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mRNA into the cytoplasm of target cells 
in a single mouse.

LNPs are formulated by mixing nucleic 
acids with ionizable lipids, PEG-lipids, 
phospholipids, and cholesterol. The diver-
sity of available chemistries enables sci-
entists to evaluate how LNP structure 
affects delivery. However, these studies 
are mostly performed in vitro[8,9] and use 
LNPs formulated with unmodified cho-
lesterol. Several lines of evidence led us 
to hypothesize that cholesterol chemical 
structure affected LNP mRNA delivery. 
First, cholesterol structure is modified 
via oxidation in vivo; this requires spe-
cific enzymes, demonstrating that cells 
regulate cholesterol structure.[10] Second, 
oxidized cholesterols signal differently 
than unmodified cholesterols, altering 
interactions with membrane and nuclear 
receptors that regulate gene expression.[11] 
Third, cholesterol is trafficked in lipopro-
teins using forward and reverse trans-

port,[12] and trafficking to endothelial cells, hepatocytes, and 
macrophages may change with cholesterol structure in vivo.[13]  
Fourth, LNPs and lipoproteins have similar size and composi-
tion. Finally, using JORDAN, we found that modified choles-
terols alter LNP biodistribution,[14] however this study meas-
ured LNP biodistribution; it did not measure functional mRNA 
delivery. Given that less than 4% of exogenously delivered RNA 
escapes endosomes[15] and endosomal escape changes with cell 
type,[16] it is difficult to predict functional mRNA delivery using 
biodistribution.

To test the hypothesis that cholesterol structure affects 
LNP delivery of mRNA, we created a library of LNPs with 
nine cholesterol variants. We chose variants that were i) pro-
duced naturally or synthetically and ii) had oxidative modi-
fications on sterol ring B, the hydrocarbon tail attached to 
sterol ring D, or both. We formulated LNPs to carry DNA 
barcodes and Cre mRNA,[7] systemically injected them into 
Cre reporter mice, and analyzed the efficiency with which 
they delivered Cre mRNA in 28 cells types in vivo. We identi-
fied an LNP that delivers mRNA to Kupffer cells and hepatic 
endothelial cells fivefold more potently than to hepatocytes. 
Notably, the lead LNPs performed as predicted by the FIND 
screen, suggesting that FIND can rapidly identify LNPs for 
mRNA delivery.

Using mRNA to produce therapeutic proteins is a promising approach to 
treat genetic diseases. However, systemically delivering mRNA to cell types 
besides hepatocytes remains challenging. Fast identification of nanoparticle 
delivery (FIND) is a DNA barcode-based system designed to measure how 
over 100 lipid nanoparticles (LNPs) deliver mRNA that functions in the 
cytoplasm of target cells in a single mouse. By using FIND to quantify how 
75 chemically distinct LNPs delivered mRNA to 28 cell types in vivo, it is 
found that an LNP formulated with oxidized cholesterol and no targeting 
ligand delivers Cre mRNA, which edits DNA in hepatic endothelial cells and 
Kupffer cells at 0.05 mg kg−1. Notably, the LNP targets liver microenviron-
mental cells fivefold more potently than hepatocytes. The structure of the 
oxidized cholesterols added to the LNP is systematically varied to show 
that the position of the oxidative modification may be important; choles-
terols modified on the hydrocarbon tail associated with sterol ring D tend to 
outperform cholesterols modified on sterol ring B. These data suggest that 
LNPs formulated with modified cholesterols can deliver gene-editing mRNA 
to the liver microenvironment at clinically relevant doses.

