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Materials and Methods  
 
Cre mRNA synthesis 
mRNA was synthesized as described previously39. Briefly, the mRNA sequence was ordered as 
a DNA gBlock from Integrated DNA Technologies (IDT) containing a 5’ UTR with Kozak 
sequence, a 3’ UTR derived from the mouse alpha-globin sequence, and extensions to allow for 
Gibson assembly. The sequence was human codon-optimized using the IDT website. The 
sequences of the GPI anchor and nano-luciferase have been previously stated39. The gBlock 
was then cloned into a PCR-amplified pMA7 vector through Gibson assembly using NEB 
Builder with 3 molar excess of insert. All reaction transcripts were 0.8% agarose gel purified 
prior to assembly reaction. Subsequent plasmids from each colony were Sanger sequenced to 
ensure desired sequence fidelity. Plasmids were linearized with NotI-HF (New England BioLabs, 
NEB) overnight at 37 °C. Linearized templates were purified by ammonium acetate (Thermo 
Fisher Scientific) precipitation before being rehydrated with nuclease-free water. In vitro 
transcription (IVT) was performed overnight at 37 °C using the HiScribe T7 kit (NEB) following 
the manufacturer’s instructions (N1-methyl-pseudouridine modified). RNA product was treated 
with DNase I (Aldevron) for 30 min to remove template and purified using lithium chloride 
precipitation (Thermo Fisher Scientific). RNA was heat-denatured at 65 °C for 10 min before 
being capped with a Cap1 structure using guanylyl transferase (Aldevron) and 2’-O-
methyltransferase (Aldevron). Transcripts were then polyadenylated enzymatically (Aldevron). 
mRNA was then purified by lithium chloride precipitation, treated with alkaline phosphatase 
(NEB), and purified again. Concentrations were measured using a NanoDrop. mRNA stock 
concentrations were 3–5 mg/mL. Purified RNA products were analyzed by gel electrophoresis to 
ensure purity. 
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aVHH mRNA synthesis 
mRNA was synthesized as previously described29-31. In summary, the GPI- anchored VHH 
sequence was ordered as a DNA gBlock from IDT containing a 3’ UTR derived from the mouse 
alpha-globin sequence, 5’ UTR with Kozak sequence, and extensions to allow for Gibson 
assembly. The sequence was human codon-optimized using the IDT website. The gBlock was 
then cloned into a PCR amplified pMA7 vector through Gibson assembly using NEB Builder with 
3 molar excess of insert. Gibson assembly reaction transcripts were 0.8% agarose gel purified 
prior to assembly reaction. Subsequent plasmids from each colony were Sanger sequenced to 
ensure sequence identity. Plasmids were digested into a linear template using NotI-HF (New 
England BioLabs) overnight at 37°C. Linearized templates were purified by ammonium acetate 
(Thermo Fisher Scientific) precipitation before being resuspended with nuclease-free water. IVT 
was performed overnight at 37 °C using the HiScribe T7 kit (NEB) following the manufacturer’s 
instructions (full replacement of uracil with N1-methyl-pseudouridine). RNA product was treated 
with DNase I (Aldevron) for 30 min to remove template and purified using lithium chloride 
precipitation (Thermo Fisher Scientific). RNA transcripts were heat denatured at 65 °C for 10 
min before being capped with a Cap1 structure using guanylyl transferase (Aldevron) and 2’-O-
methyltransferase (Aldevron). Transcripts were then polyadenylated enzymatically (Aldevron). 
mRNA was then purified by lithium chloride precipitation, treated with alkaline phosphatase 
(NEB), and purified a final time. NanoDrop was used to measure RNA concentration; mRNA 
stock concentrations were between 2 and 4 mg/mL and the mRNA stock was stored at -80°C. 
Purified RNA products were analyzed by gel electrophoresis to ensure purity.  
 
