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Abstract 

CRISPR/Cas9 ribonucleoprotein (RNP) complexes with transient therapeutic activity 

and minimum off-target effects have attracted tremendous attentions in recent years 

for genome editing and have been successfully employed in diverse targets. One 

ongoing challenge is how to transport structurally and functionally intact Cas9 protein 

and guide RNA molecules into cells efficiently and safely. Here we report a 

combinatorial library of disulfide bond-containing cationic lipidoid nanoparticles 

(LNPs) as carrier systems for intracellular Cas9/sgRNA delivery and subsequent 

genome editing. Nanoparticles with high efficacies of targeted gene knockout as well 

as relatively low cytotoxicities have been identified through in vitro screening. The in 

vivo biodistribution profiles were studied utilizing fluorescent dye labeled and RNP 

complexed LNPs. Results from this study may shed some light on the design of 

effective cationic lipidoids for intracellular delivery of genome editing platforms, as 

well as optimizing the nanoparticle formulations for further diseases modeling and 

therapeutic applications.  

 

Keywords: lipidoid nanoparticle; protein delivery; CRISPR/Cas9; genome editing  

  

Page 2 of 23Biomaterials Science



3 

 

Introduction 

Since 2013, as the microbial clustered regularly interspaced short palindromic repeat 

(CRISPR)-associated protein 9 (Cas9) adaptive immune system was successfully 

employed for genome editing in mammalian cells,
1, 2

 increased attention has been paid 

to the CRISPR/Cas9 technology. This system uses a complementary guide RNA 

(gRNA) molecule to target a specific DNA site in the genome and introduce a 

double-strand break (DSB) precisely at that position.
3, 4

 Gene knockout or knock-in 

could be achieved by subsequent repair of the DNA DSB through the nonhomologous 

end joining (NHEJ) or homology directed repair (HDR) processes.
5
 The 

CRISPR/Cas9 has dramatically changed the landscape of genome engineering over 

the last few years, while recent studies revealed some potential obstacles in translating 

CRISPR/Cas9 such as pre-existing adaptive immunity
6
 and p53-mediated damage 

response.
7
 Furthermore, great demands still exist for intracellular delivery systems 

that can introduce structurally and functionally intact Cas9 and gRNA into targeted 

cells and nucleus with high efficiency and minimum safety issues. Successful gene 

editing has been achieved by delivering either DNA (plasmid DNA and viral genome 

that encoding Cas9), mRNA or protein, and the advantages as well as disadvantages 

of delivering each cargo format have been summarized in recent reviews.
5, 8-10

 In 

general, delivering the Cas9:gRNA ribonucleoprotein (RNP) complex offers a most 

straightforward strategy and transient therapeutic activity with minimum off-target 

effects expected. In this context, physical methods including microinjection, 

electroporation, and acoustic-assisted transfection have been reported for 

CRISPR/Cas9 delivery,
11-13

 while in vivo applications are complicated by their 

invasive features and the need for direct physical access to the target cells and tissues. 

Covalent protein modification with targeting ligand (cell penetrating peptide and 

nuclear localization sequence)
14, 15

  and carrier-based (lipid and lipid-like (lipidoid) 

nanoparticles (LNPs),
16-18

 biopolymers,
19

 gold nanoparticles,
20-23

 and zeolitic 

imidazole frameworks,
24

 etc.) delivery strategies, on the other hand, have also been 

explored for CRISPR/Cas9 RNP complexes delivery. Among these, successful local 

delivery, including inner ear,
16

 tumor,
19

 and muscle,
21

 of CRISPR/Cas9 RNP 

complexes and subsequent genome editing have been reported by using cationic lipid 

nanoparticles, DNA nanoclews, and polymer modified gold nanoparticles, 

respectively. While systemic delivery of CRISPR/Cas9 RNP complex is still 

challenging, viral vectors have already been proved to be efficient for both gene 

knock-in and knockout through systemic administrations.
25-27

 Combinatorial libraries 

of cationic lipidoid nanoparticles are promising candidates for intracellular 

biomacromolecules delivery, as demonstrated by us
28-33

 as well as others.
34-38

 In this 

study, we further expand our disulfide bond containing biodegradable lipidoid 

library,
39

 by introducing an amide linker between the hydrophilic amine heads and 

aliphatic tail groups. The reducing reagents triggered degradation and cargo release 

behaviours of the bioreducible lipidoid nanoparticles have been studied previously 

and enhanced intracellular delivery efficiencies were obtained comparing with the 

non-degradable LNPs counterparts.
39

 Furthermore, these lipidoids have showed 

effectiveness for genome editing proteins (Cre recombinase and Cas9:sgRNA 
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complex) delivery both in vitro and in vivo (intracranial injection).
17

 LNPs were then 

fabricated though self-assembly procedures, and the intracellular delivery efficacy and 

cytotoxicity of CRISPR/Cas9 RNP complex loaded LNPs were examined. Top LNP 

candidates with best performances were identified and further utilized for in vivo 

biodistribution study through the systemic administration to Balb/c mice. The in vitro 

screening results as well as biodistribution profiles observed in this study were 

expected to shed some light on RNP/LNPs formulation optimization and further 

therapeutic applications.                                 

