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Abstract

Efficient and safe delivery of the CRISPR/Cas system is one of the key challenges for genome-

editing applications in humans. Herein, we designed and synthesized a series of biodegradable 

lipidlike compounds containing ester groups for the delivery of mRNA-encoding Cas9. Two lead 

materials, termed N-methyl-1,3-propanediamine (MPA)-A and MPA-Ab, showed a tunable rate of 

biodegradation. MPA-A with linear ester chains was degraded dramatically faster than MPA-Ab 
with branched ester chains in the presence of esterase or in wild-type mice. Most importantly, 
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MPA-A and MPA-Ab demonstrated efficient delivery of Cas9 mRNA both in vitro and in vivo. 

Consequently, these biodegradable lipidlike nanomaterials merit further development as genome-

editing delivery tools for biological and therapeutic applications.
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INTRODUCTION

CRISPR/Cas9-mediated genome editing has been widely used as a powerful tool for 

biological and therapeutic applications.1–5 Adeno-associated virus-derived vectors and DNA 

nanoclews were reported to deliver plasmid-encoding CRISPR/Cas in a wide variety of cells 

and animal models.6–10 Yet, potential off-target effects are significant safety issues if Cas9 is 

present for a long time.11 One alternative approach is to express Cas9 protein using Cas9 

mRNA; however, efficient delivery of Cas9 mRNA is formidable due to its large size (up to 

4.5 k nucleotides), high density of negative charges, and weak tolerance of enzymes in 

serum.7 Hence, new biomaterials are needed to overcome these obstacles and to enable 

broad applications of CRISPR/Cas9.

Nanomaterials have shown great promise for delivery of diverse therapeutic and diagnostic 

payloads.12–16 Particularly, lipid and lipidlike nanoparticles (LNPs and LLNs) are 

representative biomaterials for efficient delivery of RNAs, including siRNA, miRNA, and 

mRNA.17–24 Recently, a few LLN-based delivery systems demonstrated efficient delivery of 

mRNAs for expression of functional proteins, including factor IX, erythropoietin, and 

Cas9.17,20,25–28 Yet, many lipidlike compounds are not considered biodegradable, which 

may lead to potential side effects. Previous studies reported that biodegradable bonds 

enabled rapid elimination of lipids from plasma and tissues and substantially improved their 

tolerability in preclinical studies.22,29 For example, the biodegradable lipids reported 

previously were well-tolerated at a dose of 10 mg/kg in mice, whereas nonbiodegradable 

lipids caused acute mortality at a similar dose.30 Hence, it is essential to develop new 

materials with high delivery efficiency and compatible biodegradability.
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RESULTS AND DISCUSSION

Design of Lipidlike Materials

We report the design, synthesis, and biological evaluation of biodegradable amino-ester-

derived LLNs for the delivery of Cas9 mRNA. As shown in Scheme 1, we installed four 

types of lipid chains, including two ester chains, one epoxide chain, and one acrylate chain 

on four amino cores, termed as N,N′-dimethyl-1,3-propanediamine (DMPA), N-methyl-1,3-

propanediamine (MPA), 1,3-propanediamine (PA), and N-(2-aminoethyl)-1,3-

propanediamine (AEPA). The linear and branched ester series are termed as 9-oxononanoic 

acid (Z)-non-2-en-yl ester (A) and 9-oxononanoic acid 2-ethyl-hexane-1-yl ester (Ab), 

respectively. The epoxide (E) and acrylate (O) series were reported previously for siRNA 

delivery,19,22 serving as control groups. We hypothesized that A and Ab series lipidlike 

compounds are biodegradable through interaction with esterases. Moreover, we are capable 

of tuning the hydrolysis rate by incorporation of functional groups with different steric 

effects (Scheme 1B).

