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Abstract

Messenger RNA (mRNA) has recently emerged as a promising class of nucleic acid therapy with 

the potential to induce protein production to treat and prevent a range of diseases. While 

significant progress has been made in the design of in vitro-transcribed mRNA with high potency, 

low-cost manufacturing, and low innate immunogenicity, the widespread use of mRNA as a 

therapeutic requires safe and effective in vivo delivery technologies. Libraries of ionizable lipid 

nanoparticles (LNPs) have been designed to encapsulate mRNA, prevent its degradation, and 
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mediate intracellular delivery. However, these LNPs are typically characterized and screened in an 

in vitro setting, which may not fully replicate the biological barriers that they encounter in vivo. 

Therefore, new technologies that facilitate the screening of LNPs in an in vivo setting can enhance 

our fundamental understanding of how LNP structure affects in vivo mRNA delivery to target cells 

and tissues. Here, an in vivo platform to accelerate mRNA delivery screening was designed, 

consisting of a library of engineered LNPs that encapsulate functional, custom-designed barcoded 

mRNA (b-mRNA). These b-mRNA are similar in structure and function to regular mRNA and 

contain barcodes that enable their delivery to be quantified via deep sequencing. Using a mini-

library of b-mRNA LNPs formulated via microfluidic mixing, we show that these different 

formulations can be pooled together, administered intravenously into mice as a single pool, and 

their delivery to multiple organs (liver, spleen, brain, lung, heart, kidney, pancreas, and muscle) 

can be quantified simultaneously using deep sequencing. In the context of liver and spleen 

delivery, LNPs that exhibited high b-mRNA delivery also yielded high luciferase expression, 

indicating that this platform can identify lead LNP candidates as well as optimal formulation 

parameters for in vivo mRNA delivery. Interestingly, LNPs with identical formulation parameters 

that encapsulated different types of nucleic acid barcodes (b-mRNA versus a DNA barcode) 

altered in vivo delivery, suggesting that the structure of the barcoded nucleic acid affects LNP in 
vivo delivery. This platform, which enables direct barcoding and subsequent quantification of a 

functional mRNA itself, can accelerate the in vivo screening and design of LNPs for mRNA 

therapeutic applications such as CRISPR/Cas9 gene editing, mRNA vaccination, and other 

mRNA-based regenerative medicine and protein replacement therapies.

Graphical abstract
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INTRODUCTION

Messenger RNA (mRNA), which offers amplified production of therapeutic proteins through 

rapid and repeated translation in cells, has recently garnered significant attention as a 

therapeutic for the treatment or prevention of a range of diseases1–7. This is due, in part, to 

significant improvements in in vitro transcription that has enabled the development of 

mRNA with high potency, low-cost manufacturing, and low innate immunogenicity for in 
vivo delivery8–9. mRNA offers several advantages over the delivery of DNA to produce 

therapeutic proteins. One major benefit is that mRNA does not need to cross the nuclear 

barrier in cells to induce protein expression9. Therefore, mRNA can be transfected more 

efficiently than plasmid DNA, especially for slowly dividing cells10. Additionally, by not 

needing to reach to the cell nucleus, mRNA does not bear the risk of insertional mutagenesis 

and carcinogenesis associated with genomic integration6. mRNA delivery also offers several 

advantages over the direct delivery of proteins, as the large size, instability, and high 

production costs of proteins hinder their use in vivo11–12. The promise of mRNA as a new 

class of genetic medicine has led to significant investments in its commercial development – 

including companies such as Moderna, CureVac AG, and BioNTech11, 13–14 – with ongoing 

clinical trials focused on vaccination, cancer immunotherapy, and protein replacement15–17. 
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While significant progress has been made in the design of in vitro-transcribed mRNA, the 

widespread use of mRNA as a therapeutic requires safe and effective delivery technologies6. 

mRNA is 105–106 Dalton in size and approximately three to four orders of magnitude larger 

than small molecules that diffuse into cells6. Furthermore, mRNA is highly negatively 

charged and thus repulses the anionic cell membrane8. Naked mRNA is also inherently 

unstable and quickly degraded by RNases8, 18–19.

