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Abstract Lipid nanoparticle (LNP)-based drug delivery systems have become the most clinically

advanced non-viral delivery technology. LNPs can encapsulate and deliver a wide variety of bioactive

agents, including the small molecule drugs, proteins and peptides, and nucleic acids. However, as the

physicochemical properties of small- and macromolecular cargos can vary drastically, every LNP carrier

system needs to be carefully tailored in order to deliver the cargo molecules in a safe and efficient

manner. Our group applied the combinatorial library synthesis approach and in vitro and in vivo screening

strategy for the development of LNP delivery systems for drug delivery. In this Review, we highlight our

recent progress in the design, synthesis, characterization, evaluation, and optimization of combinatorial

LNPs with novel structures and properties for the delivery of small- and macromolecular therapeutics

both in vitro and in vivo. These delivery systems have enormous potentials for cancer therapy, antimicro-

bial applications, gene silencing, genome editing, and more. We also discuss the key challenges to the

mechanistic study and clinical translation of new LNP-enabled therapeutics.
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1. Introduction
Lipid nanoparticles (LNPs) are a potent and versatile platform of
intracellular delivery, and have been extensively explored in the
delivery of nucleic acids, proteins, and small molecule drugs1e4.
Notable applications include the first-ever U.S. Food and Drug
Administration (FDA)-approved nano-drug, Doxil�, which uses
LNPs for the delivery of the anticancer drug doxorubicin, and
Epaxal�, which uses LNPs for the delivery of hepatitis A protein
antigens. Most recently, mRNA (messenger RNA) vaccines
developed by Pfizer/BioNTech (BNT162b2 or Comirnaty�) and
Moderna (mRNA-1273 or SpikeVax�) have contributed signifi-
cantly to the fight of the COVID-19 pandemic through the use of
LNP-based delivery systems5.

For intracellular delivery purposes, nanomaterials including
the lipid nanoparticles, (naturally derived and fully synthetic)
polymeric nanoparticles, and inorganic nanoparticles (e.g., gold
nanoparticles, carbon- and silica-based nanoparticles, and iron
oxide nanoparticles) have been intensively studied6e11. Each de-
livery system has its own advantages and disadvantages. Generally
speaking, the lipid-based delivery systems usually have simple
formulation procedures and compositions, good biocompatibility,
and high bioavailability. So far, the lipid-based drug formulations
are the most common FDA-approved nano-drugs. Despite the
great success that LNP delivery technology has achieved in both
basic research and clinical translations, there have been sustained
efforts focused on developing more efficient and specific LNP
delivery systems to apply to new therapeutics to different organs
and tissues12e15. Considering that each type of cargo molecule
(small molecule drugs and biologics) has its distinct physico-
chemical properties (e.g., hydrophobicity and hydrophilicity of
small molecules; molecular weight, geometry, surface charge, and
hydrodynamic size of biologics), the carrier LNP system needs to
be carefully tailored for particular delivery applications16e19.
Currently, there is no widely accepted principle or guideline for
the optimal design of LNP carrier materials, due to the lack of
understanding surrounding the relationship between the chemical/
supramolecular structure and function of LNP-based drug and
gene delivery systems. Efforts have been focused on the
structureeactivity relationship of LNPs, but the progress has been
slow. Hence, the trial-and-error screening method as an alternative
strategy has been extensively adapted for the development of LNP
delivery systems3,20,21.

The screening approach is reliant on a large group of struc-
turally diverse lipid materials. The combinatorial library strategy
was first developed in 2002 to construct the lipid materials in a
time- and material-efficient manner22. The combinatorial library
strategy allows researchers to easily synthesize more than hun-
dreds of structurally diverse lipid molecules with a minimal re-
actants and simple synthetic reactions. For this purpose, the solid-
phase synthesis, Michael addition, epoxide-amine ring-opening
reaction, ‘click’ chemistry, and other approaches have been suc-
cessfully employed by our group and others for the synthesis of
combinatorial libraries of lipid materials23. These lipids have been
utilized for the delivery of a variety of bioactive agents, such as
anticancer drugs, antibiotics, enzymes, antibodies, mRNA, pDNA
(plasmid DNA), siRNA (small/short interfering RNA), etc.24e26.

In this review, we highlight our advances in the development of
new combinatorial lipids for drug delivery (Fig. 1). We adapted
the Michael addition reaction to conjugate commercially-available
amine-containing hydrophilic head groups with novel hydropho-
bic tail groups to synthesize new lipid molecules. We primarily
employed the Michael addition because it offers certain advan-
tages, such as solvent-free reaction condition, high conversion
yield, easy purification of products, etc. The structures of lipid
head (e.g., amine number, species of amines, number and hydro-
phobicity of the substitution groups), linker (e.g., ester, amide, and
C‒N bond), and tail (e.g., tail number and length, heteroatoms,
degradable bonds, etc.) groups can be altered to fine-tune the
physicochemical properties of the lipid molecules. We then
discuss our results regarding lipid nanoparticle fabrication, char-
acterization, and their applications in delivering nucleic acids
(siRNA, mRNA, ASO (antisense oligonucleotide), miRNA
(microRNA), DNA), proteins, ribonucleoprotein (RNP) com-
plexes, and small molecule drugs (anticancer drug, Dox and
antifungal drug, Amphotericin B). These new delivery systems
show great promise for use in cancer therapy, antimicrobial
application, cell engineering, gene silencing, and genome editing.
Lastly, we discuss the key challenges and opportunities in the
mechanistic study and clinical translation of combinatorial LNP-
enabled therapeutics.
2. LNPs for the delivery of nucleic acids

Gene therapy offers tremendous potential for the prevention and
treatment of a variety of human diseases and disorders. However,
the lack of safe and efficient delivery systems has been the most
significant obstacle in the successful translation of these new
DNA- and RNA-based therapeutics27,28. LNPs are the most
advanced non-viral delivery carriers for gene delivery, as evi-
denced by the success of Onpattro� and the COVID-19 mRNA
vaccines29,30. In this section, we discuss our efforts towards
developing novel LNPs with new and enhanced properties for
DNA and RNA delivery.