Nanoparticle Formulation 
Nanoparticles were formulated using a microfluidic device as previously described40. Cre mRNA 
and DNA barcodes were diluted in 10 mM citrate buffer (Teknova). DNA barcodes were 
purchased from IDT. cKK-E12 was purchased from Organix Inc. (O-8744). PEGs, cholesterol, 
and helper lipids were diluted in 100% ethanol and purchased from Avanti Lipids. Citrate and 
ethanol phases were combined in a microfluidic device by syringes (Hamilton Company) at a 
flow rate of 3:1.  
 
Nanoparticle Characterization 
The diameter and polydispersity of the LNPs were measured using dynamic light scattering 
(DLS) (DynaPro Plate Reader II, Wyatt). LNPs were diluted in sterile 1X PBS and analyzed. To 
avoid using unstable LNPs, and to enable sterile purification using a 0.22 μm filter, LNPs were 
included only if they met 3 criteria: diameter >50 nm, diameter <200 nm, and correlation function 
with 1 inflection point. For screens, particles that met these criteria were pooled into respective 
groups. Particles were dialyzed in Slide-A-Lyzer G2 20 kD dialysis cassettes (Thermo Scientific) 
and then dialyzed in Float-A-Lyzer G2 100 kD dialysis cassettes (Millipore Sigma). The 
nanoparticle concentration was determined using NanoDrop (Thermo Scientific).  
 
Encapsulation efficiency  
Encapsulation was measured according to Precision NanoSystems RiboGreen assay protocol. 
In duplicates, 50 μL of 6 ng/μL LNP was added to 50 μL of 1X TE (Thermo Fisher) or 50 μL of 
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solution containing a 1:50 dilution of Triton X-100 (Sigma Aldrich). Following 10 minutes of 
incubation at 37 °C, 100 μL of 1:100 of RiboGreen reagent (Thermo Fisher) was added to each 
well. The fluorescence was quantified using a plate reader (BioTek Synergy H4 Hybrid) at an 
excitation wavelength of 485 nm and an emission wavelength of 528 nm.  
 
Zeta Potential (ZP) 
The zeta potential of LNPs was measured using a Malvern Zetasizer Nano Z. Eight hundred 
microliters of the particles were loaded into a Malvern disposable folded capillary cell and the 
following settings were executed: material refractive index of 1.4, absorbance of 0.01, 
dispersant viscosity of 0.882cp, refractive index of 1.33, and dielectric constant of 79.  
 
TEM imaging 
The lipid nanoparticles were received in an aqueous solution. Ten microliters of solution was 
dropped onto a copper TEM grid covered with Formvar support film and stabilizing carbon. The 
excess solution was blotted with filter paper and the negative stain was added. The particles 
were stained for 1-2 minutes, using either 2% phosphotungstic acid or UranyLess (Electron 
Microscopy Sciences, Hatfield, PA) then blotted and allowed to air dry for several minutes 
before examination in the TEM (JEOL, Tokyo, Japan) at 100 kV.  
 
TNS Assay 
The pKa of Cat-LNP, Neu-LNP, and An-LNP was measured as previously described40. A stock 
solution of 10 mM HEPES (Sigma Aldrich), 10 mM MES (Sigma Aldrich), 10 mM sodium acetate 
(Sigma), and 140 mM sodium chloride (Sigma Aldrich) was prepared and pH adjusted with 
hydrogen chloride and sodium hydroxide to the following pH: 3, 4, 5, 6, 7, 8, 9, 10. Using four 
replicates for each pH, 140 μL pH-adjusted buffer was added to a 96-well plate, followed 
by adding 5 μL of 2-(p-toluidino)-naphthalene-6-sulfonic acid (60 μg/mL). Five microliters of LNP 
was added to each well. After 5 minutes of incubation at 300 rpm, fluorescence absorbance was 
measured using excitation wavelengths of 325 nm and emission wavelength of 435 nm using a 
plate reader (BioTek Synergy H4 Hybrids) 
 
Animal Experiments 
All animal experiments were performed in accordance with the Georgia Institute of Technology’s 
IACUC. All animals were housed in the Georgia Institute of Technology Animal Facility. Ai14s 
were bred at the Georgia Institute of Technology Animal Facility. C57BL/6J (B6/000664) were 
purchased from Jackson Laboratories. In all experiments, we used N = 2-4 mice/group, unless 
otherwise noted. 
 
