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Supplementary Fig. 1. SENT-seq utilizes orthogonal capture sequences to generate tunable 
multiomic readouts. (a) Barcode structure for screening of LNPs; barcodes contain different 
regions highlighted above. (b) Beads used for microwell-based single-cell RNA sequencing were 
modified to include both an mRNA binding site and a barcode binding site.  
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Supplementary Fig. 2. SENT-seq utilizes orthogonal capture sequences to generate tunable 
multiomic readouts. (a) Compounds included in LNP formulation as well as molar ratios 
screened. LNPs were formulated so that they contained an ionizable lipid, PEG-lipid, 
phospholipid, and cholesterol. Molar ratios of LNP constituents are shown for each LNP. LNP 
characteristics such as (b) LNP diameter, (c) polydispersity index, and (d) encapsulation 
efficiency are shown for all individual pooled LNPs.  
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Supplementary Fig. 3. In vivo multiomic single-cell readouts of transcriptome, functional 
LNP-mediated mRNA delivery, and LNP-mediated DNA barcode delivery. Representative 
in vivo gating strategies for (a) liver cell populations, and (b) aVHH+ cells within those cell 
populations.  
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Supplementary Fig. 4. In vivo multiomic single-cell readouts of transcriptome, functional 
LNP-mediated mRNA delivery, and LNP-mediated DNA barcode delivery. (a) Single-cell 
RNA sequencing metrics. (b) UMAP projection showing the distribution of hepatic clusters from 
mouse livers treated with LNP pool and PBS. (c) Gene expression analysis shows 17 distinct cell 
clusters that contain different transcriptomic profiles. (d) The percentage of each hepatic cell 
cluster. (e) Background levels of aVHH expression in control mice treated with 1X PBS 
represent a stringent aVHH expression cutoff.   
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Supplementary Fig. 5. In vivo multiomic single-cell readouts of transcriptome, functional 
LNP-mediated mRNA delivery, and LNP-mediated DNA barcode delivery. Percentage of 
aVHH+ cells determined using single-cell RNA sequencing (scRNA-seq), with background 
levels found in control mice subtracted, in (a) endothelial cell subsets, (b) Kupffer cell subsets, 
(c) hepatocyte subsets, (d) B and T cells, (e) Ito cell subsets, and (f) cholangiocytes and erythroid 
cells. (g) The percentage of aVHH+ cells in populations analyzed using flow cytometry. (h) The 
comparison of the percentage of aVHH+ cells in the whole hepatic population determined using 
flow cytometry and scRNA-seq. In (a) – (g), n = 4 mice per group were used. In (h), n = 4 mice 
per group in the flow cytometry experiment were compared to an average value for each scRNA-
seq determined cell population, plotted together. In all cases, data is plotted as mean ± standard 
error mean. Statistical analyses were conducted using a one-way factor ANOVA with Šidák’s 
multiple comparison test for every cell population that had multiple subtypes within that 
population as well as for the flow cytometry and flow cytometry versus scRNA-seq comparisons. 
ns (p > 0.05, not shown), * (p < 0.05), ** (p < 0.01), *** (p < 0.001).  
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Supplementary Fig. 6. In vivo multiomic single-cell readouts of transcriptome, functional 
LNP-mediated mRNA delivery, and LNP-mediated DNA barcode delivery. Distribution of 
LNP barcodes in mice treated with LNP pool. As noted, naked barcodes, our negative control, 
each made up less than 0.5% of barcodes delivered to hepatic cells.  
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Supplementary Fig. 7. Cell subsets differentially uptake LNPs. aVHH expression profiles and 
violin plots representing the spread of aVHH expression shown for (a) Kupffer cells, (b) 
hepatocytes, (c) Ito cells, and (d) B cells. In all cases, n = 4 mice per group were used and data is 
plotted as mean ± standard error mean.  
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Supplementary Fig. 8. Cell subsets differentially uptake LNPs. Normalized barcode 
distribution profiles and violin plots representing the spread of normalized barcode distribution 
profiles shown for (a) Ito cells and (b) B cells. In all cases, n = 4 mice per group were used and 
data is plotted as mean ± standard error mean. 
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Supplementary Fig. 9. Other cell subtypes have transcriptional differences that may not 
affect mRNA delivery. (a) The 11 differentially regulated genes in aVHH+ EC1 and EC2, 
relative to EC3, that were not differentially expressed in aVHH- cells, and the current putative 
roles for those genes in mus musculus. Differential analysis of (b) hepatocyte and (c) Kupffer 
cells of low-delivery clusters (Hep2 and KC3) as compared to high-delivery clusters (Hep1/3 and 
KC2/1). Venn diagram comparison of upregulated genes in (d) hepatocyte and (e) Kupffer cell 
clusters after segregation based on aVHH- and aVHH+ expression.  
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Supplementary Fig. 10. Average aVHH expression correlated to average normalized 
barcode values for each cell type in our dataset.   
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Supplementary Fig. 11. Relative and percent expression of aVHH and normalized barcode 
are matched for most cell populations. A comparison of relative expression of aVHH and 
normalized barcode, represented by the color of the dot. The percentage of single cells within 
each cell type that express aVHH and barcode is represented by the size of the dot in each 
respective column.  
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Supplementary Fig. 12. Chemically distinct LNPs exhibit different tropism within the liver 
microenvironment. t-SNE plots showing normalized barcode expression in each cell type for 
each LNP in the pool. Naked barcodes (*) had low normalized expression across all cells.  
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Supplementary Fig. 13. Chemically distinct LNPs exhibit different tropism within the liver 
microenvironment. t-SNE plots showing aVHH expression in each cell type for each LNP in 
the pool. Naked barcodes (*) had low aVHH expression across all cells.  
  