2.1. Bioreducible LNPs for siRNA delivery for gene silencing

Strong interactions (e.g., through supramolecular interaction or
covalent conjugation) are usually required for the delivery systems
to efficiently complex with, protect, and deliver siRNA molecules
into cytosol for inducing RNA interference. However, a strong
binding between the cargo and carrier materials may hinder the
successful release of the cargo. We exploited the possibility of
using intracellular trigger-sensitive LNPs for siRNA delivery and
release by incorporating a stimuli-responsive group into combi-
natorial lipid structures. In 2014, Wang et al.31 reported on a group
of disulfide bond-containing LNPs for the intracellular delivery of
siRNA for gene knockdown. This group of new lipid molecules,
termed R-OnB (e.g., R-O16B; R stands for amine head number, O
presents the acrylate linker bond, 16 is the tail length, and B
means bioreducible), were synthesized through a one-step
Michael addition reaction (Fig. 2A). LNPs were fabricated
though lipid self-assembly in acidic sodium acetate buffer, and
siRNA were loaded by taking advantage of the electrostatic in-
teractions between positively charged cationic LNPs and nega-
tively charged siRNA molecules. We demonstrated that the 1-
O16B (also known as 80-O16B) LNPs can efficiently protect
cargo siRNA from RNase degradation in vitro (Fig. 2B), and
effectively release siRNA in the presence of GSH (glutathione;
Fig. 2C). The free thiol-containing GSH was used to mimic the
reducing intracellular environment that disrupts the disulfide bond
in the 1-O16B lipid tails. The GSH-triggered LNP dissociation
was also proved by TEM examination. We then observed that the



Figure 1 Schematic illustration of the development of LNP-based delivery systems for nucleic acids, proteins, and small molecule drugs. (A)

Combinatorial lipid molecules containing hydrophilic head, linker, and hydrophobic tails were designed and synthesized at first. LNPs were

fabricated through self-assembly procedures and cargo molecules (e.g., nucleic acids, proteins, and drugs) were encapsulated. The delivery

systems are then tested in vitro and in vivo small animal models and the formulation are optimized through molecular and supramolecular en-

gineering approaches. Our LNP drug delivery systems found wide applications in gene silencing, cell engineering, genome editing, and many

others. (B) Representative chemical structures of amine-containing lipid head groups. (C) Representative structures of novel lipid molecules

developed in our group for intracellular delivery of nucleic acids, proteins, and small molecule drugs.
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R-OnB LNPs can efficiently mediate the endo/lysosome escape of
siRNA and induce targeted gene knockdown by >70%. We further
optimized the formulation (by adjusting N/P ratios) and delivery
conditions (by varying exposure concentrations), and applied
these improvements to deliver siRNA targeting polo-like kinase 1
(Plk1), which is a protein kinase that plays a crucial role in cell
proliferation and cancer progression. We found that the 1-O16B
LNP/siRNA system could efficiently knockdown the Plk1
expression in cell culture and significantly inhibit the growth of
various cancer cell lines (HeLa, MDA-MB-231, and 4T1) in vitro
(Fig. 2D and E). This study demonstrated that this group of
disulfide-containing LNPs was promising carrier materials for the



Figure 2 Disulfide bond-containing bioreducible LNPs for the delivery of siRNA and mRNA. (A) Chemical structures of amine head groups (1

and 2) and tail groups (bioreducible O14B, O16B, and O18B; non-reducible O14, O16, and O18), and the synthetic route employed for the

synthesis of lipids (e.g., R-O14B). (B) Gel electrophoresis analysis showed 1-O16B and 1-O16 LNPs protected cargo siRNA from RNase A

degradation. (C) GSH-triggered siRNA release from bioreducible 1-O16B LNPs. Lane 1, siRNA; 2, siRNA/1-O16B; 3, siRNA/1-O16B treated

with 5 mmol/L GSH; 4, siRNA/1-O16; 5, siRNA/1-O16 treated with 5 mmol/L GSH. (D) Cell viability assay of MDA-MB-231 cells treated with

siPlk-1/LNPs (1-O16B, 1-O16, and Lipofectamine 2000). Black bar, 16 nmol/L; blank bar, 32 nmol/L; shadow bar, 50 nmol/L. Data is presented

as mean � SD, n Z 3, **P < 0.05. (E) Plk-1 protein expression in MDA-MB-231 cells after transfection with siPlk-1 or scrambled siRNA

complexed with 1-O16B LNPs. Reproduced with permission from Ref. 31. Copyright ª 2014 John Wiley & Sons Inc. (F) Biodistribution profiles

of fLuc mRNA/306-O12B LNPs formulated with cholesterol, DMG-PEG, and different phospholipid (DSPC, DOPE, or DOPC), determined by

the In vivo Imaging System. (G) Chemical structure of 306-O12B lipid. (H) Next generation sequencing analysis of the indels in liver and serum

analyses of ANGPTL3 protein, triglyceride, and LDL-C level of mice on Day 7 post administrated with Cas9 mRNA and sgAngptl3 loaded 306-

O12B LNPs. The total RNA dose is 3.0 mg/kg body weight. MC-3 was used as a positive control. n Z 5 or 6, *P < 0.05, **P < 0.01,

***P < 0.001. Reproduced with permission from Ref. 36. Copyright ª 2021 National Academy of Sciences USA.
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intracellular delivery of siRNA for potential cancer therapies. This
study was significant because we firstly develop stimuli-
responsive combinatorial lipids and demonstrated their advan-
tages in in vitro siRNA delivery.

In our following studies, we tested the disulfide-containing 8B-
3 LNPs (also known as 306-O18B-3; amine head 306 conjugated
with three O18B tails) for in vivo siRNA delivery. These LNPs
were applied to an NOD scid gamma (NSG) JJN3 intraperitoneal
mouse model. 8B-3 LNPs encapsulated with siRNA targeting the
IGKC gene significantly reduced circulating Kappa light chains in
the NSG JJN3 mice after three daily IP injections32,33.

Overall, our findings indicate that these newly developed
bioreducible LNPs are safe and efficient delivery carriers for
siRNA molecules. Targeted gene knockdown can be achieved both
in vitro and in vivo. Further investigation is underway in order to
optimize new applications for disulfide-containing LNPs in
siRNA-enabled cancer therapies and for the treatment of hema-
tologic disorders34,35.
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2.2. Biodegradable LNPs for mRNA delivery for genome editing
and cell engineering

In addition to siRNA delivery, the disulfide-containing LNPs were
also employed formRNAdelivery. In 2019, we reported on usingR-
O16B and R-N16B (bioreducible lipids with an amide bond linker)
LNPs for the encapsulation and delivery of CRISPR/Cas9 mRNA
and gRNA37. A small group of bioreducible LNPs was screened
in vitro for mRNA delivery, and BAMEA-O16B (also known as
113-O16B) was identified to be able to deliver mRNA safely and
efficiently in cultured mammalian cells. Using a GFP reporter
system, it was found that the BAMEA-O16B LNPs complexed with
Cas9mRNA and sgRNA induced 90% gene knockout in HEK cells.
Furthermore, the Cas9 mRNA and sgRNA targeting the PCSK9
(proprotein convertase subtilisin/kexin type 9) gene were loaded
into BAMEA-O16B LNPs and administered to C57BL/6 mouse
through intravenous injection. The bioreducible LNPs successfully
mediated PCSK9 gene knockout in the hepatocytes as evidenced by
ca. 80% serum PCSK9 protein down-regulation. More importantly,
the biochemical tests (changes in serum levels of aspartate trans-
aminase (AST), alanine aminotransferase (ALT), and total bili-
rubin) and histological examination (haematoxylin and eosin
(H&E) staining) revealed that the LNP-based CRISPR/Cas9
genome editing system did not significantly induce damage to the
liver tissue. As PCSK9 is a validated therapeutic target for lipid
metabolism modulation, our approach of using non-viral, biode-
gradable LNPs for the systemic delivery of CRISPR/Cas9 mRNA
for PCSK9 knockout offers a safe and efficient approach for
lowering the serum levels of lipids and potentially reducing the
overall risk of cardiovascular diseases.