Synthesis and Formulation of LLNs

First, we installed lipid chains A and Ab on the four amines through a reductive amination 

reaction to afford amino-ester-derived lipidlike compounds (Scheme 1A). Epoxide (E) and 

acrylate (O) series were synthesized according to the procedures reported previously.19,22 

The structures of the products were validated by 1H NMR spectroscopy and mass 

spectrometry (Supporting Information). According to the methods reported previously,
17–22,31 newly synthesized amino-ester-derived lipidlike compounds were formulated with 

2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), cholesterol (Chol), 1,2-dimyristoyl-

sn-glycerol, methoxypoly(ethylene glycol) (DMG-PEG2000), and Cas9 mRNA in an 

optimized molar ratio (lipid/DOPE/Chol/DMG-PEG2000 = 20/30/40/0.75).17 Particle 

properties, including particle size, zeta potential, and entrapment efficiency of Cas9 mRNA, 

were measured using a Zetasizer Nano ZS and a ribogreen assay (Figures 1A,B and S1). The 

size of these particles ranged from 119 to 184 nm with PDI <0.3. Most materials exhibited 

moderately positive charges except PA-A and PA-O, which were close to neutral (Figure 

S1). We speculate that slight structural alternations may affect their interactions with mRNA 

and particle formulation. The highest entrapment efficiency of mRNA was 94%.

In Vitro Delivery Efficiency of LLNs

Next, we evaluated the delivery efficiency of Cas9 mRNA in 293T cells that stably express 

enhanced green fluorescent protein (eGFP) and the corresponding eGFP guide RNA. 

Effective delivery of Cas9 mRNA induces cleavage of eGFP gene and consequently reduces 

the eGFP signals in these cells. We treated these 293T cells with newly formulated LLNs at 

a Cas9 mRNA dose of 50 ng per well in a 24-well clear bottom plate. After treatment for 48 

h, the eGFP signal was quantified using fluorescence-activated cell sorting (FACS) analysis. 

C12-200 was reported for delivery of Cas9 mRNA and showed effective gene editing, 

serving as a positive control.10 As shown in Figure 1C, the six types of LLNs displayed 

dramatic reduction of the eGFP signal, including MPA-A, MPA-Ab, MPA-E, PA-E, 

AEPA-E, and C12-200. Regarding lipid tails, the amino-ester and epoxide series are more 
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favorable than the acrylate series. With respect to amino cores, LLNs based on MPA 
exhibited a strong reduction of the eGFP signal. Importantly, MPA-A and MPA-Ab 
decreased the eGFP signal by 74 and 70%, respectively, which showed a higher delivery 

efficiency compared to that of other LLNs including C12-200 (p < 0.01 or 0.001), a lead 

material reported previously.10 Meanwhile, we observed the dose-dependent reduction of the 

eGFP signal (Figure S2, Cas9 mRNA: 12.5, 25, 50, and 100 ng/well). MPA-A and MPA-Ab 
showed a significantly higher delivery efficiency compared to that of C12-200 and MPA-E 
(Figure S2). To study the applicability of MPA-A and MPA-Ab, we then formulated them 

with mRNA-encoding Firefly luciferase (Fluc) and treated the Hep3B cells accordingly. 

Both MPA-A and MPA-Ab LLNs showed a higher efficiency than C12-200 and MPA-E 
LLNs (Figure S3). Furthermore, we examined the delivery efficiency of these materials for 

mRNA-encoding eGFP in 293T cells. All four nanomaterials (MPA-A, MPA-Ab, C12-200, 

and MPA-E LLNs) induced eGFP expression in over 98% of cells (Figure S4). MPA-A and 

MPA-Ab showed significantly higher delivery efficiency compared to that of C12-200 and 

MPA-E (Figure S4). To evaluate their cytotoxicity, we then performed MTT assays at four 

doses (12.5, 50, 100, and 200 ng/well). At the dose of 200 ng/well, MPA-A and MPA-Ab 
LLNs displayed a lower toxicity than that of C12-200 and MPA-E (Figure 1D, p < 0.01 or 

0.005) in 293T cells. A similar trend of cytotoxicity was detected in Hep3B cells (Figure 

S5). On the basis of these results, MPA-A and MPA-Ab were selected for further study.

In Vitro Biodegradability Study

Next, we investigated the biodegradability of MPA-A and MPA-Ab using MPA-E as a 

control group. The degradation assay was carried out at 37 °C using esterase according to 

the method reported in the literature.32 The amount of each compound was quantified 

through mass spectra analysis. As shown in Figure 2A, over 53% of MPA-A was degraded 

24 h after incubation, whereas 22% of MPA-Ab was degraded under the same conditions. In 

addition, MPA-E, a nonbiodegradable control, showed no significant change in mass spectra 

intensity after 24 h of treatment with the esterase. These results validated our design: that is, 

adjusting the ester chains with different steric effects is able to tune the degradation rate. 