 
 

Fig. 1 (A) Synthetic route employed for lipidoids synthesis. (B) Intracellular delivery 

of Cas9:sgRNA RNP complex loaded LNPs for gene editing through generating DSB 

(double-strand break) in genome DNA. (C) Chemical structures of amine head (R) 

groups.   

 

Experimental 

General 

All chemicals used for lipidoids synthesis were purchased from Sigma-Aldrich and 

Oakwood Chemical without further purification unless otherwise noted. Fluorescent 

(-30)GFP-Cre recombinase, S. pyogenes Cas9 (spCas9) and single guide RNA 

(sgRNA) targeting GFP gene were produced according to our previously reported 

protocols.
17

 ATTO 550 labeled guide RNA was purchased from IDT and used for 

determination of RNP loading efficiency. 
1
H and 

13
C NMR spectra were recorded on a 

Bruker AVIII 500 MHz NMR spectrometer operated in the Fourier transform mode. 

Hydrodynamic sizes and polydispersity indexes were measured by Zeta-PALS particle 

size analyzer (Brookhaven Instruments). TEM images were taken on a FEI Technai 

Transmission Electron Microscope. HeLa-DsRed and GFP-HEK cells were cultured 

in Dulbecco’s modified eagle’s medium (DMEM, Sigma-Aldrich) with 10% fetal 

bovine serum (FBS, Sigma-Aldrich) and 1% penicillin-streptomycin (Gibco). 

Fluorescence profiles of HeLa-DsRed and GFP-HEK cells were analyzed using flow 

cytometer (BD FACS Calibur, BD Science, CA). Fluorescence biodistribution images 
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of whole mice body and collected organs were obtained using a PerkinElmer IVIS 

Spectrum CT Biophotonic Imager.  

 

Synthesis of lipidoids 

The lipidoid tails, O16B and N16B, were synthesized using the routes outlined in Fig. 

S1. The chemical structures of O16B and N16B were confirmed by 
1
H and 

13
C NMR 

spectra and the results are shown in Fig. S2 and S3. Then, the acrylate tails were 

reacted with amine head groups (R groups; 80, 87, 93, etc.) at 2.5/1 molar ratio in 

Teflon-lined glass screw-top vials for 48 h at 70 
o
C. The crude products were purified 

using a Teledyne Isco Chromatography system. 

 

Preparation of LNPs  

Following our previously reported protocol,
17

 lipidoid nanoparticles were fabricated 

for protein complexation and intracellular delivery. Briefly, lipidoid was combined in 

a clean vial with precalculated amount of cholesterol (Sigma-Aldrich), DOPE 

(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, Avanti Polar Lipids), DSPE-PEG2k 

(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000], Avanti Polar Lipids) at a 16/4/1/1 weight ratio. Lipid films were 

formed after evaporation of the organic solvent and 100 µL of ethanol was added. The 

mixture was then briefly sonicated to completely dissolve all materials. The ethanol 

solution was then added dropwise into 800 µL of sodium acetate buffer (25 mM, pH 

5.2) with continuous stirring. Finally, the mixture was transferred into a dialysis 

cassette (MWCO 3.5 kDa, Slide-A-Lyzer, ThermoFisher Scientific) and dialyzed 

against pure water to remove the ethanol. The fabricated LNPs were then stored at 4 
o
C for future use.        

 

Intracellular delivery of (-30)GFP-Cre/LNP 

A 48-well plate was seeded with HeLa-DsRed cells at an initial concentration of 

20000 cells per well dispersed in 250 µL of DMEM cell culture media and incubated 

for 24 h. The fabricated LNPs were mixed with (-30)GFP-Cre protein in PBS buffer 

and incubated for another 30 min under room temperature. The (-30)GFP-Cre/LNPs 

were then added into each well. The final concentration of (-30)GFP-Cre is 50 nM 

and lipidoid is 6.6 µg/mL. The cells were incubated for another 8 h and then analyzed 

by flow cytometry.  