In 2021, we expanded the library of disulfide-containing lipids
by conjugating a series of multiple amine-containing heads with
bioreducible tails of different tail lengths (e.g., O10B, O12B,
O14B and O16B)36. 306-O12B LNP was able to efficiently deliver
mRNA in vivo after systemic administration (intravenous injec-
tion) using a bioluminescence-based screening approach (Fig. 2F
and G). We then optimized the LNP formulations by altering the
chemistry of helper lipids, the molar ratios of active and helper
lipids, and the lipid/mRNA ratios. As a result, a formulation of
306-O12B/cholesterol/DSPC/DMG-PEG Z 50/38.5/10/1.5
(molar ratio) and lipid/mRNA Z 7.5/1 was identified to be the
best formulation for delivering mRNA into the mouse liver after
systemic injection. Cas9 mRNA and sgRNA targeting the Angptl3
gene were encapsulated by the optimized LNPs and injected to
C57BL/6 mice. Angptl3 gene knockout in the liver was demon-
strated by the T7E1 assay and next-generation sequencing (NGS;
editing rate was ca. 38.5%). Furthermore, serum analyses revealed
that the serum ANGPTL3 protein, LDL-C, and triglyceride levels
had 65.2%, 56.8%, and 29.4% reductions after the treatment
(Fig. 2H). More importantly, it was found that our 306-O12B LNP
formulation performed better than the gold standard, MC3 LNP,
through a head-to-head comparison study. This study was signif-
icant because it firstly showed that LNP-mediated CRISRP/Cas9
mRNA delivery can induce sufficient and long-term hepatic
Angptl3 knockout in mouse model without evident side-effects.
We expect that our bioreducible LNPs will advance the systemic
delivery of CRISPR/Cas9 genome editing therapeutics for the
treatment of hyperlipidemia and other types of liver-associated
diseases and disorders38,39.

The bioreducible LNPs can also be used for ex vivo applica-
tions. In a following study, we encapsulated the Cas9 mRNA and
sgRNA targeting the neuron restrictive silencing factor (NRSF)
into 400-O16B LNPs, among other LNPs40. The bioreducible
LNPs successfully delivered the bioactive molecules to cultured
human mesenchymal stem cells (hMSCs) and induced Nrsf gene
knockout. The neural-like differentiation of hMSCs was indicated
by the cellular expression of synaptophysin (SYP), brain-derived
neurotrophic factors (BDNF), neuron-specific enolase (NSE),
and neuron-specific growth-associated proteins (SCG10).

To further expand the library of biodegradable lipids, we
further incorporated novel head groups (imidazole and its ana-
logs)41 and tails (cholesteryl-based and cyclic benzylidene acetal-
containing tails)42,43 into the lipid molecule design. Our studies
found that these newly developed lipid materials are safe and
efficient carriers for the intracellular delivery of mRNA, both
in vitro and in vivo in mouse models. More importantly, several
LNP platforms were identified to be able to deliver CRISPR/Cas9
mRNA and gRNA components to certain tissues (e.g., spleen,
lung, skeletal muscle and brain) and induce genome editing events
after systemic or local administrations. Further investigation is
underway to find other applications of our bioreducible LNP de-
livery systems for cell engineering and regenerative medicine.

2.3. Bioreducible LNPs for ASO delivery to inhibit gene
translation

ASOs are single-stranded chemically modified nucleic acids
(typically 18e25 bases in length) that are used to bind with target
RNA sequences for RNA degradation and manipulation44. Our
bioreducible LNPs have been successfully employed for the de-
livery of ASOs in vivo in mice to inhibit certain gene translations.
Our bioreducible LNPs have been shown to successfully deliver
the CRISPR/Cas9 system to mouse livers to induce PCSK9 gene
knockout for managing hyperlipidemia37. In another study, we
demonstrated that the disulfide-containing LNPs (e.g., 306-O12B-
3) were able to deliver ASO molecules targeting the PCSK9
mRNA and induce mRNA and protein knockdown through sys-
temic administration (Fig. 3A)45. The inhibition of PCSK9 mRNA
translation in the liver also resulted in a significant reduction of
total serum cholesterol levels in treated mice (Fig. 3B). In addi-
tion, the bioreducible LNPs showed excellent biocompatibility
both in vitro in cell culture and in vivo in mouse model. In
comparison with the genome editing-mediated gene knockout, the
ASO-enabled gene knockdown provides an alternative transient
approach for managing serum lipid levels.

In 2020, we reported on the development of a library of
neurotransmitter-derived lipids (also known as NT lipids) in order
to deliver ASOs and other types of therapeutic agents to the brain
and explored their applications to penetrate the blood‒brain bar-
rier (BBB) to deliver various cargo molecules into the mouse brain
tissue after systemic administrations (Fig. 3C)46. We used a mixed
formulation of bioreducible lipids 306-O12B-3 and NT1-O14B to
encapsulate and deliver ASOs targeting the Tau mRNA. The tau-
ASO mediated tau protein reduction showed great promise in the
treatment of Alzheimer’s disease, seizures, etc., after local ad-
ministrations47,48. The mice that received five doses of ASO/LNP
(1 mg/kg of ASO) showed up to 50% tau mRNA reduction
(Fig. 3D) and significant tau protein knockdown in the brain tissue
(Fig. 3E). In this study, we showed that by simply engineering the
molecular structure of lipids and incorporating novel chemical
moieties can induce hugh impact on the biological property of
lipid nanoparticles. Overcoming the BBB through a non-invasive
pathway and efficiently delivering therapeutics to the brain tis-
sue has been a great challenge, and we provided a simple and



Figure 3 Bioreducible LNPs and NT LNPs for the delivery of ASOs for targeted gene silencing. (A) Schematic illustration of bioreducible

LNP-mediated ASO delivery for the silencing of Gfp (in vitro in cell culture) and Pcsk9 (in vivo in mouse) genes. (B) 306-O12B-3 LNP-mediated

PCSK9 ASO delivery induced successful reductions in PCSK9 mRNA and protein levels in the liver tissue, and serum cholesterol levels. Two

ASO/LNP formulations (306-O12B-3/cholesterol/DOPE/DSPE-PEG2000 at the ratio of 16/4/1/1 or 16/4/4/1, weight ratios) and four ASO doses

(0.025, 0.05, 0.1, and 0.5 mg/kg body weight) were examined. n Z 3, *P < 0.05, **P < 0.01. Reproduced with permission from Ref. 45 under a

Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). Copyright ª 2020 American Society of Gene & Cell Therapy. (C)

Chemical structures of neurotransmitters (NT1, NT2, and NT3) used in our study for the synthesis of NT lipids. (D and E) NT LNP-mediated Tau

ASO delivery induced successful (D) tau mRNA and (E) total tau protein reductions in the brain tissue in vivo in C57BL/6 mice after systemic

administration. The mice received either saline or ASO in lipid formulations via tail vein injection at 1 mg ASO/kg body weight on days 0, 4, 8,

12, and 16. On Day 20, mice were sacrificed, and brain tissue was collected and analyzed. Data is represented as box and whisker plots with

individual points overlaid, error bars represent maximum and minimum values and the boxed line represents the median. n Z 6, *P < 0.05,

**P < 0.01. Reproduced with permission from Ref. 46 under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

Copyright ª 2020 American Association for the Advancement of Science.
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effective strategy to overcome this challenge. Our study opens
new possibilities of using BBB-penetrating LNPs to delivery
ASOs and potentially other nucleic acids to the brain tissue for the
treatment of various neurological disorders49e51.