Cell Isolation & Staining 
Cells were isolated 24 or 96 hours after injection with LNPs, unless otherwise noted. Mice were 
perfused with 20 mL of 1X PBS through the right atrium. Tissues were finely cut, and then 
placed in a digestive enzyme solution with collagenase type I (Sigma Aldrich), collagenase XI 
(Sigma Aldrich) and hyaluronidase (Sigma Aldrich) at 37 ºC at 550 rpm for 45 minutes. The 
digestive enzyme for heart included collagenase IV. For the spleen, 1X PBS without digestive 
enzymes was used. Cell suspension was filtered through 70 μm mesh, and red blood cells were 
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lysed. Fc receptors were blocked (TruStain fcXTM anti-mouse CD16/32, BioLegend) to avoid 
non-specific binding. Then, cells were stained to identify specific cell populations and sorted 
using the BD FACS Fusion cell sorters in the Georgia Institute of Technology Cellular Analysis 
Core. The antibody clones used were anti-CD31 (390, BioLegend), anti-CD45 (30-F11, 
BioLegend), anti-CD68 (FA11, BioLegend), anti-CD11b (M1/70, BioLegend), anti-CD11c (N418, 
BioLegend), CD3 (17A2, BioLegend), CD19 (6D5, BioLegend), LIVE/DEAD™ Fixable Far-Red 
Dead Cell Stain (Invitrogen), and PE anti-mCD47 (miap301, BioLegend). Representative flow 
gates are listed in Supplementary Fig. 23. PBS-injected Ai14 mice were used to gate 
tdTomato-positive populations. 
 
PCR Amplification 
All samples were amplified and prepared for sequencing using a one-step PCR 
protocol as previously described20. More specifically, 1 μL of primers (5 µM for Final Reverse / 
Forward, 0.5 µM for Base Forward) were added to 5 μL of Kapa HiFi 2X master mix and 4 μL 
template DNA/water. When the PCR reaction did not produce clear bands, the primer 
concentrations, DNA template input, PCR temperature, and number of cycles were optimized 
for individual samples. 
 
Deep Sequencing 
Illumina deep sequencing was performed on an Illumina MiniSeqTM. Primers were designed 
based on Nextera XT adapter sequences. 
 
Data Normalization 
Counts for each particle, per tissue, were normalized to the barcoded LNP mixture we injected 
into the mouse. This “input” DNA provided the DNA counts and was used to normalize DNA 
counts from the cells and tissues. 
 
Data Analysis & Statistics 
Sequencing results were processed using a custom Python-based tool to extract raw barcode 
counts for each tissue. These raw counts were then normalized with an R script prior to further 
analysis. Statistical analysis was done using GraphPad Prism 8. Data is plotted as mean ± 
standard error mean or mean ± standard deviation,  
 
Cytokine Analysis 
Six hours after LNP administration, blood was isolated from the heart. Serum was isolated and 
pooled (N=3) for each experimental condition, and cytokine levels were detected using 
the Mouse Cytokine Profiler Array Panel A (R&D Systems) following the manufacturer’s 
instructions. The final panels were documented using a LI-COR Odyssey CLx Far Infrared 
Imager and relative concentrations were determined using ImageJ software by determining pixel 
intensities.  
 