 

Intracellular delivery of Cas9:sgRNA/LNP 

A 48-well plate was seeded with GFP-HEK cells at an initial concentration of 20000 

cells per well dispersed in 250 uL of DMEM media and incubated for 24 h. Cas9 and 

sgRNA were mixed in PBS at 1/1 molar ratio and left undisturbed for 20 min. LNPs 

were then added and the mixture was incubated for another 30 min under room 

temperature. The Cas9:sgRNA/LNP solution was then added to the plate and the plate 

was incubated for 48 h before flow cytometry analysis. The final concentrations of 

Cas9:sgRNA complex is 25 nM and lipidoid is 3.3 µg/mL.    
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MTT assay 

The cytotoxicity of the LNPs against GFP-HEK cells were measured via MTT assay. 

A 96-well plate was seeded with GFP-HEK cells at an initial concentration of 5000 

cells per well dispersed in 100 µL of DMEM media and incubated for 24 h. 

Cas9:sgRNA/LNP solution was added into the plate and the plate was incubated for 

another 48 h. MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide; 5 mg/mL in PBS) was added to each well and the cells were incubated for 

another 4 h at 37 
o
C. The media was then removed from each well, and 200 µL 

dimethyl sulfoxide (DMSO) was added to each well. The plate was gently agitated by 

an orbital shaker for 10 min and absorbance measurements were immediately read by 

a microplate reader (Molecular Devices, SpectraMax M2) at a wavelength of 570 nm.  

 

Hemolysis assay 

Human red blood cells (hRBCs) were washed with PBS buffer three times and 

collected after centrifugation at 1000 rpm for 5 min. The resulting stock solution was 

diluted 3 fold in PBS buffer to give the assay solution (~3% v/v hRBCs). Then, 90 µL 

of hRBCs assay solution was mixed with 10 µL of LNPs solutions (final 

concentration of lipidoids = 3.3 µg/mL) and incubated at 37 °C for 1 h. Then the 

mixture was centrifuged again and supernatant was collected. 10 µL of the 

supernatant was further diluted into 90 µL of PBS buffer, and the absorbance at 405 

nm (OD405) was recorded using a microplate reader (Molecular Devices, SpectraMax 

M2). The PBS buffer and Triton X-100 (1% v/v) were used as negative and positive 

controls, respectively. 

 

Biodistribution study 

All experiments with animals were performed according to the NIH guidelines for the 

care and use of experimental animals and were approved by the Tufts University 

Institutional Animal Care and Use Committee (IACUC). Cy7.5 labeled LNPs 

(lipidoid/Cholesterol/DOPE/DSPE-PEG2k-Cy7.5 = 16/4/1/1, weight ratio) were 

prepared for biodistribution study. Balb/c mice were housed in a temperature and 

humidity controlled facility with a 12 h light/dark cycle. Three mice in each group 

were injected with Cas9:sgRNA/LNPs formulations through the tail vein, with 50 µg 

Cas9 protein for each injection. Whole mouse body and major organs including heart, 

liver, spleen, lung and kidney from all groups were imaged using a PerkinElmer IVIS 

Spectrum CT Biophotonic Imager at different time intervals after the injection and 

results were analyzed using the Living Image Software.  

 

Results and discussion 

Lipidoids synthesis, LNPs fabrication and characterization 

The hydrophobic tails O16B and N16B were synthesized at first via the routes 

outlined in Fig. S1.
17, 39, 40

 The structures of the O16B and N16B tails were confirmed 

by 
1
H and 

13
C NMR spectra (Fig. S2 and S3). The tails were then reacted with 

commercially available amine heads (R groups; 80, 87, 93 etc.; Fig. 1C) to create 

amphiphilic lipidoids, as shown in Fig. 1A. Formulated lipidoid nanoparticles were 
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then prepared together with helper lipids including cholesterol, DOPE, and 

DSPE-PEG2k (lipidoid/cholesterol/DOPE/DSPE-PEG2k = 16/4/1/1, weight ratio), 

and complexed with (-30)GFP-Cre protein or Cas9:sgRNA RNP complex for further 

studies (Fig. 1B), following our previously reported procedures.
17

 

 
Fig. 2 (A) Averaged hydrodynamic sizes and (B) typical size distribution profiles of 

blank and Cas9:sgRNA RNP loaded LNPs.  

 

The hydrodynamic diameters and polydispersity indexes of blank and Cas9:sgRNA 

loaded LNPs were determined by dynamic light scattering (DLS) analysis. As shown 

in Fig. 2A, RNP loaded LNPs (Cas9:sgRNA/LNP) showed slightly size variations 

comparing to the blank LNPs, as both increases (80-N16B, 87-O16B, 87-N16B, etc.) 