2.4. Bioreducible LNPs for miRNA delivery for cell
differentiation and tissue regeneration

miRNA functions in cell differentiation, which determines the fate
of stem cells. Our bioreducible LNPs have demonstrated to be
effective for miRNA delivery in the context of cell engineering and
tissue regeneration. In one study, we used the disulfide-containing
bioreducible LNPs to deliver miRNA to hMSCs to induce neuronal
differentiation52. A small group of LNPs were fabricated and
complexed with fluorescent dye-labeled miRNA. After incubating
the miRNA/LNP with cultured hMSCs, two LNPs (87-O16B and
306-O16B-3) were identified to be efficient for miRNA delivery. By
examining the 306-headed LNPs, it was found that shortening or
elongating the alkyl linear lipid tail reduced miRNA delivery effi-
cacy. miRNA-9, which can promote neuronal differentiation in stem
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cells, was then delivered to hMSCs. Both the change in cell
morphology (elongation and dendrite formation) and neuronal
marker gene upregulation (microtubule-associated protein 2
(MAP2) and neuron-specific enolase (NSE)) were successfully
induced. These findings show that our bioreducible LNPs can be
utilized for the neuronal differentiation of hMSCs through either
CRISPR/Cas9 mRNA delivery40 or miRNA delivery52. Future
studies will focus on investigating the long-term effects induced by
these two different strategies and explore their applications in nerve
tissue regeneration.

Previous research illustrated that the miRNA-335-5p can pro-
mote osteogenic differentiation. We applied these findings to use
bioreducible LNPs (e.g., L8, also known as 80-O16B) for the
delivery of miRNA-335-5p53,54. In one study, we showed that
delivering miRNA-335-5p using bioreducible LNPs successfully
induced osteogenic gene expression (i.e., BSP, Osx, Runx2, and
Satb2) in vitro in C3H10T1/2 cells and bone marrow stromal cells
(BMSCs). Significant DKK1 down-regulation was also observed
in the treated cells, which was consistent with previous findings55.
Furthermore, the in vivo studies using mouse models with critical-
sized defects on the calvarial bone showed that our miRNA de-
livery systems can significantly promote bone healing either after
direct local administration of LNP systems or local application of
LNP-transfected BMSCs. We expect that with further formulation
optimization, our bioreducible LNP-mediated miRNA delivery
systems can be used to induce osteogenic differentiation and
calvarial bone regeneration56.

2.5. Unsaturated LNPs and quaternized LNPs for DNA delivery

Since most of the previously reported combinatorial lipid molecules
have saturated alkyl tails,weexplored the synthesis and application of
combinatorial lipids with unsaturated tails for the delivery of nucleic
acids57. Previous studies indicated that lipids with lower saturation
levels might correlate with higher gene transfection efficacy, as un-
saturated lipid tails increase the fluidity of lipid membranes, which
can potentially increase the efficacies of cell internalization and endo/
lysosome escape58. In one study,wefirstly introduced the unsaturated
tail structure to the combinatorial lipid design in order to further
improve the delivery performance. Two groups of lipid molecules
with an unsaturated oleyl acrylamide tail and a saturated n-octadecyl
acrylamide tail were synthesized. In vitro delivery of DNA and
mRNA encoding GFP revealed that the unsaturated LNPs out-
performed the saturated LNPs, as none of the saturated LNPs induced
GFP expression, while unsaturatedLNPs induced up to 80%delivery.
Through this structure‒activity study, it was found that the saturated
LNPs formed large, highly compact structures while encapsulating
nucleic acid molecules, while the unsaturated LNPs formed loosely
packednanocomplexes that could readily release the cargomolecules
upon the supramolecular-driven electrostatic competition bindings.
With further formulation optimization by varying the lipid/gene ratio,
we demonstrated that our optimized unsaturated LNPs are versatile
transfection reagents that can efficiently deliver both DNA and
mRNA into cancerous (e.g., HeLa, HepG2, MCF-7, and MDA-MB-
231) and non-cancerous (NIH-3T3 and BJ) cell lines. Our study
shows the critical role that the hydrophobic tail structure plays in
determining the physicochemical properties of combinatorial LNPs
and their intracellular gene delivery performance. This study exam-
ined the intracellular DNA and mRNA delivery performance of un-
saturated combinatorial lipids in vitro in cell culture. It is unclear at
this stage if this group of new lipids can induce efficient gene delivery
in vivo in small animal models, which merits further investigation.
In another study, we constructed a small library of lipids
containing ester, amide, and CeN linker bonds59. In vitro
screening in HeLa cells using the plasmid DNA encoding b-gal
revealed that 14N-87 (also known as 87-N14) had the highest
intracellular DNA delivery efficacy. We noticed that contrary to
the 14N-87, the ester linker-containing 14O-87 (also known as
87-O14) LNPs were unable to deliver DNA after being stored for
longer than 2 h. The FT-IR analysis indicated that the ester bonds
in the 14O-87 molecules were degraded or hydrolyzed during
storage. These results suggest that the stability of lipid linker
group needs to be carefully examined when developing LNP
carriers for DNA and other types of nucleic acids. The chemical
structure change of carrier lipid molecules can probably result in
changes in the supramolecular structure of lipids nanoparticles
and DNA/LNP nanocomplexes, which could affect the in-
teractions between the delivery system and the biological sys-
tem. The ideal LNP drug formulations should stay stable during
storage and transportation, and should be able to transfect target
cells safely and efficiently. Considering that the CeN linker has
a better stability profile than the ester linker, we tried to employ
the lipid with CeN linkers for DNA delivery and achieved
satisfactory results60. However, it should be noted that, combi-
natorial lipids with the ester linkers might show better biode-
gradability and biocompatibility comparing with the lipids with
CeN linkers. A head-to-head comparison of the metabolism and
degradation profiles of these lipids will provide more informa-
tion. In another study, inspired by previously reported lipid
structures with permanent positive charge that were successful
for DNA delivery61, we developed a group of quaternized lipids
through a two-step conjugation reaction. The quaternized lipids
have permanent positive charges in the head group and the
chargeability does not rely on the pH values, which may
contribute to forming more robust and stable gene delivery
systems. An in vitro screening approach helped us identify
several LNP formulations that had better plasmid DNA delivery
efficacies than Lipofectamine 2000. We found that the DNA
encapsulation capability and delivery efficacy of the quaternized
LNPs were reliant on the perfect balance of the lipid tail length,
active-to-helper lipids ratio, and the lipids-to-DNA ratio. Further
studies are needed to illustrate the delivery efficacy and potential
toxicity of the quaternized lipids in vivo in mall animal models.
Overall, we demonstrated that tailoring the head, linker, and tail
structures of combinatorial lipid molecules improved various
physicochemical properties (e.g., hydrodynamic size, tightness,
and storage stability) and biological effects (e.g., transfection
efficacy and cytotoxicity). Future directions include further
optimizing these LNP formulations, incorporating DNA cargos
with therapeutic effects, and exploring their applications in the
treatment of cancer, infectious diseases, cardiovascular diseases,
neurological disorders, etc.62.

