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The expanding applications of non-viral genomic medicines in the lung remain restricted by 

delivery challenges. Leveraging a high-throughput platform, we here synthesize and screen a 

combinatorial library of biodegradable ionizable lipids to build inhalable delivery vehicles for 

mRNA and CRISPR-Cas9 gene editors. Lead lipid nanoparticles are amenable for repeated 

intratracheal dosing and could achieve efficient gene editing in lung epithelium, providing avenues 

for gene therapy of congenital lung diseases.

Congenital lung diseases such as surfactant protein (SP) deficiency disorders, cystic 

fibrosis (CF), and alpha-1 antitrypsin (AAT) deficiency can lead to lifelong morbidity 

and mortality1, 2. Although the genetic origins for these ailments have been identified, 

an effective treatment option remains elusive3,4. The intratracheal delivery of gene-editing 

tools, particularly CRISPR-Cas9, to the airway epithelium or other pulmonary cells presents 

a promising corrective approach to provide life-long health and quality of life benefits for 

patients5,6.

In vivo gene editing has been achieved using viral vectors such as an AAV, but these 

stable DNA-based vectors lead to the long-term expression of Cas9 ribonuclease and sgRNA 

in cells7. While the extended exposure to editing machinery may favour gene correction 

rates, it can also lead to the accumulation of off-target genetic alterations8, 9. Moreover, the 

immunogenicity of AAV capsids triggers neutralizing antibodies and T-cell responses that 

limit repeated dosing of AAV-based treatments10; however, gene editing in the lung benefits 

from repeated dosing due to higher cell turnover rate11. Additionally, size limitations pose 

challenges for integrating effective S. pyogenes CRISPR-Cas9 (SpCas9) constructs into 

AAVs12. These limitations can be overcome by non-viral, mRNA-based delivery platforms 

which enable transient expression and repeated dosing13. LNPs are the most clinically 

advanced non-viral vector, as seen with the widely accepted mRNA vaccine technologies 

developed by both Moderna and Pfizer/BioNTech and show great promise in Cas9 hepatic 

gene editing platforms14–16. However, an LNP-based Cas9 delivery system for efficient 

pulmonary gene modification has yet to be reported. Compared with the liver, the lung 

poses unique challenges for delivery due to its specialized cell types, mucus barrier, and 

mucociliary clearance. Therefore, there remains a need for efficient approaches as airway 

epithelia remain poorly transduced by most viral and non-viral approaches17.

Here we synthesized and screened a combinatorial library of biodegradable ionizable lipids 

to build nanoparticles for pulmonary mRNA delivery. Lead lipid formulations are amenable 

to multiple intratracheal dosing and can efficiently deliver Cre or Cas9 mRNA to mouse 

airway epithelium.

In this work, we designed a three-component reaction (3-CR) system in which a nitro 

ricinoleic acrylate (NRA) linker was coupled with aliphatic alcohols (lipid tails), followed 

by connecting with head groups containing primary, secondary, or tertiary amines (Fig. 1a–

b). Compared to the conventional two-component reaction that conjugates amine headgroups 

directly with lipid tails, this 3-CR system simplifies the tedious synthesis process, increases 

lipid structural diversity, and rapidly generates a structurally diverse combinatorial library 

of biodegradable ionizable lipids. We synthesized a library of 720 new lipids containing 

the NRA linker with one of 10 distinct tails (variable in length, saturation, location of 
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unsaturated bonds) and 72 headgroups (variable in cyclic structure, aromaticity, functional 

groups) (Fig. 1c). All the ionizable lipids in this library contain numerous ester and 

carbonate groups to improve the physiological biodegradability of ionizable lipids. This 

reduces the potential for adverse reactions and enhances the compatibility with multi-dosing 

regimens18.

A visual overview of biological evaluations is provided in Fig. 1d. To identify lead 

candidates, LNPs composed of the new ionizable lipids, DOPE, C14-PEG2000 and 

cholesterol were prepared following a classical formulation ratio19 and loaded with firefly 

luciferase mRNA (mLuc). A549 cells were treated with mLuc-LNPs, and luciferase 

expression was measured after overnight incubation via Bright-Glo Assay (Fig. 1e). To 

select promising ones for in vivo tests, these new LNPs were categorized by 72 different 

amine headgroups (A1-A72) of ionizable lipids; ionizable lipids in each headgroup class 

contain the same amine headgroup but different lipid tails (T1-T10). The percentage of hit 

rate is calculated by the number of lipids with relative luminescence unit [RLU] >50,000 

(1–10) divided by the total number of lipids in each group (10). Headgroups with a hit 

rate of at least 80% across lipid variants were chosen for further animal screening (Fig. 