Cryo-transmission electron microscopy (cryo-TEM) images revealed that both MPA-A and 

MPA-Ab LLNs were spherical, showing relatively homogenous particle sizes (Figure 2B).

In Vivo Delivery Efficiency of LLNs

Given the promising in vitro results, we next examined MPA-A and MPA-Ab LLNs for 

their delivery efficiency of Cas9 mRNA in vivo. We established a mouse xenograft tumor 

model using the 293T cells mentioned above. Nude mice bearing xenograft tumors were 

randomly divided into five groups (n = 4), and four groups were injected intratumorally, with 

two treated groups (MPA-A/Cas9 LLNs and MPA-Ab/Cas9 LLNs) and two control groups 

(MPA-A/Fluc LLNs and MPA-Ab/Fluc LLNs), at a dose of 2.5 µg/100 mm3 tumor; for the 

last group, MPA-Ab/Cas9 LLNs were injected intravenously at a dose of 0.88 mg/kg. Five 

days after treatment, the tumors were dissected and lysed. As mentioned above, the eGFP 

signal was quantified using FACS analysis. As shown in Figure 3, both MPA-A LLNs and 

MPA-Ab LLNs showed significant suppression of the eGFP signal compared to that of the 

control groups (statistically significant), demonstrating efficient delivery of Cas9 mRNA in 
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vivo. MPA-Ab LLNs (41% reduction of eGFP signal) were more potent than MPA-A LLNs 

(20% reduction of eGFP signal) when injected intratumorally. Moreover, MPA-Ab LLNs 

also showed reduction of the eGFP signal (18%, statistically significant) after intravenous 

injection.

In Vivo Biodegradability and Histology Study

Finally, we evaluated the biodegradability of MPA-A and MPA-Ab in C57BL/6 mice as 

well as their histology. After MPA-A and MPA-Ab LLNs were administered intravenously, 

the lipid levels in the blood and liver were measured at various time points using mass 

spectrometry. The data were normalized as the percentage of the lipid level in blood at the 

first time point (10 min post injection) for each compound. As shown in Figure 4A, both 

MPA-A and MPA-Ab LLNs exhibited rapid clearance from blood in the first hour. In the 

liver, MPA-A showed minimum accumulation, whereas MPA-Ab reached the peak level at 

1 h post injection and afterward displayed an evident clearance from 6 to 24 h. Moreover, we 

observed no evident changes in clinical appearance in the MPA-A- and MPA-Ab-treated 

groups compared to that in the untreated mice. Histopathology analysis indicated no 

apparent damage to the organs tested (Figure 4B).

CONCLUSIONS

In summary, we designed and synthesized a series of biodegradable amino-ester LLNs for 

Cas9 mRNA delivery. By tuning the functional groups on the ester chains, we were capable 

of controlling the rate of their biodegradability. The more the steric effects in the chains, the 

slower the degradation rate. Both MPA-A and MPA-Ab showed a higher delivery efficiency 

for Cas9 mRNA compared to that of the E & O series LLNs and C12-200, a lead material 

reported previously. Moreover, they were less toxic than C12-200 in the cells tested. In vivo 

studies further demonstrated that MPA-A and MPA-Ab LLNs exhibited efficient delivery of 

Cas9 mRNA. Taken together, these amino-ester LLNs offer promising genome-editing 

delivery tools for future biological and therapeutic applications.

EXPERIMENTAL SECTION

Synthesis of Nanomaterials

Ester chains A and Ab were synthesized according to the methods reported previously.33,34

General Method for the Synthesis of DMPA-A, MPA-A, MPA-Ab, PA-A, and AEPA-A

Excess amounts of A or Ab and 0.1 mmol corresponding amine were stirred in 5mL of 

anhydrous tetrahydrofuran at RT. After adding NaBH(OAc)3, the reaction mixture was 

stirred at RT for 12 h. After the solvent was evaporated, the residue was purified by column 

chromatography using a Combiflash Rf system with a gradient elution from 100% CH2Cl2 

to CH2Cl2/MeOH/NH4OH (75/22/3 by volume) to give the products.