2.6. LNPs for the delivery of mRNA vaccines and LNPs for
extrahepatic delivery

Generally speaking, the lipid nanoparticle-based drug and gene
delivery systems have been the most common FDA-approved
nanomedicine. Onpattro� and the two COVID-19 mRNA vac-
cines developed by Moderna and Pfizer/BioNTech are the most
recent approved lipid nano-drugs. Even though the FDA-approved
LNP-based gene therapeutics does not have a long history, DNA
and RNA-based vaccines and other therapeutics have been studied
by researchers for decades. Over the years, LNPs showed superior
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properties as carrier systems for the therapeutic RNA molecules.
Several LNPs based on DLin-DMA, DLin-KC2-DMA, and DLin-
MC3-DMA have been especially reported to be highly potent for
RNA delivery63e66. The DLin-MC3-DMA is the active lipid used
in Onpattro� for siRNA delivery to hepatic cells. So far, several
LNP systems have been developed that can deliver mRNA and
other types of nucleic acids into hepatocytes with high efficacy
and specificity. Efforts are being made to develop new LNP sys-
tems that can target extrahepatic sites, such as the lung, spleen,
brain, and others67e70. Specifically, Siegwart et al.14,71,72 found
that by incorporating lipid excipients into LNPs, the bio-
distribution profiles can be hugely affected and liver, lung, and
spleen can be targeted with relative high specificity. With further
development, these new systems can unleash the great potential of
LNPs for treatment of human diseases and conditions that affect
liver and other major organs. As to the LNP-based mRNA vac-
cines, SM-102 and ALC-0315 have been adopted by Moderna and
Pfizer/BioNTech for fabricating mRNA-1273 and BNT162b25.
Besides the COVID-19 vaccines, other types of mRNA/LNP
vaccines are under intensive investigation for fighting against the
HIV, Zika, influenza, and many others63,65,73e76.

3. LNPs for the delivery of proteins

Protein and peptide-based therapeutics have been heavily
researched in the last few decades. In comparison with traditional
small molecule drugs, protein therapeutics can be more specific
with better biocompatibility profiles.More importantly, proteins are
capable of interfering with certain biological pathways and inter-
acting with proteins and other biomolecules that are ‘undruggable’
by small molecule drugs77. Protein therapeutics have been inten-
sively explored as new modalities for the treatment of cancer, dia-
betes, infectious diseases, respiratory diseases, etc. However, many
of the currently used protein therapeutics (e.g., enzymes, antibodies,
and hormones) target secreted or extracellular domains78,79.
Developing the delivery of proteins to target intracellular domains
can open up protein-based therapeutics to more applications. In our
studies, combinatorial LNPs were successfully employed to load
and deliver a variety of cell-impermeable proteins for genome en-
gineering, cancer therapy, and more.

3.1. Bioreducible LNPs and chalcogen-containing LNPs for the
delivery of genome editing proteins

Recently developed genome editing technologies, such as the
CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeat associated protein 9) platform, have enabled specific gene
knockout, knock-in, correction, and epigenome modification in a
highly convenient and precise manner80. However, in order to exert
their functions in target mammalian cells, genome editing compo-
nents need to be delivered into the cell nucleus. For this purpose,
both the physical methods and carrier-mediated delivery systems
have been developed for genome-editing protein delivery81e86. In
2016, our group first explored the application of combinatorial
bioreducible LNPs for the delivery of genome editing proteins
in vitro and in vivo in mouse model (Fig. 4A)87. A small library of
disulfide-containing LNPs was synthesized, and an in vitro
screening was conducted using negatively super-charged Cre
recombinase (GFP-Cre) as the cargo and engineered DsRed-HeLa
cell line as the reporter. The bioreducible LNPs were used in this
study as we expected them to be capable of complexing with
negatively-charged proteins (Cre recombinase and Cas9 RNP
complex) through electrostatic interactions and releasing the cargo
into cytoplasm triggered by GSH-induced lipid cleavage and
nanoparticle degradation. The 8-O14B (also known as 87-O14B)
LNP showed the highest delivery efficacy and gene recombination
efficacy. In addition, many of our bioreducible LNPs induced
higher efficacies than Lipofectamine 2000. We then demonstrated
that the 8-O14B LNPs efficiently mediated endosome/lysosome
escape, and evenly distributed the cargo proteins in the cell nucleus.
Notably, it was found that the gene recombination efficacy was
reliant on the concentration of delivered proteins, the tail length of
87-haeded bioreducible lipids, and the charge density of engineered
Cre recombinase. To further test if this system can mediate protein
delivery in vivo and enable genome engineering, the GFP-Cre
protein loaded 8-O14B LNPs were injected into the brain of the
Rosa26tdTomato mouse. TdTomato red fluorescent protein expres-
sions were identified in multiple brain regions (e.g., dorsomedial
hypothalamic nucleus (DM), mediodorsal thalamic nucleus (MD),
and bed nucleus of the stria terminalis (BNST)) six days after
administration (Fig. 4B). This is one of the earliest studies to suc-
cessfully apply LNP delivery systems to in vivo genome engi-
neering. Furthermore, we demonstrated that the bioreducible LNPs
could also deliver the Cas9/gRNA ribonucleoprotein (RNP) com-
plex into mammalian cells (Fig. 4C)87. Using a GFP-HEK reporter
cell line, it was found that multiple bioreducible LNPs (e.g., 3-
O14B) mediated w70% GFP knockout, but 8-O14B was ineffi-
cient in delivering Cas9 RNP system. This indicates that the
structure of the cargo molecule (e.g., molecular weight, hydrody-
namic size, geometry, and surface charge) can significantly affect
the physicochemical properties of LNP-based delivery systems, and
the LNPs need to be carefully tailored to the different types of cargo
molecules and applications.

After we demonstrated that the bioreducible LNPs can deliver
Cas9 RNP through local administration, we further tested if these
LNPs were capable of mediating RNP delivery through systemic
administration route. Comparing with the local delivery, systemic
delivery presents more physical and biochemical challenges to the
delivery system. The biodistribution of bioreducible LNPs loaded
with Cas9 RNP after intravenous injection was studied in Balb/c
mouse89. In vivo and ex vivo imaging showed that Cas9/sgRNA-
encapsulated disulfide- and amide-containing 103-N16B LNPs
accumulated primarily in the liver, 30 min after tail vein injection.
Our ongoing research focuses on formulation optimization to
further enhance the delivery efficacy and minimize the liver
toxicity of the RNP-LNP system. We expect by designing and
incorporating gRNAs that target functional genes in the liver tis-
sue, these bioreducible LNPs can be used for creating new ther-
apeutics for liver-associated diseases or disorders through liver-
specific genome editing90.