1f). To expedite screening, we adopted an orthogonal batched-based testing strategy, which 

dramatically reduces the number of animals required and the time demanded to identify lead 

LNPs. First, mLuc-LNPs carrying identical headgroups were pooled into 15 batches (10 

LNPs per batch) and intramuscularly injected into mice. After six hours, the transfection 

potency of each cluster was measured via the luminescence signal at the injection site 

with IVIS imaging (Fig. 1g, Fig. S1), identifying eight outstanding amine headgroups (ROI 

> 6×106 p/sec/cm2/sr). Similarly, lipids carrying identical lipid tails were pooled into ten 

batches (8 LNPs per batch) and intramuscularly injected into mice (Fig. 1h, Fig. S2), 

identifying seven outstanding lipid tails (ROI > 9×106 p/sec/cm2/sr). We then examined the 

transfection potency of the ionizable lipid containing top-performing components (8 amine 

headgroups x 7 lipid tails = 56 promising lipids) by intramuscular injection in mice (Fig. 1i, 

Fig. S3). Those with an ROI > 2×106 p/sec/cm2/sr were further investigated in the lung via 

intratracheal administration (Fig. 1j, Fig. S4) and the top nine (ROI > 1×107 p/sec/cm2/sr) 

were further investigated for gene editing. While the strategy of batch-based testing can 

improve the efficiency of LNP screening, the potential for false negatives increases, 

in particular for those formulations that are only efficacious above the tested dose. To 

investigate the potential for the top nine LNPs to deliver CRISPR-Cas9 complexes, we tested 

their capacity to deliver SpCas9 mRNA and sgRNA to HEK-GFP (HEK 293T cell line that 

expresses the green fluorescent protein). LNPs formulated with SpCas9 mRNA/GFP-sgRNA 

were added to the HEK-GFP cells (Fig. S5). Six of the nine LNPs knocked out GFP in over 

80% of cells, outperforming the positive controls of Lipofectamine MessengerMAX (~64%) 

and RNAiMAX (~35%). Notably, the RCB-4-8 LNP, which displayed the most substantial 

potency in mLuc lung transfection in vivo, showed the highest GFP knock-out efficiency in 
vitro (~95%).

Previous work has shown that replacing DOPE with DOTAP, a cationic lipid, could 

effectively increase the transfection efficacy of mLuc LNPs in the lung after systemic 

administration20. Here, we reformulated the lead LNP RCB-4-8 following the as-reported 

DOTAP formulation and found that the luciferase expression in the lung after intratracheal 
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dosing was also further improved (Fig. S6a), probably because the composition of cationic 

lipids could enhance the pulmonary cell internalization and mucus retention of LNPs. This 

DOTAP formulation of RCB-4-8 LNPs was characterized by dynamic light scattering and 

cryo-transmission electron microscope (Fig. S6b–d) and adopted for the rest of studies 

in this work. While LNPs made in microfluidics have a smaller size, lower PDI, and 

slightly higher encapsulation efficiency than those made by direct pipette mixing (Fig. 

S6b). In a dose-response assay, RCB-4-8 mLuc-LNPs improved lung transfection efficiency 

approximately 100-fold compared to LNPs formulated with DLin-MC3-DMA (MC3), an 

ionizable lipid approved by the U.S. FDA for RNA delivery (Fig. 1k, Fig. S7). The potency 

of RCB-4-8 LNPs in mediating mRNA transfection in the lung is more than 10-fold higher 

than that of another LNP formulation recently developed for pulmonary mRNA delivery21. 

Moreover, less than 30% of the biodegradable RCB-4-8 remained in the lung 48 hrs post-

administration, compared to over 90% retention of MC3 at the same time point (Fig. S8), 

suggesting lower toxicity.

Efficient gene editing in the lung provides a means to target several genetic disorders22. 

As a proxy for elaborate gene editing approaches, we examined Cre-recombinase mRNA 

(Cre-mRNA)-mediated editing through intratracheal delivery of the RCB-4-8 LNP. To 

visually detect gene editing in vivo, we intratracheally administered the LNPs loaded with 

Cre-mRNA (LNP-Cre) to Lox-3xSTOP-Lox (LSL)-tdTomato (Ai9) reporter mice23. The 

Cre recombinase translated from mRNA can catalyze genetic recombination to remove 

the LSL cassette, resulting in the expression of tdTomato, a red fluorescent protein gain-of-

signal in genetically modified cells (Fig.2a). Mice were dosed either once (LNP-Cre x1) 

or three times (LNP-Cre x3) over four days with LNPs-Cre. We collected the lungs three 

days after the last dose and quantified tdTomato expression by flow cytometry. Results 

show that LNP-Cre x1 and LNP-Cre x3 could result in tdTomato-positive (tdTomato+) 

expression in 42.0±3.0% and 53.0±6.0% of total lung cells, respectively (Fig. 2b, Fig. 

S9), which is more than two-fold higher than Cre mRNA delivered by polymer polyplexes 

(~20%)24. Furthermore, to investigate the cellular distribution of edited cells, tdTomato and 

nuclei (DAPI) were visualized in frozen lung sections. LNP-Cre led to a well-distributed 

tdTomato signal in the airway, while multiple dosing could remarkably increase the 

number of tdTomato+ cells (Fig. 2c). To further validate this result, we also performed 

immunohistochemistry staining on lung tissue sections, which manifested an average of 

17% and 39% tdTomato+ cells for LNP-Cre x1 and LNP-Cre x3, respectively (Fig. 2d–e). 