 
 

19 
 

 

Supplementary Fig. 14. Chemically distinct LNPs exhibit different tropism within the liver 
microenvironment. t-SNE plots showing the ratio of aVHH expression to barcode expression in 
each cell type for each LNP in the pool.  
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Supplementary Fig. 15. A comparison of normalized barcode delivery at the single-cell 
level split by LNP component. This analysis was done for each single cell containing LNP 
components (a) cKK-E12 (n= 5831 cells) or cKK-E15 (n = 1216 cells), (b) C18 PEG2K (n = 2084 
cells) or C14 PEG2K (n = 4963 cells), (c) 20a-hydroxycholesterol (n = 2516 cells) or cholesterol 
(n = 4531 cells). (d) A comparison of the performance of each LNP ratio used in the screen, at 
the single-cell level. The three ratios used were 35:46.5:2.5:16 (n = 3643 cells), 45:39.5:2.5:13 (n 
= 1014 cells), and 50:35:2.5:12.5 (n = 2390 cells). In all cases, data is plotted as mean ± standard 
error mean. Statistical analyses for (a) – (c) were conducted using an unpaired t-test with 
Welch’s correction. Statistical analyses for (d) were conducted using a one-way ANOVA with 
Tukey’s multiple comparison test to compare different LNP ratios. ns (p > 0.05, not shown), * (p 
< 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). 
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Supplementary Fig. 16. Violin plots representing the normalized barcode distributions of 
each LNP component at the cell population level. Violin plots for barcode distributions are 
shown for (a) cKK-E12, (b) cKK-E15, (c) 20a-hydroxycholesterol, (d) cholesterol, (e) C18 
PEG2K, and (f) C14 PEG2K.    
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Supplementary Fig. 17. Chemically distinct LNPs exhibit different tropism within the liver 
microenvironment. (a) When confirmed with our traditional sequencing methods, LNP-3, LNP-
7, LNP-10, and LNP-12 were among LNPs with the highest normalized barcode expression. All 
other LNPs are shown in gray, and naked barcodes are shown in black. Flow cytometry data 
from a confirmation experiment using LNP-10 and LNP-12 for (b) CD31+ endothelial cells, (c) 
CD68+ Kupffer cells, (d) CD11c+ dendritic cells, (e) CD19+ B cells, and (f) CD31- CD45- 
hepatocytes. In (b) – (f), n = 4 mice per group were used and data is plotted as mean ± standard 
error mean. Statistical analyses were conducted using an unpaired t-test. ns (p > 0.05, not 
shown), * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). 

 
  



 
 

23 
 

 
 
Supplementary Fig. 18. Gene expression for 15 immune-related genes in each single cell 
that receives each LNP shown.  
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Supplementary Fig. 19. The impact of liver metabolic zonation on LNP delivery. (a) Cells 
close to the central vein are pericentral; those close to the portal node are periportal. (b) Cells 
within our single-cell data that have high signature scores for genes found in pericentral cells. (c) 
Cells within our single-cell data that have high signature scores for genes found in periportal 
cells. (d) Cells identified as pericentral or periportal have different gene expression profiles 
relative to each other. Log-normalized aVHH expression for each single cell overlaid on a t-SNE 
plot for (e) pericentral cells and (f) periportal cells. Percentage of each barcode found in cells 
expressing aVHH for (g) pericentral cells and (h) periportal cells. The most common barcode 
delivered by LNPs, for 24 chemically distinct LNPs, overlaid on the t-SNE plot in (i) pericentral 
cells and (j) periportal cells.  
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Supplementary Fig. 20. The impact of a C14 PEG2K LNP on the functional delivery of a C18 
PEG2K LNP. Flow cytometry data for cells receiving a C14 PEG2K LNP followed by a C18 
PEG2K LNP, a C18 PEG2K LNP followed by a C14 PEG2K LNP, or both administered at the 
same time. In all cases, n = 4 mice per group were used and data is plotted as mean ± standard 
error mean. Statistical analyses were conducted using a one-way ANOVA with Tukey’s multiple 
comparison test to compare different conditions. ns (p > 0.05, not shown), * (p < 0.05), ** (p < 
0.01), *** (p < 0.001), **** (p < 0.0001).  
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Supplementary Fig. 21. cKK-E15 synthesis pathway. (a,b) Synthesis pathway for cKK-E15 
and intermediates, used as an ionizable lipid for the LNP screen. (c) 1H-NMR and (d) 13C NMR 
measurements for cKK-E15.   



 
 

28 
 

 

Supplementary Fig. 22. Mouse weights for experiments. (a) Changes in weight for mice 
treated with the control, 1X PBS, did not differ from changes in weight for mice treated with the 
LNP pool. (b) Changes in weight for mice treated with control, 1X PBS, did not differ 
significantly from changes in weight for mice treated with LNP-10 or LNP-12. (c) Changes in 
weight for mice treated with control, 1X PBS, did not differ significantly from changes in weight 
for mice treated with a C14 PEG2K LNP followed by a C18 PEG2K LNP, or a C18 PEG2K LNP 
followed by a C14 PEG2K LNP, or a C14 PEG2K LNP and a C18 PEG2K LNP co-administered. 
For the scRNA-Seq experiment, n = 4 mice per group were used for PBS-treated and LNP-
treated mice. For the confirmation flow cytometry experiments shown in (b) and (c), n = 2 PBS-
treated mice per group were used for gating and n = 4 mice per group were LNP treated. In all 
cases, data is plotted as mean ± standard error mean. Statistical analyses were conducted using 
an unpaired t-test for (a) and a one-way ANOVA with Tukey’s multiple comparison test for (b) 
and (c). ns (p > 0.05, not shown), * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001).  