In addition to modifying the disulfide-containing bioreducible
LNPs (e.g., tuning the alkyl chain length of OnB tails and incor-
porating non-linear cholesteryl moiety into the tail structure), we
tried to introduce new building blocks into combinatorial lipid
synthesis to investigate if new and better delivery performance
could be achieved. In one study, we integrated ether, thiol ether,
and selenide ether moieties into lipid hydrophobic tails (termed as
R-O17O, R-O17S, and R-O17Se) and investigated how the hetero
atom affects the intracellular delivery efficacy of genome engi-
neering proteins (Fig. 4D)88. Using the GFP-Cre recombinase and
DsRed-HeLa cell line, we found that the combinatorial lipids with
O17Se tails outperformed the O17O and O17S lipids (Fig. 4E and
F). These results revealed that even the one-atom difference in
lipid tail structure can have huge impact on the intracellular



Figure 4 Bioreducible LNPs and chalcogen-containing LNPs for the delivery of genome engineering proteins. (A) Schematic illustration of the

disulfide-containing 8-O14B LNP-mediated GFP-Cre and CRISPR/Cas9 RNP delivery. (B) 8-O14B LNP-enabled Cre-mediated gene recombi-

nation in the brain tissue of Rosa26tdTomato mouse model. (C) Bioreducible LNPs can deliver Cas9/sgRNA RNP targeting the GFP gene and

induce gene knockout in cultured GFP-HEK cell line. Reproduced with permission from Ref. 87. Copyright ª 2016 National Academy of

Sciences USA. (D) Chemical structures of chalcogen-containing lipids, R-O17O, R-O17S, and R-O17Se. (E) Chalcogen LNP-mediated GFP-Cre

delivery to DsRed-HeLa cell line. Percentage of GFP positive cells shown for 51 LNPs tested. Data points marked in red for LNPs induced high

level of transfection (>20%). (F) The tail structure (O17O, O17S and O17Se)-influenced GFP-Cre protein transfection activity. The relative hit

rates for officious LNPs of lipids with O17O, O17S and O17Se tails are �11.9%, �4.7% and 16.7%, respectively, relative to the initial chalcogen-

containing library. Reproduced with permission from Ref. 88. Copyright ª 2018 Elsevier.
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delivery performance of lipid nanoparticles. Further investigation
revealed that the lipids with high apparent pKa (i.e., pKa >5.1 in
TNS (2-(p-toluidinynaphthalene-6-sulphonic acid)) assay) and
high phospholipid membrane disruption capabilities (indicated as
OD405 > 0.2 in hemolysis assay) are more likely to induce success
intracellular protein delivery, and many of the O17Se LNPs
possess these two characteristics. However, the underlying
mechanism for this phenomenon is unclear at this stage, which
merits further investigation. After the in vitro studies, three LNPs
(e.g., 76-O17O, 76-O17S and 76-O17Se) were injected to Ai14
mice through the tail vein. Successful gene recombination and
reporter fluorescent protein expression were observed in the lungs
of mice injected with O17S and O17Se tailed LNPs. We also
demonstrated that several chalcogen-containing LNPs can deliver
Cas9/sgRNA RNP efficiently into cultured mammalian cell lines
without inducing significant cytotoxicity. Furthermore, the new
combinatorial LNPs developed by our group have demonstrated
effective delivery of genome editing proteins in engineered tissue
models and in small animal models, and their applications in oral
protein delivery, cancer therapy, and treatment of hereditary
hearing disorders were expanded upon91e93.
3.2. LNPs for intracellular delivery of cytotoxic proteins and
more

Besides genome engineering, we also reported on using combina-
torial LNPs for intracellular protein delivery used in cancer
therapies94e97. Most of the combinatorial lipids were developed for
gene delivery, and only a few had been successfully demonstrated to
be effective for intracellular delivery of therapeutic proteins. In one
study, we fabricated a group of CeN linker-containing combina-
torial lipids by conjugating amine heads with epoxide-containing
tail groups through a one-step ring-opening reaction94. The
combinatorial lipids with CeN linkers can be readily synthesized
by using commercially-available amine heads and epoxide tails.
Comparing with the aforementioned disulfide-containing bio-
reducible lipids, lipids with CeN linkers do not have the stimuli-
responsive feature. However, the CeN linker might provide bet-
ter stability than the ester linker in the R-OnB bioreducible lipids.
The nomenclature of the lipid molecules with CeN linker was
EC16-1 (also known as 63-EC16). The EC16-tailed LNPs were
employed for the delivery of two cytotoxic proteins, RNase A and
saporin. Both RNase A and saporin can induce severe toxicity once
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internalized into the cells, which are being explored as new gen-
eration protein-based anticancer drugs. However, naked RNase A
and saporin cannot bypass the phospholipid bilayer cell membrane
efficiently. In this study, we intended to use combinatorial LNPs as
the carriers for the intracellular delivery of cytotoxic proteins. In our
initial tests, it was discovered that these CeN linked LNPs were
unable to deliver the proteins that induce cell inhibition, and we
speculated that it may be due to the weak association of the protein/
LNP complex. We then modified the RNase A and saporin with a
pH-responsive small molecule ligand, ACO, by conjugating the free
lysine residue on proteins with cis-aconitic anhydride (Fig. 5A).
The ACOmodification caged primary amine groups into the protein
and introduced extra negative charges so that the protein can bind
with the cationic EC16-tailed LNPs more strongly through elec-
trostatic interactions. More importantly, the ACO ligand can be
cleaved under low pH (e.g., in late endosome), so the activity of the
modified proteins can be, therefore, restored. We demonstrated that
the EC-16 LNPs efficiently delivered Aco-modified proteins into
various cancerous cell lines in vitro and induced significant cyto-
toxicity. Subsequently, in vivo protein delivery was tested by using
saporin loaded EC16-1 LNPs and 4T1 tumor-bearing mouse
models. The LNPs delivered saporin protein into tumor tissues after
systemic administration and greatly inhibited tumor growth, which
was most likely due to the enhanced permeability and retention
(EPR) effects. In comparison, no tumor inhibition was observed
from mice treated with free saporin. Similarly, we demonstrated
that this approach could be used for constructing the reactive ox-
ygen species (ROS)-responsive phenylboronic ester (NBC)-modi-
fied protein (Fig. 5B) and CD44-targeting hyaluronic acid (HA)-
modified protein for cancer cell inhibition (Fig. 5C)95,98. Overall,
our strategy of integrating combinatorial cationic LNP delivery
systems with chemically modified reversible protein derivatives
provides a safe and highly effective approach for overcoming the
innate drawbacks of protein therapeutics and constructing novel
protein-based drug formulations for potential cancer therapy.
However, further investigation is needed to illustrate the distribu-
tion and metabolism of carrier LNPs and cargo proteins after ad-
ministrations, the short- and long-term toxicity induced by the
delivery system, and the anticancer efficacy under various treatment
conditions.