and decreases (80-O16B, 93-N16B, 103-O16B, etc.) in averaged hydrodynamic 

diameter (<Dh>) were recorded. Furthermore, a clear majority of the blank and 

Cas9:sgRNA loaded LNPs tested have <Dh> values between 100 and 350 nm, which 

are considered to be suitable for intracellular delivery applications, and polydispersity 

indexes between 0.1-0.3 (Fig. S4), which further point to the uniformity and relative 

homogeneity of initial particle sizes as well as to a lack of evident aggregation of the 

blank and loaded LNPs. Typical diameter distribution profiles of blank (80-O16B, 

<Dh> = 202.8 nm, µ2/Г
2
 = 0.28; 80-N16B, <Dh> = 278.8 nm, µ2/Г

2
 = 0.33) and 
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Cas9:sgRNA loaded LNPs (Cas9:sgRNA/80-O16B, <Dh> = 187.8 nm, µ2/Г
2
 = 0.29; 

Cas9:sgRNA/80-N16B, <Dh> = 310.9 nm, µ2/Г
2
 = 0.30) are shown in Fig. 2B.  

 

Fig. 3 Typical TEM images of blank and Cas9:sgRNA loaded 80-O16B and 80-N16B 

nanoparticles. Scale bar = 100 nm.  

 

Then, the morphologies of LNPs were examined by transmission electron microscopy 

(TEM) and Fig. 3 and S5 show typical TEM images of blank and Cas9:sgRNA loaded 

80-O16B and 80-N16B LNPs. Spherical nanoparticles most likely vesicles/liposomes 

with lamellar phase bilayer structures were observed for both 80-O16B and 80-N16B 

LNPs, and their estimated mean sizes are 158.6 nm and 198.4 nm, respectively. The 

lipidoid vesicles which are also typical morphologies obtained from our previously 

synthesized cationic LNP libraries,
17, 33

 are hollow spheres with hydrophobic bilayer 

walls sandwiched by hydrophilic internal and external coronas.
41

 Negatively charged 

cargos such as (-30)GFP-Cre fusion protein or Cas9:sgRNA can form nanocomplexes 

with the LNPs mainly through electrostatic interaction. As shown in Fig. 3 and S5, the 

morphologies of Cas9:sgRNA/80-O16B and Cas9:sgRNA/80-N16B are similar to 

their blank counterparts and the estimated diameters are 151.8 nm and 232.2 nm, 

respectively. The RNP loading efficiencies of 80-O16B and 80-N16B LNPs were 

determined to be 95.3% and 97.4%, respectively, indicating most of the RNP 

molecules are complexed with the LNPs (Fig. S6). Furthermore, the averaged sizes of 

both blank and Cas9:sgRNA loaded LNPs determined by TEM observations are 

smaller than the hydrodynamic diameters obtained from DLS measurements, which is 

reasonable considering these TEM images are taken under dehydrated conditions. 
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Meanwhile, the aggregations of LNPs shown in TEM images (Fig. 3 and S5) are 

considered to be resulted from the drying/staining procedures during the sample 

preparation, which is also observed in previous studies.
33

          

 

Stability of blank and Cas9:sgRNA loaded LNPs 

The stability of blank and Cas9:sgRNA loaded LNPs were characterized by DLS and 

fluorescence measurements.
42

 Fig. 4A shows a representative example of the relative 

<Dh> value variations exhibited by 80-O16B, Cas9:sgRNA/80-O16B, 80-N16B and 

Cas9:sgRNA/80-N16B over 48 h of storage at room temperature. All the 

nanoparticles tested exhibit a change in <Dh> value of no greater than 25% at any of 

the 8 h intervals over the span of the study, indicating high stability with statistically 

insignificant aggregation over two days of storage at room temperature. Furthermore, 

the time-dependent DLS measurement results of the stability study for other 

Cas9:sgRNA/LNPs are shown in Fig. S7, from which, except for one particular 

condition Cas9:sgRNA/93-O16B, all the Cas9:sgRNA/LNPs showed good stability 

over 48 h of storage. Extended storage stability of nanoparticles were studied by using 

the fluorescence resonance energy transfer (FRET) pair, DiO 

(3,3'-Dioctadecyloxacarbocyanine perchlorate) and DiI 

(1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-cyanine perchlorate), loaded 

80-O16B, Cas9:sgRNA/80-O16B, 80-N16B and Cas9:sgRNA/80-N16B nanoparticles, 

following previously reported procedures.
42

 The FRET pair loaded LNPs were excited 

at the wavelength of DiO absorption (450 nm), fluorescence emissions of FRET 

donor (DiO) and acceptor (DiI) at 505nm and 575 nm were recorded, and FRET ratios, 

i.e. I575/(I575+I505) were calculated accordingly.
43

 Minor changes in the FRET ratio 

indicate the high kinetic stability of the self-assemblies and the degradation or 

dissociation processes of the supramolecular structures could induce significant 

variations of the FRET ratios. As shown in Fig. 4B, both the blank (80-O16B and 

80-N16B) and Cas9:sgRNA loaded nanoparticles (Cas9:sgRNA/80-O16B and 

Cas9:sgRNA/80-N16B) showed negligible FRET ratio (I575/(I575+I505)) variations, as 

<±5% variations after three days and <±12.5% variations after seven days of storage 

were observed, indicating the structure integrity and long-term storage stability of 

these blank and Cas9:sgRNA RNP complex loaded nanoparticles.   
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Fig. 4 Stability tests of blank and Cas9:sgRNA loaded 80-O16B and 80-N16B 

nanoparticles using (A) DLS and (B) fluorescence measurement. 