Importantly, both large (35%) and small (22%) airways can be edited after triple doses 

of LNP-Cre (Fig. S10a–c). Also, PCR analysis of genomic DNA (gDNA) from lung cells 

revealed that edited Ai9 alleles were present after single- and triple-doses of LNP-Cre (Fig. 

2f); additionally, compared to LNP-Cre x1, LNP-Cre x3 led to increased PCR band intensity 

at 300bp, manifesting that multiple dosing improves gene editing. This also demonstrates 

that our LNPs are amenable to repeated dosing, which is a significant advantage compared 

to viral vectors.

Club and ciliated cells are two major subtypes of airway epithelial cells in the lung25. 

Ciliated cells move mucus along the bronchiolar epithelium and cannot self-renew or 

transdifferentiate in response to injury26. Club cells protect the epithelium by secreting 

club cell secretory proteins and, in response to injury, can differentiate into ciliated cells to 
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regenerate the bronchiolar epithelium27. Clara cell secretory protein (CCSP) and acetylated-

tubulins are markers for club cells (formerly known as Clara cells) and ciliated cells, 

respectively28. Antibodies against tdTomato and CCSP or acetylated-tubulin were used to 

detect edited cells (double-positive) in paraffin-fixed lung sections. We observed 13±3% 

and 11±2% double-positive club and ciliated cells, respectively, in the large airways (Fig. 

2g–h, Fig. S10d–g) under both confocal and standard fluorescence microscope. Together, 

these data demonstrate that the RCB-4-8 LNP can deliver mRNA to various cell types in 

respiratory epithelium and induce potent expression of functional proteins in these cells.

Next, the feasibility of using RCB-4-8 LNP to achieve efficient pulmonary delivery of 

CRISPR-Cas9 complexes was explored in the Ai9 tdTomato reporter mouse. As illustrated 

in Fig. 2i, a single-guide RNA (sgRNA), sgAi9, previously developed to delete the tdTomato 

STOP cassettes and activate tdTomato expression in cells, was co-encapsulated with SpCas9 

mRNA into the RCB-4-8 LNP29. Then, we intratracheally administered these RCB-4-8 

LNPs at low (LNPlow-SpCas9 mRNA+sgAi9) or high (LNPhigh-SpCas9 mRNA+sgAi9) 

dose (0.5 or 1 mg•kg−1 total RNA) at 2-day intervals (three doses) and quantified gene 

editing on the 7th day. In the absence of sgRNA, the negative control, RCB-4-8 LNPs 

carrying SpCas9 mRNA only (LNPhigh-SpCas9 mRNA) did not display any tdTomato 

signal in the lung tissue; in contrast, LNPlow-SpCas9 mRNA+sgAi9 and LNPhigh-SpCas9 

mRNA+sgAi9 could result in 3±1.0% or 7±3.0% tdTomato+ cells, respectively (Fig. 2j–k). 

Compared to Cre recombinase, which is highly efficient in LoxP deletion, tdTomato reporter 

activation triggered by the SpCas9/sgRNA system requires specific double or triple deletions 

of STOP cassettes; as a result, while the tdTomato mouse enables visualization of edited 

cells in vivo, the number of tdTomato+ cells in this experiment tends to under-report Cas9 

editing. On the other hand, as numerous AAV serotypes have been identified with variable 

tropism30, the hybrid approach of combining AAV encoding sgRNA with LNP carrying 

Cas9 mRNA is promising to enable tissue-specific gene editing in vivo. Therefore, in 

addition to co-delivery of Cas9 mRNA and sgRNA solely using LNPs, we also explored 

the efficacy of gene editing by combined viral (i.e., AAV) and non-viral (i.e., LNP) delivery 

of CRISPR system components in the lung. A dual sgRNA (sgA and sgB) system that is 

highly efficient for LoxP editing was adopted in this LNP-AAV experiment31. In contrast 

to single guide sgAi9, which could only remove two out of three STOP cassettes, these 

dual sgRNAs tend to be more efficient as deletion mediated by sgA and sgB could remove 

all three STOP cassettes. A cohort of Ai9 mice were intratracheally administered with sgA 

and sgB packaged in AAV (AAV-sgA+sgB, 6×1010) seven days before receiving LNPhigh 

SpCas9 mRNA. Immunostaining assay of lung tissue sections on the 14th day shows that 

the LNPhigh-SpCas9mRNA+AAV-sgA-sgB could activate tdTomato fluorescent reporter in 

17.0±5.0% of total lung cells (Fig. 2j–k). While this editing efficiency is comparable 

to that of a recently reported dual-AAV-mediated CRISPR-Cas9 gene editing approach 

(~16%–26%) 31, the transient nature of RNA from LNPs would avoid the safety concerns 

associated with persistent SpCas9 expression from AAV transduction13, 32. Because the 

entire Ai9 locus (994bp between sgA and sgB) is too large for short-reads amplicon 

deep sequencing, we used PCR to make two libraries of sgA (167bp) and sgB (103bp) 

target sites. Indels were detected at both target sites in gDNA collected from mouse lungs 

treated with LNPhigh-SpCas9mRNA+AAV-sgA-sgB (Fig. S11). Notably, this sequencing 
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strategy did not measure large deletions induced by sgA and sgB in tdTomato+ cells. 