Intracellular protein deliverymediatedby combinatorialLNPshas
great potential for developing new therapeuticmodalities. This can be
seenby theLNP-mediatednon-surgicalmethod thatwedeveloped for
fertility reduction in rat models99. In this study, saporin loaded LNPs
were modified with anti-Mullerian hormone receptor type II anti-
bodies to target the gonadal cells. After intravenous administration,
the targeted protein/LNP system negatively impacted reproduction in
rats, including sperm production, estrous cyclicity and testicular and
ovarian morphology, without causing any significant side-effects. In
comparison with the traditional surgical approach, our LNP-enabled
non-surgical approach can be developed into a safe and convenient
alternative strategy for controlling the overproduction of pet and
wildlife. This combinatorial LNP-based intracellular protein delivery
system has also been used in other applications, such as the pre-fused
proteolysis-targeting chimaera (PROTAC)-directed protein degrada-
tion and cancer immunotherapy100,101.

4. LNPs for the delivery of small molecule drugs

One of the greatest challenges in administering traditional small
molecule chemotherapeutic drugs is overcoming the offsite in-
teractions formed between the target cell and the drug
administration site. Non-specific interactions between the admin-
istered drug and biomolecules can potentially induce unwanted
toxicity or side-effects. Nanoparticle-based delivery systems have
been extensively adapted to address this challenge102,103. Enor-
mous evidence showed that nano-drug delivery systems can help
solubilize hydrophobic drugs, protect cargo drug molecules from
unfavorable hydrolysis and degradation, prolong half-life time in
blood circulation, target specific organs and tissues, and control
drug release rate, among other purposes. For these reasons, LNPs,
polymers, and inorganic nanomaterials have been employed as
nanocarriers for the delivery of small molecule drugs23,104e106.
These delivery systems have demonstrated to be advantageous in
comparison with free drugs, and have been used for the treatment
of cancer, infectious diseases, inflammation diseases, neurological
disorders, cardiovascular diseases, and many others107e110. Our
studies have shown that our combinatorial LNPs could be useful
in delivering small molecule anticancer drugs in vitro and anti-
microbials in vivo in mouse model.

4.1. Photo-responsive LNPs for anticancer drug delivery

Since our previously developed bioreducible LNPs can respond to
the intracellular reducing environment, which is an internal
trigger, we further explored if the combinatorial LNPs can be
sensitive to external triggers. External trigger-responsive LNP
systems can potentially be used to realize the spatiotemporal-
controlled drug delivery and release, which can greatly facilitate
the development of precision nanomedicine. For developing
external or physical stimuli responsive drug delivery systems, a
wide range of chemical groups that are sensitive to light irradia-
tion, electric field, high temperature, etc. have been incorporated
into the carrier material design113e115. In this study, by integrating
the o-nitrobenzyl ester bond into the hydrophobic tail, we syn-
thesized a combinatorial library of photo-responsive lipids, termed
as R-O15NB (Fig. 6A and B)111. Using DLS and TEM, we
observed that upon 30 min of 365 nm UV light irradiation, the
hydrodynamic sizes of all R-O15NB LNPs increased, and small
spherical structures transitioned to large, irregular aggregates. The
change in molecular structure during photo irradiation was
monitored by UVeVis absorption spectrum. All of the studied R-
O15NB LNPs showed gradual decrease at 325 nm (characteristic
absorption peak of intact o-nitrobenzyl derivative ester linkage)
and increase at 420 nm (characteristic absorption peak of
byproduct o-nitrobenzaldehyde derivatives) in absorption values.
The formation of o-nitrobenzaldehyde byproducts was also evi-
denced by color change (from colorless at the beginning to
yellowish after irradiation) of the LNP aqueous solutions. The
photo-triggered cargo release behavior of R-O15NB LNPs was
studied by using the polarity-sensitive fluorescent reporter Nile
red-encapsulated LNPs. Around 80% of encapsulated Nile red
molecules was released after ca. 12 min of photo irradiation.
Subsequently, we demonstrated that the R-O15NB can deliver
small molecule anticancer drug Dox into cultured HeLa cells, and
photo irradiation enhanced the intracellular cargo release
(Fig. 6C). As a proof-of-concept, we applied physical stimuli-
responsive combinatorial lipid materials for controlled drug
release. However, the applications of UV light-responsive drug
delivery systems are largely restricted by the photo-toxicity and
tissue penetration limitation of the UV light. Future studies will
focus on developing visible and near infrared light-degradable
LNPs to explore their applications in spatiotemporal controlled
anticancer drug delivery116e120. In order to achieve this, new



Figure 5 Schematic illustrations of chemical modification methods for protein delivery. (A) Preparation of NBC-modified protein and ROS-

triggered cleavage of NBC moiety. (B) Synthesis of ACO-modified protein and low pH-triggered ACO detachment. (C) Conjugation of HA to

protein for CD44-targeted protein delivery. EC16-80 and EC16-1 are the two representative lipids employed for protein delivery.
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moieties that can be cleaved/degraded in the presence of long
wavelength light irradiation need to be incorporated into the
combinatorial lipid molecule design, and their properties
including the drug encapsulation, delivery, and triggered degra-
dation and release will be investigated.

4.2. Quaternized bioreducible LNPs for antifungal drug
delivery

Many antimicrobial agents suffer from low solubility and unfa-
vorable pharmacodynamics. For example, the antifungal drug
Amphotericin B (AmB) has high activity and antifungal spectrum,
but its application is largely limited by its poor solubility and in vivo
toxicity. In 2020, we reported on the development of bioreducible
LNP-based AmB formulations and compared new formulations
with the FDA-approved Fungizone�112. We first tried to use the
disulfide-containing bioreducible R-O14B LNPs (e.g., 78-O14B) to
encapsulate AmB. The bioreducible LNPs were used here to reduce
or diminish the potential toxicity induced by the carrier materials
because of their biodegradability. The hydrophobic drug molecules,
AmB were expected to be encapsulated into the hydrophobic do-
mains of R-O14B LNPs. However, the AmB-LNPs turned out to be
unstable, as aggregation and precipitation occurred after one week
of storage. To increase the stability of AmB/LNP systems, DSPE-
PEG2000 was added as a helper lipid and the amine head group
was quaternized through reacting with methyl iodine (e.g., Q78-
O14B; Fig. 6D). Both the PEG-lipid and lipid quaternization
strategy were employed as we intended to increase the hydrophi-
licity of the AmB nano-drug formulations and decrease the particle
aggregation through steric hindrance and surface charge repulsion.
These optimized formulations showed excellent storage stabilities
as no significant change in hydrodynamic sizes was recorded for
two weeks after preparation. In vitro antifungal activity tests against
the Candida albicans revealed that our quaternized bioreducible
LNP-based AmB formulations had better antifungal activities
comparing with free AmB and Fungizone�. Moreover, the new
AmB/LNP formulations showed significantly lower hemolytic ac-
tivity and cytotoxicity in the in vitro mammalian cell culture study.
In addition, we demonstrated that the quaternized bioreducible
AmB/LNP formulation had longer blood circulation time (Fig. 6E),
higher drug retention in certain organs, and reduced nephrotoxicity
and hepatotoxicity in vivo, in comparison with Fungizone�.
Through this study, we provide a safe and effective AmB drug
formulation with relative low fabrication costs. There is ongoing
research examining the AmB/LNP system in vivo in small animal
models with fungal infections.

