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Abstract 

T cells help regulate immunity, which makes them an important target for RNA therapies. While 

nanoparticles carrying RNA have been directed to T cells in vivo using protein- and aptamer-based 

targeting ligands, systemic delivery to T cells without targeting ligands remains challenging. Given that T 

cells endocytose lipoprotein particles and enveloped viruses, two natural systems with structures that 

can be similar to lipid nanoparticles (LNPs), we hypothesized LNPs devoid of targeting ligands could 

deliver RNA to T cells in vivo. To test this hypothesis, we quantified how 168 nanoparticles delivered 

siRNA to 9 cell types in vivo using a novel siGFP-based barcoding system and bioinformatics. We found 

nanomaterials containing conformationally constrained lipids formed stable LNPs, herein named 

constrained lipid nanoparticles (cLNPs). cLNPs delivered siRNA and sgRNA to T cells at doses as low as 

0.5 mg / kg, and unlike previously reported LNPs, did not preferentially target hepatocytes. Delivery 

occurred via a chemical composition-dependent, size-independent mechanism. These data suggest the 

degree to which lipids are constrained alters nanoparticle targeting. They also suggest natural lipid 

trafficking pathways can promote T cell delivery, offering an alternative to active targeting approaches. 

Materials and Methods 

Nanoparticle Formulation. Nanoparticles were formulated using a microfluidic device[1] as previously 

described. Briefly, nucleic acids (siRNA, sgRNA and DNA barcodes) were diluted in citrate buffer while 

lipid-amine compounds, alkyl tailed PEG, cholesterol, and DSPC were diluted in 100% ethanol. PEG, 

cholesterol, and DSPC was purchased from Avanti Lipids. Citrate and ethanol phases were combined in 

a microfluidic device by syringe pumps at a relative flow rate of 3:1. 

DNA Barcoding. Each chemically distinct LNP was formulated to carry its own unique DNA barcode and 

siRNA. For example, LNP1 carried DNA barcode 1 and siGFP, while the chemically distinct LNP2 carried 

DNA barcode 2 and siGFP. Single stranded DNA sequences were purchased from Integrated DNA 

Technologies. To ensure equal amplification of each sequence, we included universal forward and 

reverse primer regions. Each barcode was distinguished using a unique 8 nucleotide sequence. We used 

156 distinct sequences designed to prevent sequence ‘bleaching’ on the Illumina MiniSeq sequencing 

machine. 

Nanoparticle Characterization. LNP hydrodynamic diameter was measured using a plate reader 

formatted dynamic light scattering machine (Wyatt). LNPs were diluted in sterile 1X PBS to a 
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concentration of ~0.06 µg/mL and analyzed. LNPs were only included if they formed monodisperse 

populations with diameter between 20 and 200nm. Particles that met these criteria were dialyzed with 1X 

phosphate buffered saline (PBS, Invitrogen), and were sterile filtered with a 0.22 μm filter.  

 

Animal Experiments. All animal experiments were performed in accordance with the Georgia Institute of 

Technology’s IACUC. C57BL/6J (#000664), GFP (#003291), and constitutive SpCas9 (#026179) mice 

were purchased from The Jackson Laboratory and used between 5-12 weeks of age. In all experiments, 

we used N=3-5 mice/group. Mice were injected intravenously via the lateral tail vein. The nanoparticle 

concentration was determined using NanoDrop (Thermo Scientific). 

 

Cell Isolation & Staining. Cells were isolated 72 hours (for screens and siRNA silencing) or 120 hours 

(for in vivo Cas9 gene editing) hours after LNP injection unless otherwise noted. Mice were perfused with 

20 mL of 1X PBS through the right atrium. As we previously described[2, 3], tissues were cut and placed in 

a digestive enzyme solution with Collagenase Type I (Sigma Aldrich), Collagenase XI (Sigma Aldrich) 

and Hyaluronidase (Sigma Aldrich) at 37 ºC for 45 minutes. Cell suspension was filtered through 70µm 

mesh and red blood cells were lysed. Cells were stained to identify populations and sorted using the BD 

FacsFusion in the Georgia Institute of Technology Cellular Analysis Core for in vivo experiments. The 

antibody clones used were: anti-CD31 (390, BioLegend), anti-CD45.2 (104, BioLegend), anti-CD68 (FA-

11, BioLegend), anti-CD19 (6D5, Biolegend), anti-CD3 (17A2, Biolegend), anti-CD8a (53-6.7, 

Biolegend), and anti-CD4 (GK1.5, Biolegend). Representative FACS plots are found in Supporting 

Information Figure 3. 

 

PCR Amplification for Illumina Sequencing. All samples were amplified and prepared for sequencing 

using nested PCR. 2 μL of primers were added to 5 μL of Kapa HiFi 2X master mix, and 3 μL template 

DNA/water. The second PCR added Nextera XT chemistry, indices, and i5/i7 adapter regions. Dual-

indexed samples were run on a 2% agarose gel to ensure that PCR reaction occurred before being 

pooled and gel purified. 

 

Deep Sequencing. Illumina sequencing was conducted in Georgia Institute of Technology’s Molecular 

Evolution core. Runs were performed on an Illumina Miniseq. Primers were designed based on Nextera 

XT adapter sequences.  