Oxidized Cholesterol

There have been several advances in local and systemic 
mRNA delivery,[1] especially to hepatocytes.[2] However, low 
dose mRNA delivery to other cell types within the liver micro-
environment remains challenging. Using a high-throughput 
DNA barcode screen named JORDAN, we observed that in 
vitro nanoparticle delivery can be a poor predictor of in vivo 
delivery.[3] Since in vitro assays typically lack a complete 
immune system,[4] variable blood flow,[5] heterogeneous vascu-
lature, off-target cells, and other factors that influence delivery 
in vivo,[6] we reasoned that an ideal nanoparticle experiment 
would study lipid nanoparticles (LNPs) directly in vivo. We 
therefore developed fast identification of nano particle delivery 
(FIND)[7] to quantify how over 100 LNPs deliver functional 
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Figure 1. Synthesizing a library of rationally designed nanoparticles containing oxidized cholesterols. A) Cholesterol can be modified to form sterol 
variants that differentially act upon a number of biological pathways. Here, we investigate whether cholesterol variants affect delivery. B) We formulated 
125 nanoparticles by combining the ionizable material cKK-E12, PEG-lipids, DOPE, and nine different cholesterol variants. C) These distinct nano-
particles were then barcoded and screened for functional mRNA delivery using FIND. D) After formulation, barcoded nanoparticles are put through 
DLS-based quality control, pooled, and E) intravenously administered to Ai14 mice. If Cre mRNA is delivered into the cytoplasm and translated into 
Cre protein that edits the genome, the cells become tdTomato+. tdTomato+ cells are isolated using FACS and barcodes are sequenced to identify 
nanoparticles that colocalize with cells transfected with Cre in vivo. This enables us to study how many LNPs deliver mRNA in a single mouse.
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Unmodified cholesterol is acted upon by enzymes to form 
variants that are side-chain or ring oxidized (Figure 1A). To 
investigate whether these modifications altered LNP targeting, 
we formulated 125 FIND LNPs using microfluidics (Figure 1B). 
To minimize variation from components other than cholesterol, 
LNPs were made of the ionizable lipid-like material cKK-E12,[8] 
two well validated PEG-lipids, the phospholipid 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), and one of nine 
different cholesterol variants (Figure 1B).

We formed LNPs by mixing the contents together in a micro-
fluidic device.[17] Each LNP carried a unique DNA barcode, 

which acted as a tag for that LNP, as well as Cre mRNA, which 
signals functional mRNA delivery (Figure 1C). Stable LNPs 
were pooled together (Figure 1D) and administered to Ai14 
mice at a total nucleic acid dose of 1.0 mg kg−1. Ai14 mice 
contain an Lox-Stop-Lox-tdTomato construct under the con-
trol of a CAG promoter; as a result, cells in Ai14 mice become 
tdTomato+ if: 1) Cre mRNA is delivered into the cytoplasm, 
2) Cre mRNA is translated into Cre protein, 3) Cre protein 
translocates from the cytoplasm into the nucleus, and 4) Cre 
protein edits the genome by removing the “Stop” between 
Lox sites. Therefore, by isolating tdTomato+ cell types using 
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Figure 2. Quantifying mRNA delivery mediated by 75 nanoparticles to 28 cell types in vivo. A) After injecting mice with pooled nanoparticles carrying 
mRNA and DNA barcodes, we isolated 28 cell types from seven tissues using FACS. B) Functional Cre mRNA delivery, quantified as %tdTomato+ cells, 
in eight cell types from the liver and spleen. C) Hydrodynamic diameter of all administered LNPs; the diameter of the LNP pool is similar. D) Normal-
ized delivery of all LNPs, for all eight cell types individually as well as E) averaged for all eight cell types. The naked barcode—negative control—falls 
out of every cell type. F) Unbiased Euclidean clustering of eight different cell types in two different tissues based on LNP delivery (%) clusters cell types 
according to tissue. The naked barcode is designated by an asterisk.
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Figure 3. Modified cholesterols can alter nanoparticle delivery in vivo. A) Normalized delivery averaged across all eight liver and splenic cell types for 
each LNP, sorted by cholesterol type. B,C) We observed that cholesterols modified on the cholesterol tail tended to enhance delivery more so than 
modifications made to the B ring. D) Normalized delivery averaged across all eight liver and splenic cell types suggested that 25-OH and 20α-OH 
cholesterols promote delivery. E) Enrichment of cholesterol variants in the top 10% and bottom 10% of nanoparticles. F) Fold enrichment in the top 
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fluorescence-activated cell sorting (FACS) and using next-gen-
eration sequencing (NGS) to quantify barcodes within them, 
FIND identifies LNPs located in cells where functional mRNA 
delivery occurred (Figure 1E). We quantified NGS sequencing 
data as “normalized delivery,” analogous to counts per million 
in RNA-seq[7] (Figure 1E).