Although different sgRNA designs prevent direct comparison of LNPhigh-SpCas9mRNA/

AAV-sgA+sgB to LNPhigh-SpCas9mRNA/sgAi9, our proof-of-concept work convincingly 

demonstrates delivery approaches based on RCB-4-8 LNP-based for efficient CRISPR-Cas9 

gene editing in the lung. Previously, intravenous injection of lung-targeted LNP formulations 

encapsulating SpCas9 mRNA/sgRNA reported a gene editing efficiency of 15.1% in 

mouse lungs33. Nevertheless, lung cells edited by that approach are primarily epithelial 

cells instead of endothelial cells, which are the primary targets for most congenital lung 

diseases, including CF, AAT and SP. In addition, pulmonary delivery of gene editors is 

better suited to avoid gene editing in undesirable tissues/organs primarily associated with 

systemic delivery34. Together, these compelling results demonstrate the promising potential 

of RCB-4-8 LNPs for enabling CRISPR/Cas9 gene editing in the lung.

This work demonstrates the power of combining rational design and high throughput 

screening to improve the in vivo performance of ionizable LNPs for mRNA delivery. 

Previously we found that incorporating alkyne structures in the ionizable lipid tail could 

increase nanoparticle fusogenicity and thus facilitate the endosomal escape of mRNA 

cargos35. However, alkyne-containing ionizable lipids (e.g., A6) could only be effective 

when combined with a classical alkene-containing non-biodegradable ionizable lipid such as 

MC3 and cKK-E1235. In contrast, RCB-4-8 demonstrates that alkyne-containing ionizable 

lipids could also work solely to enable efficient mRNA delivery. Moreover, secondary 

carbonate groups in RCB-4-8 allow it to retain the advantages of branched tails for mRNA 

delivery while being more biodegradable than the lipids with secondary ester groups, which 

degrade relatively slowly in the physiological environment36. To make the intratracheal 

dosing of these LNP formulations more clinically relevant, we are currently working on 

improving the stability of LNP formulations for nebulization. We expect this will enable 

patients to receive gene therapy by simply inhaling the mRNA LNPs via a nebulizer. On the 

other hand, many lung diseases, such as CF, are characterized by the accumulation of thick, 

sticky mucus. This poses an additional challenge for pulmonary gene delivery. Future work 

will explore the performance of LNP formulations in diseased animal models with abnormal 

mucus.

In summary, we have synthesized and evaluated a library of 720 biodegradable ionizable 

lipids, among which RCB-4-8 was identified to enable highly efficient pulmonary mRNA 

delivery and gene editing in the lung, using an alkyne-containing ionizable lipid as the sole 

ionizable compound used for potent mRNA transfection. In contrast to DNA-based AAV 

delivery systems, which lead to lasting Cas9 expression, mRNA is relatively short-lived 

and limits the potential to accumulate off-target gene alterations. Furthermore, unlike AAV, 

LNPs offer the potential for repeat administration, which may be essential to achieving 

therapeutic editing levels in the lung. We have shown that RCB-4-8 can deliver a Cas9 

system to both ciliated and club epithelial cells in the lung, suggesting its potential to enable 

gene editing for various airway diseases, including CF (ciliated epithelial cells).

Additionally, we have developed a combined viral and non-viral delivery system for Cas9-

mediated gene editing in the lung, which provides a dual-delivery approach to limit off-

tissue targeting editing while limiting the expression of SpCas9. The RCB-4-8 LNP is an 
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efficient non-viral delivery system for gene editing in the lung epithelium and opens new 

avenues for treating congenital lung diseases. Further studies are underway to test whether 

RCB-4-8 LNP can transduce basal cells in the trachea of mice and non-human primates.

Methods

Materials and lipid library synthesis

All amines and other starting materials are purchased from Sigma-Aldrich, Enamine stores, 

TCI America, Alfa-Aesar, and Ambeed. High-throughput synthesis of lipids was carried out 

in 96 deep-well plates with glass inserts (molar ratio of amine/ricinoleic acrylate 1:1.1). The 

reactions were performed at 90 °C for two days, with conversions typically over 80%. These 

lipids were purified by flash column chromatography, and structures were confirmed by 1H 

and 13C 500 MHz NMR spectrometry. High-resolution mass spectra were obtained using a 

BioTOF High-Resolution Mass Spectrometry (HRMS) at the MIT Department of Chemistry 

Instrumentation Facility.

General Procedure A: synthesis of carbonates of ricinoleic acrylates (lipid tails# 1–10)

To a round bottom flask, (Z)-12-(((4-nitrophenoxy)carbonyl)oxy)octadic-9-en-1-yl acrylate 

(2.0 mmol, 1.0 equiv), DMAP (0.4 mmol, 0.2 equiv) and aliphatic alcohol (5.0 mmol, 2.5 

equiv) in DCM (20 mL) was added. After dissolving all the starting materials, DIPEA (6.0 

mmol, 3.0 equiv) was slowly, drop-wise added and stirred overnight at room temperature 

or until consumption of the starting material. The reaction mass was diluted with brine (20 

mL) and extracted with dichloromethane (3 X 100 mL). The organic layer was dried over 

anhydrous MgSO4 and concentrated in vacuo. Crude products were purified via SiO2 gel 

flash column chromatography using hexanes and ethyl acetate (30:1) as eluent to afford a 

carbonate-derived ricinoleic acrylate as a colourless liquid.