Method for the Biodegradation Assay

For the in vitro assay, MPA-A, MPA-Ab, and MPA-E were dissolved with acetone to obtain 

3.24 mol/L stock solutions. The stock solution (15 µL) was then added into 485 µL of PBS 
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with or without esterase (0.8 mg/mL) and bile salt (5 mg/mL) in a 1.5 mL sealed tube and 

shaken at 37 °C for fixed times, such as 0, 3, 6, and 24 h. The degradation was stopped by 

adding 1mL of dichloromethane. The organic phase was used for mass spectrometry 

analysis (Bruker amaZon ETD). The degradation percentage was calculated by the intensity 

of the molecular ion peak using Compass OpenAccess mass spectrometry software. For the 

in vivo assay, the freshly prepared LLNs were injected intravenously at a mRNA dose of 1 

mg/kg. Three mice were used for each treatment group at each time point. The blood and 

liver were harvested at 10 min, 1, 3, 6, and 24 h after injection. Samples were then prepared 

immediately for mass spectral analysis. Blood (20 µL) or liver (20 mg) was added to 1 mL 

of MeOH and 0.5 mL of CH2Cl2 and shaken vigorously for 5 min. After filtration, the 

solutions were used for mass spectrometry analysis (Bruker amaZon ETD).

Formulation of mRNA-Loaded LLNs

LLNs were formulated with DOPE, Chol, DMG-PEG2000 (molar ratio 20/30/40/0.75), and 

Cas9 mRNA, Fluc mRNA, or eGFP mRNA via pipetting for in vitro studies or via a 

microfluidic-based mixing device (Precision NanoSystems) for in vivo studies. For in vivo 

studies, the freshly prepared LLNs were dialyzed in PBS buffer using Slide-A-Lyzer dialysis 

cassettes (3.5 K MWCO; Life Technologies, Grand Island, NY). The particle size and zeta 

potential of LLNs were measured using a Nano ZS Zetasizer (Malvern, Worcestershire, 

U.K.) at a scattering angle of 173° and a temperature of 25 °C. The entrapment efficiency of 

LLNs was determined using the Ribogreen assay reported previously.19,35

Cryo-TEM

Cryo-TEM specimens were prepared by thin-film plunge freezing.36 A small aliquot (2.5 

µL) of MPA-A or MPA-Ab LLNs was applied to a C-flat TEM grid (EMS, Hatfield, PA) 

inside a FEI Mark IV Vitrobot (FEI, Hillsboro, OR). After the blotting process using filter 

papers, the grid was immediately plunged into liquid ethane to achieve vitrified electron-

transparent thin films. The grid was transferred under liquid nitrogen in a cryotransfer 

station to a Gatan 626.DH cryo-TEM holder (Gatan, Pleasanton, CA). The cryo-TEM holder 

was loaded into a Tecnai F20 S/TEM (FEI, Hillsboro, OR), and the specimen temperature 

was maintained at <170 °C. Cryo-TEM images were recorded using a Gatan Ultrascan 4 K 

CCD camera under low-dose conditions.

MTT Assay

Cytotoxicity assays were performed in triplicate, and the cell viability of each treatment 

group was normalized to untreated cells. For the 293T and Hep3B cell lines, the cells were 

grown in 96-well plates, 24 h prior to treatment, at a density of 1 × 104 cells/well. After 

incubation with MPA-A, MPA-Ab, C12-200, or MPA-E LLNs at four mRNA doses of 

12.5, 50, 100, and 200 ng for 48 h, MTT was added to each well and the cells were then 

incubated for 4 h at 37 °C. The medium was then removed, and 150 µL of dimethyl 

sulfoxide was added. After shaking for 10 min, the absorbance at a wavelength of 570 nm 

was measured on a SpectraMax M5 microplate reader.
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In Vitro Delivery of Cas9 mRNA

293T cells that stably express eGFP and corresponding gRNA were seeded in 24-well clear 

bottom plates (2 × 104 cells/500 µL). After 24 h incubation, 5 µL LLNs containing Cas9 

mRNA were added in test groups (50 ng/well) and PBS was added in control groups. After 

48 h of treatment, the cells were collected and the eGFP signal was quantified with a BD 

LSR II flow cytometry analyzer (BD Biosciences, San Jose, CA).