As a quality control, we analyzed the size of each individual 
LNP. LNPs were only pooled if their hydrodynamic diameter 
was between 20 and 220 nm and their autocorrelation curve 
contained one inflection point (Figure S1A,B, Supporting Infor-
mation). Eighty-six of the 125 LNPs we formulated met these 
criteria and were pooled. As a control, we compared the diam-
eters of all 86 LNPs to the diameter of the pooled LNP solution, 
and found they were similar (Figure 2C). This suggests that 
the pooled LNPs did not aggregate after mixing; we have previ-
ously observed that pooled LNPs are stable.[7] We added a naked 
DNA barcode as a negative control[3] since naked DNA does not 
readily enter cells. After isolating cells and performing NGS, 
we found that—as expected—the naked DNA was delivered 
into cells less frequently than all the DNA barcodes delivered by 
LNPs (Figure 2D,E). Mice were sacrificed 72 h after we injected 
the pooled LNPs[7]; this timepoint allows cells to express 
tdTomato after Cre mRNA delivery (Figure 2A). We isolated the 
liver, spleen, heart, kidney, pancreas, lung, and bone marrow. 
Using fluorescence-activated cell sorting, we then isolated 
28 different tdTomato+ cell types (Figure 2A). Comparing the 
percentage of tdTomato+ cell types in different organs, cells in 
the liver tended to be targeted more than cells in other organs 
(Figure 2B). The organ with the second-highest percentage of 
tdTomato+ cells was the spleen; the remaining five organs had 
negligible delivery (Figure S1C, Supporting Information). We 
then clustered the barcode sequencing data using an unbiased 
Euclidean algorithm. This bioinformatics technique is regularly 
applied to gene expression data[18] and can analyze nanoparticle 
barcoding data.[7] Euclidean clustering revealed that the four 
liver cell types tended to “cluster” together more closely than 
they did to splenic cell types (Figure 2F).

Unexpectedly, we found that the percentage of tdTomato+ 
hepatic endothelial cells, hepatic immune cells, and Kupffer 
cells was much higher than the percentage of tdTomato+ hepat-
ocytes (Figure 2B). This result was surprising; however, the 
stability of the pooled LNPs, the poor performance of the naked 
barcode, the high percentage of tdTomato+ cells in the liver rela-
tive to other organs, and the Euclidean clustering convinced 
us the data were reliable enough to test our hypothesis: LNP  
cholesterol structure alters mRNA delivery in vivo. To quan-
tify the impact of cholesterol structure on overall splenic and 
hepatic delivery, we calculated the normalized delivery across 
all eight cell types we sequenced (four in spleen and four in 
liver) (Figure 3A). We noted that side-chain oxidized cholesterol 

variants tended to enhance delivery relative to the other choles-
terol variants (Figure 3B,C). In particular, LNPs formulated 
with 25-hydroxycholesterol (25-OH) and 20α-hydroxycholesterol 
(20α-OH) resulted in higher normalized delivery across all 
eight cell types (Figure 3D). To complement these calculations, 
we assessed which cholesterol variants were enriched in the top 
10% of LNPs (Figure 3E). We then calculated the enrichment in 
the bottom 10% of LNPs[19] and subtracted it from enrichment 
in the top 10% (Figure 3E,F). This identifies how likely it is 
that a given cholesterol variant is found in the best- and worst-
performing LNPs. Enrichment calculations are detailed in 
Figure S2A (Supporting Information). As an additional control, 
we performed the same two analyses—normalized delivery 
across all eight cell types and enrichment—for cholesterol mole 
percentage, ionizable lipid mole percentage, and phospholipid 
mole percentage (Figure S2B–D, Supporting Information). We 
did not observe any significant trends.