 
ddPCR 
The QX200 Droplet Digital PCR System (Bio-Rad) was used to analyze all ddPCR results. 
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ddPCR samples were prepared with 10 μL of ddPCR with ddPCR Supermix for Probes (Bio-
Rad), 1 μL of primer and probe mix (solution of 10 μM target probe and 20 μM reverse/forward 
primers), 1 μL of template/TE buffer, and 8 μL of water. Once prepared, 20 μL of each reaction 
and 70 μL of Droplet Generation Oil for Probes (Bio-Rad) were loaded into DG8 Cartridges and 
covered with DG8 Gaskets. Using the QX200 Droplet Generator, water−oil emulsion droplets 
were created. Cycle conditions for PCR were as follows: 1 cycle of 95 °C for 10 min followed by 
40 cycles of 94 °C for 30 s, 60 °C for 1 min, and 1 cycle of 95 °C for 10 min. For each biological 
replicate, three technical repetitions were completed. Unless stated otherwise, technical 
replicates were averaged. Technical replicates were only excluded if saturation was detected or 
there were inconsistent positive event amplitudes. 
 
Tissue Immunostaining & Microscopy 
Ai14 mice were treated with PBS or 1.3 mg/kg of Cre mRNA encapsulated in LNPs. Four days 
later, lung and liver tissues were dissected and fixed in 1 mL of 4% PFA for 24 hours. Cells 
were washed with 1X PBS. Tissues were cryoprotected in 30% sucrose for 48 hours at 4 °C. In 
tissue base molds, tissues were embedded in optimal cutting temperature compound (Tissue-
Tek) and frozen. Blocks were stored at -80 °C. Tissues were sectioned through the Emory 
Winship Cancer Institute Cancer Tissue and Pathology Facility. Cells were stained with DAPI 
(Sigma). Images for a Zeiss Plan-Apo 20x 0.8 NA air objective. Images were captured and 
processed using Volocity software (PerkinElmer). 
 
Cell isolation for scRNA-seq 
One-hour post-injection, lungs were dissected from mice treated with Cat-LNP, Neu-LNP, An-
LNP, and PBS. Lung cell suspensions were passed through 70 μm mesh and resuspended in 
RoboSep buffer (Stemcell Technologies) for further scRNA-seq processing.  
 
Single-cell library preparation 
Whole transcriptome analyses, using the BD Rhapsody Single-Cell Analysis System (BD, 
Biosciences), were performed on whole lung cells, following the manufacturer’s protocol. Briefly, 
dead cells and red blood cells (RBCs) were depleted by using EasySepTM dead cell (Annexin V) 
and RBC (anti-TER119) removal kit (Stemcell Technologies) following the manufacturer’s 
protocol. Cell viabilities and numbers were recorded for each sample and pooled at the same 
ratio. For a pooled sample, a BD Rhapsody cartridge was loaded with 40,000 cells. cDNA 
libraries were prepared using the BD Rhapsody Whole Transcriptome Analysis Amplification Kit 
following the BD Rhapsody System mRNA Whole Transcriptome Analysis (WTA) and Sample 
Tag Library Preparation protocol (BD Biosciences). The final libraries were quantified using a 
Qubit Fluorometer, and the size distribution was measured using ExperionTM automated 
electrophoresis system (Bio-Rad). 
 
Processing of single-cell transcriptomics data 
The data were processed using zUMIs (v 2.9.7) for the RNA mapping and counting and Salmon 
Alevin (v1.5.2) for the cell hashes41, 42. All samples were mapped to GRCm39, and only exonic 
regions were counted. All output files were loaded into Seurat (v 4.0.4), and in summary, cells 
were log normalized to a scale factor of 10,000, then scaled using a linear transformation33. 
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DoubletFinder (v3) was used to identify doublets as previously described43. This was followed 
by PCA dimensional reduction and t-SNE clustering and then exported using rBCS for further 
analysis in BBrowser2 (v2.9.23). Once in BBrowser2, the cell search tool was used to identify 
the cell types within each cluster, and gene expression profiles were compared within cell types 
of interest. Reactome pathway analysis was performed using ReactomeGSA package38 in R 
based on Reactome database 82. The pathway expression levels are shown as z-score 
normalized values. 
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Supplementary Figure 1. Molar ratios used in the LNP screens.  
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Supplementary Figure 2. Helper lipids used in the (a) cationic, (b) neutral, and (c) anionic libraries. 
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Supplementary Figure 3. (a) Example schematic of normalized delivery. (b) Cell type-specific markers 
for tdTomato expression measurement and sorting.   
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Supplementary Figure 4. Normalized delivery of all LNPs for various cell types. The negative control, 
unencapsulated DNA barcode, delivered less efficiently than barcodes delivered by LNPs in the (a) 
cationic, (b) neutral, and (c) anionic screens.  
 