 

Internalization study using (-30)GFP-Cre protein model 

Negatively charged fluorescent recombinant protein (-30)GFP-Cre was used to 

complex with LNPs for the internalization study. (-30)GFP-Cre/LNPs were prepared 

at first following our previously reported procedures and the (-30)GFP-Cre protein 

was found to be loaded quantitatively into 80-O16B and 80-N16B LNPs (Fig. S6). 

Then the (-30)GFP-Cre/LNPs were incubated with HeLa-DsRed cells (Fig. 5A). The 

cells were harvested after 8 h of exposure (50 nM of (-30)GFP-Cre) and analyzed via 

flow cytometry to evaluate the internalization efficiencies as measured by 

GFP-positive cell percentages.
17, 33

 Lpf2k (Lipofectamine 2000, commercial available 

transfection reagent), naked (-30)GFP-Cre protein, and PBS treated samples were 

used as controls. As shown in Fig. 5B, negative controls ((-30)GFP-Cre and PBS) 

induced negligible GFP-positive cell portions, as less than 5.5% GFP-positive cells 

were recorded for both groups, while (-30)GFP-Cre/Lpf2k treated cells showed 46.5% 

of GFP-positive portion. As to the LNPs synthesized in this study, most of the 

(-30)GFP-Cre/LNPs could induce 15-88% of GFP-positive cells, and 55% of the 

LNPs (11 out of 20) performed better than or at a statistically similar level (≥~45%) to 
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the positive control, (-30)GFP-Cre/Lpf2k. LNPs with the highest transfection 

efficacies were identified as 87-N16B and 113-N16B, as these nanoparticles were able 

to readily facilitate the uptake of (-30)GFP-Cre, and the GFP-positive cells are 

determined as 84.6 and 87.7%, respectively. 123-N16B, 400-N16B, and 401-N16B 

also performed well, with 80.6%, 76.9%, and 76.0% of the cells being identified as 

GFP-positive, respectively. The typical flow cytometry profiles of 

(-30)GFP-Cre/LNPs and control groups are shown in Fig. 5C. Both the untreated and 

naked (-30)GFP-Cre treated cells showed low fluorescence intensities, while 

enhanced green fluorescence emission intensities were recorded from 

(-30)GFP-Cre/LNPs and (-30)GFP-Cre/Lpf2k treated cells. Furthermore, 

(-30)GFP-Cre/80-O16B and (-30)GFP-Cre/Lpf2k treated cells possessed similar 

fluorescence profiles and the mean fluorescence intensities are higher than that of 

(-30)GFP-Cre/80-O16B treated cells, which are all consistent with the results shown 

in Fig. 5B. Above all, using (-30)GFP-Cre fluorescent protein model, the LNPs were 

demonstrated to be efficient for intracellular protein delivery and top candidates could 

be identified as with comparable or even higher transfection efficacy as Lpf2k.  
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Fig. 5 (A) Intracellular delivery of fluorescent (-30)GFP-Cre protein into 

HeLa-DsRed cells using LNPs. (B) Delivery efficacies of (-30)GFP-Cre/LNPs. (C) 

Flow cytometry profiles of (-30)GFP-Cre protein loaded 80-O16B, 80-N16B, Lpf2k, 

and naked (-30)GFP-Cre treated HeLa-DsRed cells.   

 

Intracellular delivery of Cas9:sgRNA RNP complex 

The gene knockout study of the protein/LNPs nanocomplexes were performed using 

Cas9:sgRNA RNP complex targeting GFP gene as the cargo and GFP expressing 

HEK cells (GFP-HEK) as the cell model. Cas9:sgRNA/LNPs were fabricated 

following our previously reported procedures and incubated with GFP-HEK cells.
17, 33
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The fluorescence properties of the GFP-HEK cells were analyzed by flow cytometry 

after 48 h of exposure (25 nM of Cas9:sgRNA). Naked Cas9:sgRNA RNP complex, 

Cas9:sgRNA/Lpf2k and PBS treated cells were used as controls. In this study, LNPs 

yielding higher percentages of GFP negative cells are considered more effective, and 

therefore more desirable, at transfecting RNP complexes and editing GFP-HEK cells 

(Fig. 6A). As shown in Fig. 6B, naked Cas9:sgRNA RNP complex induced the same 

minimum level of GFP knockout as the other negative control, PBS, which is 

consistent with our previously reported results,
17

 as Cas9:sgRNA alone is not able to 

enter the cells efficiently. Lpf2k, on the other hand, could efficiently facilitate 

Cas9:sgRNA RNP complex enter into the GFP-HEK cells and 63.6% of GFP negative 

cells were observed. As to the O16B and N16B tailed LNPs, some LNPs (e.g. 