These data suggested that LNP cholesterol chemical com-
position was an important factor in LNP targeting. However, 
they did not take LNP size into account. We previously found 
no relationship between nanoparticle size and delivery for 
hydrodynamic diameters between ≈20 and ≈220 nm.[3] To 
investigate how size altered delivery in this experiment, we 
calculated whether normalized delivery varied with LNP size 
for all LNPs (Figure S2E, Supporting Information), LNPs with 
tail oxidized cholesterols (Figure S2F, Supporting Informa-
tion), and LNPs with ring oxidized cholesterols (Figure S2G, 
Supporting Information); we found no relationship. We then 
calculated the percentage of formulated LNPs that met our 
inclusion criteria as a function of cholesterol structure and 
the average size of stable LNPs based on cholesterol struc-
ture and found no significant differences (Figure S2H,I, Sup-
porting Information). We performed the same analyses as a 
function of cholesterol mole percentage and reached the same 
conclusions (Figure S2J,K, Supporting Information). Thus, we 
did not find evidence that size affected LNP delivery between 
20 and 220 nm. However, we cannot exclude the possibility 
that size could affect delivery if very small or very large nano-
particles are analyzed.

Like all high-throughput screens, the utility of FIND is gov-
erned by its ability to make predictions that can be verified. To 
this end, we formulated our top three LNP candidates identi-
fied by FIND with Cre mRNA. Of the three LNPs formulated, 
one LNP—which contained 25-OH cholesterol—did not for-
mulate consistently and was excluded. The remaining two 
LNPs—which contained 20α-OH cholesterol (Figure 3G,H; 
Figure S3F,G, Supporting Information)—formed stable LNPs 
and were administered to Ai14 mice at a total mRNA dose 
of 0.25 mg kg−1. Encouragingly, we found that both LNPs 
recapitulated the results from the FIND screen (Figure 3I–L).  
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10% of LNPs, calculated by subtracting enrichment in the bottom 10% of LNPs from enrichment in the top 10% of LNPs. G) Based on these results we 
selected LNP1 and LNP2; they contain cKK-E12, DOPE, C18PEG2k, and 20α-OH. H) LNP mole%, diameter (nm), polydispersity index (PDI), and pKa. 
I–L) As predicted by the FIND screen, LNP1 and LNP2 delivered Cre mRNA to: I) endothelial cells, J) hepatocytes, K) Kupffer cells, and L) immune cells, 
at 0.25 mg kg−1. LNP1 delivered Cre mRNA more efficiently than LNP2 at 0.05 mg kg−1. M) The efficiency of LNP1 carrying Cre mRNA was compared 
to a control LNP1 that contained cholesterol and a previously reported control LNP, all three of which carried Cre mRNA. N–Q) %tdTomato+ cells  
with each LNP are shown for: N) endothelial cells, O) hepatocytes, P) Kupffer cells, and Q) immune cells. p-values are represented <0.0332 (*),  
<0.0021 (**), and <0.0002 (***).
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Both LNP1 and LNP2 robustly targeted cells in the 
microenvironment after a 0.25 mg kg−1 injection; as predicted 
by the screen, hepatocytes were targeted far less efficiently. 
LNP1 did not cause mouse weight loss in any experi-
ment; LNP2 did cause mice to lose weight at 0.25 mg kg−1 
(Figure S4B, Supporting Information). Encouraged by robust 
delivery at 0.25 mg kg−1, we injected LNP1 and LNP2 at a dose 
of 0.05 mg kg−1.