 
Supplementary Figure 5. Mouse weights measured 24, 48, and 96 hours after administration of PBS or 
(a) cationic, (b) neutral, and (c) anionic LNPs carrying Cre mRNA and DNA barcodes. Average +/- SEM. 
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Supplementary Figure 6. Normalized delivery of LNPs in (a) neutral screen, (b) anionic screen, and (c) 
cationic screen. The lead LNPs (Neu-LNP, An-LNP, Cat-LNP in order) in each screen are shown in the 
red boxes. (d) Polydispersity index of all individual pooled LNPs.  
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Supplementary Figure 7. (a) Normalized delivery of neutral LNPs was highest at 27.5% helper lipid mole 
ratio. (b, c) No relationship was found between helper lipid mole ratio and normalized delivery of anionic 
and cationic LNPs. *P < 0.04, one-way ANOVA, average +/- SEM. 
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Supplementary Figure 8. (a) Enrichment (fold) difference is calculated through the formula shown. Fold 
enrichment was calculated for cationic LNPs delivered to (b) lung cells, (c) liver cells, and (d) spleen cells. 
Average +/- SEM. 
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Supplementary Figure 9. (a, b) Fold enrichment was calculated for anionic LNPs delivered to liver cells 
and (c) spleen cells. Average +/- SEM. 
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Supplementary Figure 10. (a, b) Fold enrichment was calculated for neutral LNPs delivered to liver cells 
and (c) spleen cells. Average +/- SEM. 
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Supplementary Figure 11. (a) Fold enrichment in the neutral library was calculated for four different 
headgroups in the (b) liver and (c) spleen. Average +/- SEM. 
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Supplementary Figure 12. TEM images of (a) Cat-LNP, (b) Neu-LNP, and (c) An-LNP.  
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Supplementary Figure 13. (a) Cat-LNP enhanced functional non-liver:liver Cre mRNA delivery, with the 
highest delivery found in lung ECs. (b) Neu-LNP functionally delivered Cre-mRNA to liver cell types, with 
the most significant delivery to liver ECs and Kupffer cells. (c) An-LNP functionally delivered Cre-mRNA to 
liver cell types. ****P < 0.0001, ***P < 0.0008, **P < 0.006, *P = 0.035, two-way ANOVA, average +/- 
SEM. 
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Supplementary Figure 14. (a) Cat-LNP and Kauffman LNP carrying Cre mRNA formed small, 
monodisperse particles. Diameters are in nm, and encapsulation efficiencies are in percentage. (b–f) Cat-
LNP increased the ratio of non-liver to liver delivery as compared to Kauffman LNP. ****P < 0.0001, ***P 
< 0.0007, *P < 0.05, two-way ANOVA, average +/- SD. 
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Supplementary Figure 15. Top LNPs from the neutral and anionic screens potently deliver mRNA to 
liver. (a) A lipid nanoparticle was identified from the neutral screen and named Neu-LNP. Using a neutral 
helper lipid, DSPC, a small and stable nanoparticle was formed. (b) The Neu-LNP was formulated with 
Cre mRNA and administered to Ai14 mice intravenously. Four days later, tdTomato signal was quantified. 
We found that the Neu-LNP delivered Cre mRNA significantly to all liver cell types. (c) An LNP was 
identified from the anionic screen and named An-LNP. Using an anionic helper lipid, 18:1 PA, a small and 