93-O16B, 93-N16B, 103-O16B) exhibited little to no transfection into the GFP-HEK 

cells, while 35% of the LNPs (7 out of 20) tested performed better than or at the 

comparable level as the Lpf2k. Most of the inefficient LNPs for Cas9:sgRNA RNP 

delivery (i.e. 93-O16B, 93-N16B, 103-O16B, 114-O16B, 401-O16B) also showed 

negligible efficacy for fluorescent (-30)GFP-Cre protein delivery in the internalization 

study (Fig. 5A and 5B), indicating these LNPs cannot be efficiently internalized into 

either GFP-HEK or HeLa-DsRed cell lines regardless the cargo proteins. On the other 

hand, LNPs with the best performance for intracellular Cas9:sgRNA RNP complex 

delivery were identified as 87-N16B, 103-N16B, and 400-O16B, as these 

nanoparticles were able to transfect the GFP-HEK cells and showed GFP knockout 

efficiencies ~70%. Additionally, 113-O16B and 113-N16B also performed well, as 

61.5% and 64.6% GFP knockout efficiencies were determined, respectively. Typical 

flow cytometry profiles of GFP-HEK cells treated by Cas9:sgRNA/80-O16B, 

Cas9:sgRNA/80-N16B, Cas9:sgRNA/Lpf2k, naked Cas9:sgRNA RNP complex and 

PBS are shown in Fig. 6C. Additionally, it was found that most of the LNPs with high 

Cas9:sgRNA RNP delivery efficacies (e.g. 87-N16B, 103-N16B, 400-O16B, 

113-O16B and 113-N16B; Fig. 6) are also proved efficacious for (-30)GFP-Cre 

delivery (Fig. 5), which demonstrated the possibility of using negatively charged 

fluorescent Cre recombinase as a potential cargo model for quick and high-throughput 

in vitro screening of lipidoid nanoparticles for intracellular delivery purposes.  
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Fig. 6 (A) Intracellular delivery of Cas9:sgRNA into GFP-HEK cells using LNPs. (B) 

GFP knockout efficacies of Cas9:sgRNA RNP loaded LNPs. (C) Flow cytometry 

profiles of Cas9:sgRNA RNP loaded 80-O16B, 80-N16B, Lpf2k, naked Cas9:sgRNA 

and PBS treated GFP-HEK cells. 

 

Cytotoxicity test and structure-activity relationship analysis 

In addition to intracellular transfection efficiency, cell compatibility should also be 

evaluated when developing bioactive cargo delivery systems.
44-47

 In this context, the 

MTT assay was employed for cytotoxicity test of the Cas9:sgRNA/LNPs against 

GFP-HEK cells. As shown in Fig. S8, after 48 h of exposure, Notably, 45% of the 
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Cas9:sgRNA/LNPs (9 out of 20) exhibited minimal cytotoxicity (cell viability >80%), 

with 93-O16B, 93-N16B, 103-O16B, 114-O16B and 114-N16B having the most 

favorable performance with respect to percentages of cells staying alive after 48 h of 

incubation. This is in dramatic contrast to the commercial Lpf2k, which is relatively 

toxic (cell viability 28.8% after 48 h of exposure). This indicates that many of the 

tested LNPs have cytotoxicities low enough to be considered potentially viable for 

genome editing protein delivering therapeutics with extended exposure time. 

As mentioned above, two important factors for determining which LNPs might be 

suitable for future protein-based therapies involving intracellular delivery are their 

ability to efficiently transfect cells to affect desired functional changes, and their 

ability to do so without harming or adversely affecting the cells’ normal 

functionalities. Fig.7A plots cell viabilities against GFP knockout efficacies of all 20 

LNPs studied here, with dotted lines denoting 50% and 25% values for cell viability 

and GFP knockout efficacy, respectively. In general, it is obvious that cell viability is 

negatively correlated with GFP knockout efficacy, which could potentially be 

expected because higher transfection efficiency probably stands for stronger 

interactions between the cells and foreign entities, i.e. LNPs, which could interfere 

with the homeostasis of the cell. Further analysis revealed that, among all the O16B 

and N16B tailed LNPs, 0% of the LNPs (0 out of 20) had poor cell viability and poor 