Once again, we found robust delivery (Figure 3I–L). Whereas 
LNP1 and LNP2 both performed equally well at 0.25 mg kg−1 by 
saturating our Cre-based system, LNP1 outperformed LNP2 at 
the lower dose of 0.05 mg kg−1. We then investigated whether 
LNP1 formulated with unmodified cholesterol (herein named 
LNP1-Chol) performed as effectively as LNP1 formulated with 
20α-OH (Figure 3M). Three days after injecting mice with 
0.05 mg kg−1 Cre mRNA, we found that 20α-OH improved 
delivery to the liver, across all hepatic cell types (Figure 3N–Q). 
As an additional control, we assessed the potency of LNP1 com-
pared to a previously reported LNP with potency at 0.3 mg kg−1 
(Figure 3M);[20] LNP1 outperformed this positive control LNP 
(Figure 3N–Q) between 14- and 77-fold within the liver micro-
environment. We then used QUANT,[21] a highly sensitive  
biodistribution system, to assess LNP biodistribution, for 
LNP1, LNP2, and LNP1-Chol. We did not find a difference 
in LNP biodistribution within the liver microenvironment 
(Figure S3D,E, Supporting Information).

Systemic delivery of therapeutic RNA to hepatocytes has 
led to an FDA approved drug.[22] Delivery to nonhepatocytes 
has remained more challenging. Thus, an unbiased, high 
throughput method to study how LNPs deliver RNA in vivo 
could accelerate the discovery of nanoparticles with new trop-
isms. Here we report that FIND can predict delivery of LNPs 
to the liver microenvironment. If this holds true for other cell 
types, then FIND could reduce the time and resources needed 
to identify clinically relevant LNPs, relative to traditional in 
vitro screening. Future studies will also be needed to identify 
therapeutic mRNA that—when delivered to Kupffer cells—will 
alleviate disease.

We found that LNPs containing oxidized cholesterol can 
deliver mRNA to cells in the liver microenvironment more 
potently than to hepatocytes. Notably, robust delivery occurred 
at 0.05 mg kg−1, which is below the dose regime used for 
siRNA therapies in humans.[22] Given the importance of liver 
endothelial cells[23] and Kupffer cells[24] in disease, these data 
suggest that additional advances in delivery could eventually 
result in protein replacement therapies within the liver micro-
environment. We observed that oxidative modifications made to 
the hydrocarbon tail were more efficacious than those made to 
the B cholesterol ring. These results need to be repeated with 
more ionizable lipids before they can be considered a general 
statement. However, in the context of these experiments, cho-
lesterol structure impacts functional delivery. We find it feasible 
that different protein coronas may adsorb onto LNPs based on 
cholesterol structure, thereby altering targeting. In this paper, 
one limitation is that we did not identify the mechanism; 
although future work is needed to substantiate this hypothesis, 
we believe these data are an exciting first step to understanding 
how cholesterol structure can be rationally altered to change 
LNP tropism.

Experimental Section
Nanoparticles were formulated in a microfluidic device by mixing 
Cre mRNA, DNA, and LNP components.[17] The nucleic acid was diluted 
in citrate buffer (Teknova). Nanoparticle materials were diluted in 
ethanol. The phases were mixed together via microfluidics. Each LNP was 
formulated to carry a distinct barcode; LNP1 carried Cre mRNA and DNA 
barcode 1, whereas LNP2 carried Cre mRNA and DNA barcode 2. LNP 
hydrodynamic diameter was measured using dynamic light scattering. All 
animal experiments were performed in accordance with the Georgia Tech 
Institutional Animal Care and Use Committee (IACUC). C57BL/6J mice 
were purchased from Jackson Laboratory. Mice were aged 5–8 weeks, 
and N = 3–4 mice per group were injected intravenously. Sequencing was 
performed on MiniSeq using Illumina protocols.
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