General Procedure B: synthesis of ionizable lipids

Into a 1-dram scintillation vial equipped with a magnetic stir bar was placed a carbonate-

derived ricinoleic acrylate (0.5 mmol, 2.5 equiv) and aliphatic amine (0.2 mmol, 1.0 

equiv). Generally, the ionizable lipids were synthesized with a molar ratio of amine/

ricinoleic acrylate carbonates in 1:2.5 and 1:1.25 equiv for primary and secondary amines, 

respectively. The vial was sealed with a silicone-lined screwcap and stirred at 90 °C 

for 2–3 days or until the complete conversion of the starting amine. Purification was 

achieved by flash column chromatography on an Isco Combiflash system eluting with 

a gradient (0–100%) Ultra (3% concentrated ammonium hydroxide, 22% methanol, 75% 

dichloromethane) in dichloromethane to afford carbonate-derived ricinoleic acrylate-based 

ionizable lipids (RCB- head group#-Tail group#).

Nanoparticle formulation

All lipids, except for the ionizable lipids, were purchased from Avanti. The benchmark 

ionizable lipid, DLin-MC3-DMA (MC3), was purchased from Cayman Chemical. LNPs 

were synthesized by mixing an aqueous phase containing the mRNA with an organic 

phase containing the lipids at a 3:1 volume ratio either by pipetting or in a microfluidic 

chip device19. The aqueous phase was prepared with mRNA in 10 mM citrate buffer 
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(pH 3.0, Fisher). All mRNAs were stored at −80 °C and were allowed to thaw 

on ice before use. The organic phase was prepared by solubilizing with ethanol a 

mixture of the synthesized ionizable lipid, helper phospholipids (1,2-dioleoyl-sn-glycerol-3-

phosphoethanolamine [DOPE] or 1,2-dioleoyl-3-trimethylammonium-propane [DOTAP]), 

cholesterol and C14-PEG2000 at predetermined molar ratios (35:16: 46.5: 2.5 for DOPE 

formulation19; 30:39:30:1 for DOTAP formulation20). LNPs for high-throughput in vitro and 

in vivo screening were prepared in a 96-well plate by directly adding the ethanol phase to 

the aqueous phase, followed by direct pipette mixing. RCB-4-8 LNPs for in vivo studies 

were all prepared using the microfluidic device. LNPs are compared with each other only 

when they are made by the same method. For in vitro studies, LNPs were directly incubated 

with cells without further dialysis. For in vivo studies, LNPs were mixed and dialyzed 

against 1X PBS in a 20,000 MWCO cassette (Thermo Fisher) at 4 °C for six hours before 

injection into mice.

LNP characterization

The size, polydispersity index, and zeta potentials of LNPs were measured using dynamic 

light scattering (ZetaPALS, Brookhaven Instruments). Diameters are reported as the 

intensity mean peak average. A modified Quant-iT RiboGreen RNA assay (Invitrogen) was 

used to calculate the mRNA encapsulation efficiency. Briefly, mRNA standard solutions 

with different concentrations were prepared in TE (Tris-EDTA) buffer. mRNA-LNP samples 

were eluted in TE to obtain a sample containing approximately 250 ng/mL mRNA. 

Similar standard mRNA solutions and mRNA-LNP samples were also made in TE buffer 

supplemented by Triton-X100 surfactant (10%). Into the microwells of a 96 well-plate, 

100 μL of each sample (including standard mRNA solutions and mRNA-LNP samples) 

was added, followed by the addition of 100 μL Ribogreen reagent (1:200 diluted). After a 

5-min incubation in the dark and at room temperature, fluorescence intensity was recorded 

using a Tecan Infinite M200 Pro plate reader, applying the excitation and emission at 485 

and 528 nm, respectively. The fluorescence obtained from mRNA-LNP samples dispersed 

in TE and TE/Triton-X100 was theoretically attributed to free (unencapsulated) and total 

mRNAs, respectively. Standard curves plotted using standard solutions in TE and TE/Triton-

X100 were utilized to convert fluorescence intensity to concentration (Conc). Finally, the 

encapsulation efficiency (EE%) was calculated according to the following formula: EE% = 

Conc total RNA−Conc free RNA / Conc total RNA.

In vitro high-throughput screening

LNPs loaded with 50 ng firefly luciferase mRNA (mLuc) were added to 96-well plates 

pre-seeded with A549 cells. After overnight incubation, the mLuc transfection efficiency 

was measured using Bright-Glo Luciferase Assay System (Promega) according to the 

manufacturer’s instructions. The fluorescence and luminescence were quantified using the 

Tecan Infinite M200 Pro plate reader.