In Vivo Studies of MPA-A and MPA-Ab LLNs for Cas9 mRNA Delivery

All procedures used in animal studies were approved by the Institutional Animal Care and 

Use Committee (IACUC) at the Ohio State University and were also consistent with local, 

state, and federal regulations as applicable. NU/J, homozygous female mice (9 weeks old) 

were purchased from the Jackson Laboratory. To establish the xenograft model, 100 µL of 

293T cells (3 × 107/mL) that stably express eGFP and the corresponding gRNA were 

suspended in PBS and subcutaneously injected into the right flank of the mice. When the 

subcutaneous nodule reached approximately 800 mm3 in size, the mice were euthanized and 

subcutaneous tumors were harvested. The tumorlike bulge was carefully isolated to remove 

fat and necrotic tissues and cut into small pieces (approximately 2 mm3 in diameter) under 

aseptic conditions. Each individual piece was inserted into the right incision of each receptor 

mouse made by surgical scissors. The incision site was immediately closed with one drop of 

3M Vetbond tissue adhesive. Three weeks later, the mice inoculated with tumorlike tissue 

were randomly divided into five groups (n = 4) and injected intratumorally for four groups 

with lipid particles, MPA-A/Cas9 and MPA-A/Fluc (control) or MPA-Ab/Cas9 and MPA-
A/Fluc (control) (0.05 mg/mL, 50 µL/100mm3); for the last group, MPA-Ab/Cas9 LLNs 

were injected intravenously at a mRNA dose of 0.88 mg/kg. Five days after treatment, the 

tumorlike bulges were isolated and dissociated with a Tumor Dissociation Kit_human 

(Miltenyi Biotec). The eGFP signal was measured with a BD LSR II flow cytometry 

analyzer (BD Biosciences, San Jose, CA).

Histology Study

Freshly prepared LLNs were injected intravenously at a dose of 1 mg/kg. After treatment for 

6 h, the organs, including the heart, liver, spleen, lung, and kidney, were harvested. After 

being fixed in 10% formaldehyde solution for 12 h, these organs were stored in 70% ethanol. 

Tissues were then embedded into paraffin, sectioned, and imaged on an ECLIPSE Ti 

inverted fluorescence microscope (Nikon, Japan).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterizations of amino-ester LLNs: (A) Particle size. (B) Entrapment efficiency of Cas9 

mRNA. (C) Delivery of Cas9 mRNA using amino-ester LLNs in vitro. Control: phosphate-

buffered saline (PBS). (D) Cell viability through a 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) assay in 293T cells (triplicate; *P < 0.05; **P < 0.01; ***P < 

0.001; n.s., P > 0.05; t test, double-tailed).
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Figure 2. 
(A) Degradation rate in esterase solutions: treated group with esterase (solid circle) and PBS 

control without esterase (hollow circle). Over 53% of MPA-A was degraded after 24 h 

incubation, whereas 22% of MPA-Ab was degraded. No significant degradation was 

observed for MPA-E, a nonbiodegradable control group.(triplicate; *P < 0.05; **P < 0.01; t 
test, double-tailed). (B) Cryo-TEM images of MPA-A and MPA-Ab LLNs. Scale bar: 100 

nm.
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Figure 3. 
In vivo delivery of Cas9 mRNA. Both MPA-A and MPA-Ab LLNs encapsulating Cas9 

mRNA significantly reduced the eGFP signal in a mouse xenograft model (n = 4; *P < 0.05; 

**P < 0.01; ***P < 0.001; t test, double-tailed).
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Figure 4. 
(A) Biodegradability of MPA-A and MPA-Ab LLNs through in vivo phamarcokinetic study. 

Relative concentration–time profiles of lipids in blood and liver (normalized with mass 

intensity in blood 10 mins post injection). (B) Histology images of hearts, livers, spleens, 

lungs, and kidneys from mice treated with MPA-A and MPA-Ab LLNs. Control: untreated 

mice.
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Scheme 1. 
(A) Synthesis of Amino-Ester-Derived Lipidlike Compounds; (B) Rationale of 

Biodegradability for Newly Synthesized Lipidlike Compoundsa

aWe anticipate that MPA-A and MPA-Ab will be degraded to metabolites 1 and 2 by 

esterases.
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