stable nanoparticle was formed. (d) The An-LNP was formulated with Cre mRNA and administered to 
Ai14 mice intravenously. Four days later, tdTomato signal was quantified. We found that the An-LNP 
delivered Cre mRNA significantly to all liver cell types. ****P < 0.0001, ***P < 0.0008, **P = 0.0024, two-
way ANOVA, average +/- SEM. Diam.: Diameter in nm, Zeta: Zeta potential in mV, Encap Eff.: 
Encapsulation efficiency in %. 
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Supplementary Figure 16. (a) Biodistribution profile of Cat-LNP, Neu-LNP, and An-LNP. The Cat-, Neu-, 
and An-LNPs were individually formulated with DNA barcodes. Twenty-four hours later, distribution of 
each LNP was determined with ddPCR. (b, c) Biodistribution of the Cat-, Neu-, and An-LNPs was 
determined in (b) lung cell types and (c) liver cell types. **P < 0.009, *P < 0.05, two-way ANOVA, average 
+/- SEM. 
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Supplementary Figure 17. (a) Cat-LNP, Neu-LNP and An-LNP were formulated with aVHH mRNA and 
administered through tail vein injection to C57BL/6 mice. Liver, lung, heart, spleen, and kidney were 
isolated 1 day post-injection (Diam.: Diameter (nm), PDI: polydispersity index, Encap.: Encapsulation 
efficiency (%)). (b) These LNPs formed small and monodisperse nanoparticles. (c) Cat-LNP de-targeted 
the liver, while Neu-LNP and An-LNP showed significantly higher liver tropism. (d) Cat-LNP functionally 
delivered aVHH mRNA to all lung cell types as compared to An-LNP and Neu-LNP. (e) Cat-LNP 
functionally delivered aVHH mRNA to kidney ECs. Neu-LNP showed significantly higher functional 
delivery to monocytes. (f) Cat-LNP significantly delivered aVHH mRNA to heart ECs. (g) Neu-LNP 
targeted spleen monocytes, and An-LNP targeted spleen DCs. (h) aVHH MFI measured in each cell type. 
****P < 0.0001, ***P <= 0.0009, **P <= 0.01, *P < 0.05, one-way ANOVA, average +/- SD. 
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Supplementary Figure 18. Forty cytokines and chemokines were measured in blood serum at 6 hrs 
post-injection of Cat-LNP, Neu-LNP, An-LNP, PBS, and LPS at a dose of 1.3 mg/kg. Pixel intensities are 
normalized to PBS to report the fold expressions.  
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Supplementary Figure 19. (a–c) Mouse weights measured at 24, 48, and 96 hours after administration 
of PBS or Cat-, Neu-, and An-LNPs carrying Cre mRNA or (d) DNA barcodes. Average +/- SEM. 
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Supplementary Figure 20. (a) t-SNE plot showing the cells partitioned into 27 clusters. (b) Dot plot for 
cell marker and aVHH mRNA expressions in each cluster. (c) Cat-LNP showed about 32-fold higher 
aVHH mRNA expression compared to control groups (PBS, An-LNP, and Neu-LNP) in lung ECs. 
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Supplementary Figure 21. Top 10 upregulated genes (purple) with Cat-LNP vs (a) PBS, (b) Neu-LNP, 
and (c) An-LNP P-value < 0.05. 
 

 
Supplementary Figure 22. Twenty-seven of 835 pathways were enriched in mice treated with Cat-LNP 
versus control groups (PBS, Neu-LNP, An-LNP), 19 of which were related to metabolism of RNA or 
protein, P-value < 0.001.  
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Supplementary Figure 23. Representative gating strategies for FACS for cell types in the (a, b) lung, (c, d) liver, (e, 

f) spleen, (g, h) heart, and (i, j) kidney for the screens.  

 