In vitro gene editing study

293T cells stably expressing GFP were seeded into 48-well polystyrene tissue culture 

plates (Corning) at 50,000 cells per well in DMEM medium with 10% FBS. After 24h 

incubation, cells were transfected with 150ng of SpCas9 mRNA and 50ng of sgGFP 
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(20nt sequence: GCTGAAGCACTGCACGCCGT) encapsulated in LNPs, Lipofectamine™ 

MessengerMax Transfection Reagent (Invitrogen, Cat# LMRNA001), or Lipofectamine™ 

RNAiMAX Transfection Reagent (Invitrogen, Cat# 13778100) according to manufacturer 

instructions. 72h after transfection, GFP+/− cells were analyzed on an LSR HTS-II flow 

cytometer.

Animal studies

All animal experiments were authorized by the Division of Comparative Medicine at the 

Massachusetts Institute of Technology or the Institutional Animal Care and Use Committee 

(IACUC) at UMass medical school. Six-week-old female C57BL/6J mice and eight-week-

old Ai9 (strain #007909) mice from Jackson laboratory were used. A 14-hour light/10-hour 

dark cycle and a temperature of 65–75°F (~18–23°C) with 40–60% humidity were used.

In vivo batch-based testing

LNP mixtures within one classification group were mixed and dialyzed before injection 

into mice. Then, 0.5mg/kg mLuc RNA for batch analysis 1 (10 LNP mixtures in each 

group, intramuscular injection), 0.4mg/kg mLuc RNA per mouse for batch analysis 2 (8 

LNP mixtures in each group, intramuscular injection), 0.25mg/kg for batch analysis 3 

(intramuscular injection) and batch analysis 4 (intratracheal injection) were and injected 

for each lipid group. At 6h after LNP dosing, mice were subjected to the bioluminescence 

analysis.

Bioluminescence analysis

At 6h after the intramuscular or intratracheal administration of the mRNA LNPs, mice 

were injected intraperitoneally with 0.2 ml d-luciferin (10 mg/ml in PBS). The mice were 

anesthetized in a ventilated anesthesia chamber with 1.5% isofluorane in oxygen and 

imaged 10 min after the injection with an in vivo imaging system (IVIS, PerkinElmer). 

Luminescence was quantified using the Living Image software (PerkinElmer).

Generation of plasmid

AAV-sgA-sgB was generated through Gibson assembly, by combining the following three 

DNA fragments: (1) gBlock sgAi9L driven by U6, (2) gBlock sgAi9R driven by U6, (3) a 

MluI/EagI-digested AAV backbone. SpCas9 is expressed from our published single-stranded 

AAV vector with U1A promoter.31 Target sequences of the gRNAs are:

sgRNA.A: aaagaattgatttgataccg

sgRNA.B: gtatgctatacgaagttatt

AAV vector production

AAV vectors (AAV5 or scAAV5 capsids) were packaged at the Viral Vector Core of 

the Horae Gene Therapy Center at the University of Massachusetts Medical School. 31 

In brief, AAV vector plasmid carrying an expression cassette for the gene of interest 

flanked by AAV2 ITRs is co-transfected into HEK293 cells with a packaging plasmid 

and adenovirus helper plasmid. The packaging plasmid expresses regulatory proteins of 

Li et al. Page 9

Nat Biotechnol. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AAV2 and capsid proteins of the AAV5 serotype, which will excise the recombinant 

gene from the AAV vector plasmid, replicate the gene, and package the gene into AAV 

virions. Adenovirus serotype 5 E1, E2a, and E4 proteins, and VA I and II RNAs expressed 

from the adenovirus helper plasmid provide helper functions essential for rAAV rescue, 

replication, and packaging. The recombinant viruses are purified by standard CsCl gradient 

sedimentation method and desalted by dialysis. The vectors are quality control tested by 

ddPCR titration for DNase-resistant vector gene (vg) concentration using probe and primers 

targeting the poly(A) region of the vg and silver-stained SDS-polyacrylamide gel analysis to 

establish the purity of each lot.

Isolation of lung single cells

The single cells were generated with the lung dissociation kit (Miltenyi Kit: Catalog #: 

130-095-927). Briefly, the mouse lung was perfused with PBS and placed in a 10cm cell 

culture dish. The lung tissue was minced using scalpel blades and scissors and dissociated 

on a MACS tissue dissociator. GentleMACS program 37C_m_LDK_1 was run for 10mins, 

followed by another gentleMACS program m_lung_02. After the program’s termination, 

tubes were detached from the MACS tissue dissociator. Samples were centrifuged at 300g 

for 10min, after which the supernatant was removed. The cell pellets were resuspended in 

10ml BSA/PBS, +2.5ml buffer, and then filtered with 70 um strainers. The cell suspension 

was centrifuged at 500g for another 10 min and then resuspended in 2ml RBC lysis buffer 

after 10 min. Subsequently, the cell suspension was centrifuged at 300g for 10 min at 4°C. 

The final cell pellets were resuspended in 1ml BSA buffer for cell number counting and 

FACS analysis.