GFP knockout efficacy (lower left quadrant); this indicates that none of the LNPs 

studied here were purely toxic to the cells. 30% of LNPs (6 out of 20) had high cell 

viability and poor GFP knockout efficacy (upper left quadrant, naked Cas9:sgRNA 

RNP complex was found in this region), indicating these LNPs did minimal to harm 

the cells when compared with some of their counterparts, but also did not deliver the 

Cas9:sgRNA RNP complex to the targets effectively. 10% of the LNPs (2 out of 20) 

had low cell viability and high GFP knockout efficacy (lower right quadrant, Lpf2k 

was found in this region), meaning these LNPs delivered the complex to the cells 

effectively while also being fairly toxic. 60% of the LNPs (12 out of 20) showed 

relatively low cytotoxicity while high transfection efficacies (upper right quadrant), 

which demonstrates the effectiveness of the combinatorial methods in building 

lipidoids library for intracellular delivery applications. Detailing the upper right 

region further, 87-O16B (70.9% cell viability, 55.9% GFP knockout efficacy) and 

304-N16B (74.5%, 56.5%) were LNPs with high cell viability and adequate knockout 

efficacy, while 113-N16B (52.4%, 64.6%) and 87-N16B (55.4%, 69.7%) had 

adequate cell viability and high knockout efficacy. The best performing LNP 

identified was 103-N16B (82.4%, 68.6%), exhibiting a combination of both high cell 

viability and knockout efficacy. These LNPs found in the upper right quadrant of Fig. 

7A are considered to be strong candidates for future studies surrounding the delivery 

of Cas9:sgRNA RNP complexes based therapies. 
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Fig. 7 (A) The cell viability and GFP knockout efficacy of naked Cas9:sgRNA 

complex and Cas9:sgRNA loaded nanoparticles. (B) Relative hit rates of O16B and 

N16B tailed lipidoids with (green bars) >25% GFP knockout efficacy, (blue bars) >50% 

cell viability, and (black bars) >25% knockout efficacy and >50% cell viability after 

48h of exposure. 

 

The structure-activity relationship of the lipidoids was further explored. According to 

previous studies, the intracellular delivery efficiencies of LNPs are considered to be 

related to the chemical structures of amine heads (R groups), hydrophobic tails, 

substitution numbers, tail numbers and apparent pKa values, etc.
33, 36, 38

 In this study, 

the relationship between tail structures (O16B and N16B) and delivery performances 

(delivery efficacy and cytotoxicity) were investigated. For this analysis, LNPs 

with >25% of GFP knockout efficiencies and >50% cell viabilities after 48 h exposure 

were considered to be efficacious and less toxic LNPs, respectively, as shown in Fig. 

7A. The lipidoid library was categorized into two groups based on their hydrophobic 

tail structures (O16B and N16B), with each tail group making up 50% of the overall 

library. As there are 14 efficacious LNPs in total and 57.1% of them (8 out of 14) are 

with N16B tails, the relative hit rates of O16B and N16B LNPs for being efficacious 
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LNPs are determined to be -7.14% and 7.14%, as shown in Fig. 7B (green bars), 

meaning that lipidoids with O16B tails are underrepresented among LNPs with GFP 

knockout efficacy >25%, while lipidoids with N16B tails are overrepresented in this 

group. This result suggests that comparing to O16B tails, N16B tails are more 

associated with efficacious LNPs. As to the cytotoxicity of LNPs, 18 LNPs 

showed >50% cells viabilities, in which 55.6% are N16B tailed LNPs. Therefore, the 

relative hit rates for being less toxic LNPs for O16B and N16B tails are -5.56% and 

5.56% (Fig. 7B, blue bars), respectively, indicating N16B tailed LNPs are also 

overrepresented among the less toxic LNPs. Furthermore, LNPs with best 

performances are defined as LNPs that can both induce >25% GFP knockout 

efficiency and possess >50% cell viability, which are also represented in the upper 

right quadrant of Fig. 7A. Further analysis revealed that 12 LNPs are located in the 

best performance LNPs region and 66.7% are N16B tailed LNPs (8 out of 12). 

Accordingly, -16.67% and 16.67% are the relative hit rates determined for O16B and 

N16B tailed LNPs regarding being the best performance LNPs (Fig. 7B, black bars). 

Above all, these results indicate that, to all the lipidoids studied here as intracellular 

Cas9:sgRNA RNP delivery nanocarriers targeting GFP-HEK cell line, N16B tailed 

LNPs generally perform better than the O16B tailed LNPs at both GFP gene knockout 

efficiency and cell compatibility. This phenomenon may carry over to other 

genome-editing protein platforms and cell types, and may be taken into consideration 

when fabricating new LNPs for intracellular delivery purposes. Our future research 

would assess more amine head groups with combinations of O16B and N16B tails 

across other cell types and cargos to further test this hypothesis, exploit the 

structure-activity relationship regarding amine head groups, and broaden these LNPs’ 

applications as carrier systems for bioactive molecules.          