 

Barcode Sequencing Normalization. Counts for each particle, per cell type, were normalized to the 

barcoded LNP mixture applied to cells or injected into the mouse.  
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TNS Assay. The pKa of 11-A-M and 1-A-N was measured as previously described[3]. Briefly, a stock 

solution of 10mM HEPES (Sigma), 10mM MES (Sigma), 10mM sodium acetate (Sigma), and 140nM 

sodium chloride (Sigma) was prepared and pH adjusted with hydrogen chloride and sodium hydroxide to 

a range of pH between 4 and 10. Using 4 replicates for each nanoparticle at each pH, 140 µL pH-

adjusted buffer was added to a 96-well plate, followed by the addition 5 µL of 2-(p-toluidino)-6-

napthalene sulfonic acid (60 µg / mL). 5uL of each nanoparticle was added to each well. After 5 minutes 

of incubation under gentle shaking, fluorescence absorbance was measured using excitation 

wavelengths of 325 nm and emission wavelength of 435nm. 

 

RNA interference. siRNAs were chemically modified at the 2’ position to increase stability and negate 

immunostimulation. Seventy-two hours after injection, tissues were isolated and protein expression was 

determined via flow cytometry. GFP mean fluorescent intensity in PBS-treated mice was made 100%, 

and GFP expression in treated mice was normalized to that value. 

 

In vivo Cas9 Editing. Mice constitutively expressing SpCas9 were injected with cLNP carrying 2 mg / kg 

of sgGFP. 5 days after injection, cells were isolated via FACS. 

 

Data Analysis & Statistics. Sequencing results were processed using a custom R script to extract raw 

barcode counts for each tissue. These raw counts were then normalized with an R script prior for further 

analysis. Statistical analysis was done using GraphPad Prism 7; more specifically Paired 2-tail T-test or 

One-way ANOVAs were used where appropriate. Data is plotted as mean ± standard error mean unless 

otherwise stated. 

 

Data Access. All data are available upon request to james.dahlman@bme.gatech.edu. 
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Supplementary Figure 1. A) General synthesis for lipid 11A. B) Mass and NMR data 
for key ionizable lipids. C) 1H NMR spectra for Lipid 11A. D) 13C NMR spectra for Lipid 
11A. 
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Supplementary Figure 2. A) Sequence and chemical modifications of siGFP. 
Hydrodynamic diameter of LNPs plotted as a function of B) ionizable lipid type, C) molar 
percent of ionizable lipid, and D) phospholipid type.  
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Supplementary Figure 3. A) Representative FACs plots showing gating strategy for 
splenic CD3+ T cells. B) Cell-type specific markers.  
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Supplementary Figure 4. A) An example showing how enrichment is calculated. 
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Supplementary Figure 5. A) Normalized DNA delivery of LNPs plotted as a function of 
phospholipid. 2-way T test, **P<0.01. (B) Paired analysis of normalized DNA delivery of 
LNPs containing DSPC or DOPE. Paired 2-way T test, *P<0.05.  
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Supplementary Figure 6. A) Physical and chemical analysis of headgroups. B) 
Correlation of headgroup molecular weight and enrichment. C) Correlation of headgroup 
LogP and enrichment. D) Correlation of headgroup polar surface area and enrichment. 
E) Normalized delivery of LNPs formulated with different ionizable lipids sharing 
headgroup 11, but with different tail structures. F) Correlation of LNP diameter and 
normalized DNA delivery. 
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Supplementary Figure 7. Hydrodynamic diameter of LNPs plotted as a function of A) 
ionizable lipid type, and B) molar percent of ionizable lipid. C) Normalized delivery of in 
T Cells plotted against delivery show no correlations between size and delivery. 
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Supplementary Figure 8. Normalized GFP MFI of mice treated with either PBS, cLNP 
carrying 1.5 mg / kg siLuc, or cLNP carrying siGFP at a dose of 0.5 or 1.5 mg / kg in A) 
hepatocytes, B) liver immune cells, C) liver kupffer cells, D) liver endothelial cells, E) 
splenic monocytes, F) splenic B cells and G) bone marrow T cells, and H) liver T cells. I) 
Percent of T cells found in the bone marrow and liver.  
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Supplementary Figure 9. A) Biodistribution of 11-A-M across 4 different cells types in 
the spleen and B) liver using ddPCR barcodes. C) Biodistribution of 1-A-N across 4 
different cells types in the spleen and D) liver using ddPCR barcodes. 
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Supplementary Figure 10. A) Sequence and chemical modification for sgGFP. 
 



sg-EGFP: 5’ - gsgsgsCGAsGsGfsAfsGfsCfUGfUfUCAfCfCGgUUUUA 
GagcuagaaauagcaaGUUaAaAuAaggcuaGUccGUUAu 
cAAcsususgsasasasasasgugGscascscsgsasgsuscgsg susgscsususususu - 3’

A, G, U, C: RNA nucleotide
Nf: 2’-Fluoro nucleotide
a, g, u, c: 2’-O-Methyl nucleotide s: phosphorothioate



Supplementary Figure 11. A) Encapsulation efficiency of LNP 11-A-M with siGFP. 
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