In vivo gene editing study

For gene editing in mouse lungs with RCB-4-8 LNPs-Cre mRNA, eight-week-old Ai9 mice 

were randomly allocated into three groups. The mice were injected with 60 μl RCB-4-8 

LNPs either once (day 0) or three times (day 0, 2, 4). For gene editing in mouse lungs with 

RCB-4-8 LNPs-SpCas9 mRNA/sgRNA, eight-week-old Ai9 mice were randomly allocated 

into four groups. The mice were injected with 60 μl RCB-4-8 LNPs at two types of doses 

(low: 0.5 mg/kg or high dose: 1 mg/kg; total RNA [4/1 mRNA/sgAi9, wt/wt]). To study the 

immunogenicity, 60 μl PBS containing 6×1010 vector genes (vg) of scAAV5 virus (dummy 

sequence) or scAAV5-sgA-sgB virus were delivered to mouse lung through intratracheal 

intubation one week before the LNP injection. Animals were sacrificed at the end of each 

experiment (3 days after the last injection). Lungs were fixed with formalin or stored at 

−80°C with OTC (TissueTek) freezing compound until further analyses. No sample size 

calculation was performed, and each group consisted of at least three mice for statistical 

analysis.

Immunohistochemistry (IHC) and immunofluorescence

For IHC studies, formalin-fixed, paraffin-embedded (FFPE) mouse lung samples were 

sectioned at 4 μm, deparaffinized, and the antigen was retrieved with ten mM citrate buffer 

for 9 minutes at 95°C. Then the slides were incubated overnight at 4 °C with anti-GFP (CST, 

Cat. #2956, 1:200) or anti-tdTomato (Rockland, Cat. #600-401-379, 1:300). Visualization 

was performed using the DAB Quanto kit (Fisher Scientific, Cat. # TA-125-QHDX) as 
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instructed by the manufacturer. 20 airways from 5 IHC images for each mouse were used to 

generate the average percentage.

For CCSP double staining, the slides were incubated overnight at 4 °C with an anti-

CCSP antibody (Santa Cruz, Cat. # SC-25555, 1:2000) and an anti-tdTomato antibody 

(ThermoFisher, Cat. #MA5-15257, 1:300). The sections were then incubated for one hour 

at room temperature with Alexa Fluor 488 Donkey anti-Rabbit IgG (CCSP) and Alexa 

Fluor 647 Donkey anti-mouse IgG (tdTomato). For acetylated tubulin double staining, Alexa 

Fluor 647 anti-acetylated tubulin antibody (Santa Cruz, Cat. # SC-23950, 1:200) and anti-

tdTomato antibody (Rockland, Cat. #600-401-379) were used. Nuclei were counterstained 

with DAPI. Images were acquired on a ZEISS confocal microscope (40X oil lens) and a 

Leica DMi8 imaging microscope.

For direct fluorescence imaging, lungs were fixed in 4% buffered paraformaldehyde 

overnight at 4°C, then equilibrated in 30% sucrose overnight at 4°C before freezing in 

OCT. Three non-consecutive sections from each organ sample were mounted with DAPI 

to visualize nuclei and imaged for DAPI, tdTomato, and GFP. A Leica DMi8 scanner at 

20X magnification was used to obtain and process the images. For quantification of editing, 

airways were identified in lung sections by morphology (thick ring of DAPI-stained nuclei), 

and particular areas were measured for classification into small (< 50,000 μm2) or large (> 

50,000 μm2). The total number of tdTomato+ cells and DAPI-stained nuclei were counted in 

each airway. Editing efficiency was calculated as tdTomato+ cells/DAPI-stained nuclei and 

expressed as a percentage.

Targeted amplicon deep sequencing

Code and primers used for deep sequencing data analysis are provided in the supplementary 

information. Genomic DNA (gDNA) was isolated for indel analysis from the frozen lung of 

Ai9 mice injected with AAV-sgA-sgB and LNP-SpCas9mRNA. Genomic loci spanning the 

target sites were PCR amplified with locus-specific primers carrying tails complementary 

to the Truseq adapters. Targeted amplicon deep sequencing libraries were prepared by two 

PCR steps. 200ng of gDNA was used for the 1st PCR using a Phusion master mix (Thermo) 

with locus-specific primers that contain tails. PCR products from the 1st PCR were used for 

the 2nd PCR with i5 primers and i7 primers to complete the adaptors and include the i5 

and i7 indices. All primers used for the amplicon sequence are listed in the Supplementary 

sequence below. PCR products were purified with Ampure beads (0.9X reaction volume), 

eluted with 25ul of TE buffer, and quantified by Tapestation and Qubit. An equal mole of 

each amplicon was pooled and sequenced using Illumina Miniseq. Amplicon sequencing 

data were analyzed with CRISPResso (https://crispresso.pinellolab.partners.org/). Briefly, 

demultiplexing and base calling were performed using bcl2fastq Conversion Software v2.18 

(Illumina, Inc.), allowing 0 barcode mismatches with a minimum trimmed read length of 

75. Alignment of sequencing reads to the Amplicon sequence (Supplementary Data 1) was 

performed using CRISPResso2 in standard mode using the parameters “−q 30”. For all 

experiments, indel frequency was calculated as the number of discarded reads divided by 

the total number of reads ((number of indel-containing reads)/(number of reference-aligned 

reads)).
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Statistical analysis

Statistical analyses for plotted data were performed using GraphPad Prism 9. The sample 

size was not pre-determined by statistical methods but rather based on preliminary data. 