5. Challenges and future studies

In addition to other studies, the studies published by our labora-
tory have demonstrated that the combinatorial library of LNPs can
be used for the delivery of nucleic acids, proteins, and small
molecule drugs, for a variety of applications in gene silencing,
genome editing, cell engineering and tissue regeneration, cancer
therapy, antimicrobial applications, and many others38,85,121e123.
Nonetheless, challenges still exist in the successful clinical
translation of these new drug formulations.

First, the structureeactivity relationship of combinatorial
LNP-based drug delivery systems needs to be further illustrated.
In the studies of our laboratory and others, many effective LNPs



Figure 6 Photo-responsive LNPs for anticancer drug delivery and quaternized bioreducible LNPs for antifungal drug delivery. (A) Schematic

illustration of photo-responsive LNPs for cargo encapsulation and photo irradiation-triggered release. (B) Synthetic route employed for the

synthesis of 75-O15NB lipid and UV light induced lipid degradation reaction. (C) Cell viability analysis of Dox/75-O15NB treated and UV light

irradiated HeLa cells. Two-tailed students’ t-test, ***P < 0.001. Reproduced with permission from Ref. 111. Copyright ª 2019 American

Chemistry Society. (D) Chemical structures of bioreducible 78-O14B lipid and quaternized Q78-O14B lipid. (E) Plasma concentrations of AmB

after intravenous injection of AmB/Q78-O14B-P and Fungizone� at a dose of 2 mg AmB/kg body weight into SD rats. n Z 3, *P < 0.05 and

**P < 0.001. Reproduced with permission from Ref. 112. Copyright ª 2020 American Chemistry Society.
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were identified through in vitro and in vivo screening methods.
Currently, there is no widely accepted design principle for LNP
drug delivery systems. Even though we and others have shown
that by altering the lipid chemistry and LNP formulation
composition, certain properties (e.g., increase cell and tissue
specificity, augmented intracellular transfection efficacy, triggered
degradability, improved biocompatibility and reduced toxicity,
increased membrane fluidity, and enhanced storage stability)
could be introduced to the LNP system, a thorough lipid struc-
ture‒activity study is needed to fully understand how the LNP
systems interact with biological systems both in cell culture and
in vivo31,36,37,42,112. It is critical to understand how the combina-
torial lipids with different head, linker, and tail groups and LNPs
with different size, morphology, surface chemistry, and charge
properties result in differences in cell transfection efficacy, cyto-
toxicity, and in vivo biodistribution profiles124e128. A mechanistic
study will eventually enable researchers to fine-tune the physi-
cochemical and biological properties of LNPs to achieve new and
better drug delivery results. This will eventually help unleash the
potential of LNPs for enabling a wide range of new therapies.

Second, the storage stabilities of LNP-based drug formulations
need to be carefully examined. Successful translations to clinical
settings require the LNP-based drug formulations to be stable
during storage and transportation129,130. We showed that by
increasing the hydrophilicity of bioreducible lipid head groups, the
stability of LNP formulations loaded with the hydrophobic drug
AmB was greatly improved112. However, the long-term stability, as
well as the stability under different storage conditions (e.g., tem-
perature, pH, ion strength and lyophilization) of quaternized AmB/
LNPs needs further investigation. Moreover, the stability of LNP-
mediated nucleic acid and protein delivery systems should also be
investigated. For this purpose, the characterization of the changes in
chemical structure of carrier lipid materials and cargo molecules as
well as the supramolecular structure of cargo-loaded LNP systems
will help us understand the physical and/or chemical alterations that
occur during storage. This knowledge will eventually contribute to
fabricating new LNP drug formulations with improved stability that
can be applicable in clinical settings. It will greatly benefit the
development of mRNA vaccines and other gene therapies as stable
LNP formulations will help decrease the economic and logistic
burdens of our society when public health crises are dealt with.

Third, a better understanding of the in vivo toxicity and
biodegradation of combinatorial LNPs needs to be acquired. In
our studies, we showed that the systemic administration of certain
types of bioreducible LNPs (e.g., R-O16B and R-OCholB) did not
induce significant hepatotoxicity or nephrotoxicity under the
tested conditions (through standard biochemical analysis)36,38,42.
Our future studies will employ both biochemical tests and histo-
logical analyses to examine damages/changes induced by
combinatorial LNPs in multiple organs and tissues after systemic
and local administrations. Furthermore, it is currently unknown
whether our synthetic combinatorial LNPs can trigger an innate or
adaptive immune response. Potential interactions between the
immune system and drug delivery systems may positively or
negatively impact the therapeutic effects depending on the
biomedical applications of the LNP systems101,131e133. The
immunogenicity of combinatorial LNPs has been overlooked in
previous studies and deserves thorough investigation. In addition,
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the in vivo metabolism and biodegradation of combinatorial LNPs
is not yet fully understood. Even though we have shown that some
of the stimuli-responsive LNPs could be degraded in the presence
of certain biochemical or physical triggers (e.g., GSH, low pH,
and photo irradiation) in vitro, their in vivo degradation and
metabolism profiles need to be further illustrated31,42,43,111.

Lastly, much work is needed in regards to the validation and
optimization of combinatorial LNP-based drug delivery systems in
small and large animal models. Our previous work primarily focused
on the development of lipid materials and the examination in vitro in
cultured cell lines and in vivo in small animal models23,38,85. So far,
we have achieved successful long-term liver genome editing36,37,
transient gene silencing33,45,46, tumor suppression94,101, and tissue
regeneration53,54 in mouse models. To facilitate the clinical trans-
lation of these promising systems, the top performing LNP systems
identified from our previous studies will be further tested in large
animal models and non-human primates. These studies will provide
critical information about the safety and efficacy of our new LNP
drug delivery systems, which will greatly facilitate the formulation
optimization and their clinical evaluation processes.

Overall, the synthetic combinatorial LNP system provides a
potent and versatile platform for the delivery of a wide variety of
therapeutic agents to enable new and better therapies. The suc-
cessful clinical translation of LNP-based drug formulations is
hugely reliant on our understanding of how drug-complexed LNP
systems interact with the biological systems at the molecular,
cellular, tissue, and whole organism levels. Combinatorial LNP-
based drug delivery systems hold great promise in developing new
drugs against cancer, metabolic diseases, neurological diseases,
cardiovascular diseases, and many others, but it requires the close
collaboration of material scientists, biologists, clinicians, and policy
makers to fully realize their potential to improve human health.
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