the structural
information of compounds mentioned in the patents. Heterogeneous
structures such as reactants, reaction intermediates, solvents, and
commercial lipids were identified and excluded. The obtained valid
structural information from patents was converted into readable
format using BIOVIA and Open babel tools. By combining manual
examination with RDKit methods, we performed structural separa-
tion of novel cationic lipid compounds and conducted statistical
analysis on their different positional characteristics.
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