Group allocation was performed randomly. In all studies, data represent biological replicates 

(n) and are depicted as mean ± s.d. as indicated in the figure legends. A two-tailed Student’s 

t-test or a one-way analysis of variance (ANOVA) was performed when comparing two 

groups or more than two groups, respectively, as indicated in the figure legends. In all 

analyses, P values < 0.05 were considered statistically significant.

Display items

The cartoons of lipid components, lipid nanoparticles, microfluidic chip, pipettes, mice, 

CRISPR-Cas9 and AAV in Fig.1d and Fig. 2i were created with BioRender.com.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Overview of the lipid nanoparticle synthesis and screening.
a, A illustration shows the three-component reaction (3-CR) of amine (headgroup), 

ricinoleic acrylate (linker), and alcohols (tail) for the high-throughput synthesis of lipids. b, 

The synthesis route of carbonate-based ionizable biodegradable lipids from Nitro Ricinoleic 

Acrylate (NRA). c, Structures of amine headgroups (72) and alcohol tails (10) in a 

combinatorial library of 720 biodegradable ionizable lipids. d, A schematic to illustrate the 

formulation of a newly designed RCB-4-8 LNP for pulmonary delivery of Cre-mRNA and 

CRISPR-Cas9 gene-editing tools. e, A549 cells were treated with mLuc-loaded LNPs. The 
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relative luciferase expression after incubating with mLuc LNPs overnight is shown in a heat 

map. f, The hit rate of each amine headgroup was calculated by the percentage of LNPs with 

luciferase expression > 50,000. g-j, Results of the in vivo batch-based testing, where batch 

1 analysis (g) determined the top-performing amine headgroup structures (intramuscular 

injection, 0.5 mg/kg mLuc, 10 LNP mixtures per mouse); batch 2 analysis (h) identified 

the top-performing lipid tail structures (intramuscular injection, 0.4 mg/kg, 8 LNP mixtures 

per mouse); batch 3 analysis (i) identified the individual lipids with top-performing mRNA 

delivery efficiency in the muscle (intramuscular injection, 0.25 mg/kg mLuc per mouse). 

Finally, batch 4 analysis (j) identified the individual lipids with top-performing mRNA 

delivery efficiency in the lung (intratracheal administration, 0.25 mg/kg mLuc per mouse). 

For all in vivo screening studies in c–f, results were obtained from two mice per group and 

presented as mean ± SD. k, Representative IVIS images of mouse lungs at 6 hr following 

intratracheal administration of MC3 or RCB-4-8 mLuc LNPs (0.125, 0.25, 0.5 mg/kg mLuc 

per mouse).
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Fig. 2 |. Gene editing in mouse lung with RCB-4-8 LNP-mRNA.
a, Measuring RCB-4-8 LNP-Cre-mRNA mediated editing using Lox-STOP-Lox tdTomato 

(Ai9) reporter mice. The Cre recombinase will delete the STOP cassettes and activate the 

tdTomato reporter. b, Ai9 mice were intratracheally administered with either one or three 

doses (over four days) of Cre-mRNA. To study the impact of AAV5 immunogenicity on 

the LNP, we delivered 6×1010 AAV5 with a dummy sequence in the mouse lung one week 

before dosing LNP-mRNA. Three days after the last dose, the lungs were collected and 

analyzed by flow cytometry (n=3 mice for each group). Results were obtained from three 
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mice and presented as mean ± SD. c, Representative native fluorescence images of lung 

sections are shown. Results were obtained from 3 independent experiments. Saline serves 

as a negative control. Scale bar: 100μm. d, Paraffin-embedded lung sections were stained 

with antibodies for tdTomato. e, Quantification of IHC in d. Results were obtained from 

three mice (n=5 sections per mouse) and presented as mean ± SD. ***P<0.001 by one-way 

ANOVA with Tukey’s multiple comparisons test. f. Genomic DNA was collected from mice 

(n=3/group) treated with LNP-Cre mRNA or controls. PCR was performed with primers 

flanking the Ai9 locus. WT: wide type. M, marker. g, Quantification of tdTomato+ club 

cells. Results were obtained from three mice (3 airways per mouse) and presented as mean 

± SD. h, Quantification of tdTomato+ ciliated cells. Results were obtained from three mice 

(3 airways per mouse) and presented as mean ± SD. i, Measuring RCB-4-8 LNP-SpCas9-

mRNA/sgRNA mediated NHEJ using Ai9 reporter mice. The sgAi9 or sgA and sgB will 

delete the STOP cassettes and activate the tdTomato reporter. Ai9 mice were intratracheally 

administered with low or high doses of SpCas9-mRNA/sgAi9. To develop a combined viral 

and non-viral delivery of CRISPR system components in vivo, we intratracheally delivered 

6×1010 scAAV5-sgA-sgB-GFP one week before dosing LNP-SpCas9-mRNA. Three days 

after the last dose, the lungs were collected. j-k, Quantification of tdTomato positive cells 

(k) and representative native fluorescence images of lung sections (j) are shown. LNPhigh-

SpCas9mRNA serves as a negative control. Scale bar: 100μm. n=9 sections from 3 mice. 

Error bars are S.D. Results were obtained from three mice (3 airways per mouse) and 

presented as mean ± SD.
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