 

Hemolysis test and biodistribution study 

Considering using lipid or lipidoid nanoparticles for CRISPR/Cas9 RNP delivery 

through a systemic administration has not been reported yet,
26, 27

 the biodistribution of 

Cas9:sgRNA RNP complex loaded LNPs was further studied using fluorescent dye 

Cy7.5 labeled 103-N16B LNPs (103-N16B/Cholesterol/DOPE/DSPE-PEG2k-Cy7.5 

= 16/4/1/1, weight ratio). A better understanding of the biodistribution of LNPs after 

systemic delivery is expected to be beneficial to future in vivo therapeutic 

applications.
48-50

 The hemolysis test was conducted at first to verify the compatibility 

of the LNPs with blood cells.
51

 Human red blood cells were used for this study, in 

which Triton X-100 and PBS are used as positive and negative controls, respectively. 

Fig. S9 shows that although certain LNPs like 113-O16B and 113-N16B appeared to 

induce a minimal amount of hemolysis (3.79% and 6.80%, respectively), the majority 

of LNPs synthesized in this study were shown to induce a negligible amount of 

hemolysis (<4% of hemolysis effect) which indicating their good compatibility with 

red blood cells. After that, Balb/c mice (n=3) were injected with 50 µg of 

Cas9:sgRNA RNP loaded Cy7.5 labeled 103-N16B LNPs through the tail vein and 

fluorescence images were collected using a IVIS small animal imager. As shown in 

Fig. 8A, strong fluorescence signals were observed after the i.v. injections from 
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similar locations at 30, 120, 180 and 240 min time intervals for all 3 mice. After 240 

min, mice were sacrificed and major organs were collected and imaged. As shown in 

Fig. 8B and S10, positive signals were recorded from lung, liver, kidney and spleen, 

while the liver showed strongest signals (Fig. 8C and S10), indicating efficient 

accumulation of nanoparticles in the liver, which is a common phenomenon observed 

for drug delivery nanosystems.
52, 53

 From a therapeutic perspective, it is expected that 

the LNPs reported here could be used for liver delivery of CRISPR/Cas9 platforms by 

designing and utilizing guide RNA molecules that target functional genes in liver, e.g. 

PCSK9.
54

 And it is also possible that by further in vivo screening and formulation 

optimization, LNPs that could deliver RNPs into other organs with high specificity 

could be developed.     

 

Fig. 8 Fluorescence images of Cy7.5 labeled Cas9:sgRNA/103-N16B nanoparticles 

injected (A) Balb/c mice after 30, 120, 180 and 240 min and (B) organs collected after 

240 min of i.v. injection. (C) Normalized signal intensities of different organs.   

 

Conclusions 

In summary, lipidoids library containing O16B and N16B tails with disulfide bonds 

were synthesized and nanoparticles were fabricated. The hydrodynamic size, 
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morphology, and stability of these nanoparticles were examined by DLS, TEM and 

fluorescence measurements. The typical LNPs showed spherical shapes with the size 

between 100-300 nm before and after Cas9:sgRNA RNP complex loading, as well as 

good stabilities during storage. Then fluorescent protein (-30)GFP-Cre was used as 

macromolecular cargo model and complexed with LNPs for internalization efficiency 

study. It was found that many of the reported LNPs were able to induce efficient 

protein transfection into the cells at a rate equal or greater than an effective and 

commercially available transfect reagent, Lpf2k. Then Cas9:sgRNA RNP complex 

targeting GFP gene was complexed with LNPs and the gene knockout efficiency and 

cytotoxicity were studied. Efficacious LNPs with >25% GFP knockout efficiencies as 

determined by flow cytometry and less toxic LNPs with >50% cell viabilities as 

determined by MTT assay were identified and further analysis showed that LNPs with 

N16B tails are overrepresented in both groups. Furthermore, the relative hit rate of 

LNPs with N16B tails in the LNPs with best performance (with both >25% GFP 

knockout efficiencies and >50% cell viabilities) group were also found to be positive 

indicating these lipidoids are good candidates for further biomedical applications.
55-59

 

Hemolysis tests showed that these O16B and N16B tailed LNPs possess good 

compatibility with red blood cells and the in vivo biodistribution study revealed that 

the Cas9:sgRNA RNP complex loaded LNPs could efficiently accumulate into liver 

after the systemic administration (intravenous injection). Applications of gene editing 

in various areas,
19, 60-62

 such as genetic disorders, are undergoing.   
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