Ionizable lipid nanoparticles (LNPs) have been engineered to encapsulate and protect 

nucleic acids – including mRNA – from degradation and mediate their intracellular 

delivery20. Of note, an LNP-based small interfering RNA (siRNA) drug developed by 

Alnylam was approved by the U.S. Food and Drug Administration in 201821. Several potent 

ionizable lipids have been synthesized using various approaches, including rational design 

approaches where the lipid head and tail structures are systematically varied22–26, as well as 

through the creation of large combinatorial libraries of lipid-like materials27–29. In addition 

to an ionizable lipid, LNPs are commonly formulated with three excipients: (i) cholesterol, 

which enhances the stability of the LNP bilayer and promotes membrane fusion30; (ii) a 

phospholipid, which fortifies the LNP bilayer structure and also aids in endosomal escape31; 

and (iii) a lipid-polyethylene glycol (PEG) conjugate, which inserts into the LNP bilayer and 

provides a PEG coating that reduces LNP aggregation and nonspecific endocytosis by 

immune cells32.

While LNPs have demonstrated significant promise for nucleic acid delivery applications, 

their therapeutic potential is limited by inefficient delivery to target cells and tissues in vivo. 

This is due, in part, to an incomplete understanding of how LNP physicochemical properties 

affect in vivo delivery33. The effects of LNP physicochemical properties are typically 

characterized and screened in an in vitro or ex vivo setting, and LNP structural and pKa 

criteria have been shown to predict delivery to particular organs in vivo20, 24. However, it is 

challenging to fully replicate the biological barriers that affect the biological fate of LNPs in 
vivo – including anatomical structures, circulating cells, formation of the nanoparticle 

protein corona, and physiological forces – in in vitro and ex vivo experiments33–34. 

Therefore, testing LNP formulations in vivo, rather than in vitro or ex vivo, is generally 

considered the standard for identifying lead LNP formulations for different applications. To 

quantify LNP delivery in vivo, one approach is to use LNPs that encapsulate fluorescently 

labeled nucleic acids22, 35–37. After LNP administration, tissue biodistribution of those 

fluorescently labeled nucleic acids from different tissue samples can be identified via 

fluorescence readouts. However, due to the limitations in spectral resolution for microscopy, 

the number of fluorophores - and thus the number of LNP types - that can be quantified in 

single animals is limited to only a few. Therefore, new approaches that facilitate the high-

throughput screening of LNPs in an in vivo setting can enhance our fundamental 

understanding of how LNP structure affects in vivo mRNA delivery to target cells and 

tissues.

Recently, novel approaches have emerged to facilitate the high-throughput screening of 

nanoparticles (NPs) in an in vivo setting, leveraging various technologies including mass 

cytometry, DNA barcoding (b-DNA), and high-throughput sequencing38–40. In the context 

of mass cytometry approaches - where current instruments permit up to 50 metal isotope 
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labels to be detected simultaneously in single cells – have been developed to enable high-

throughput quantification of gold nanoparticles in single cells as a means to identify novel 

NP-based vaccines to target dendritic cells in vivo38. In addition to mass cytometry, b-DNA 

in tandem with PCR and deep sequencing has been utilized to accelerate drug discovery41. 

Rather than testing compounds individually, many DNA-tagged compounds can be 

administered in a single pool, and compounds that interact with the target can be identified 

by their b-DNA using deep sequencing41. This b-DNA concept has recently been applied to 

LNP delivery in the context of identifying barcoded NPs that target tumors39 as well as those 

that deliver nucleic acid therapeutics in vivo40, 42.

In the context of mRNA LNP delivery screening in vivo, an ideal approach would be to 

leverage a functional mRNA with a barcoded region in its 3’ untranslated region (UTR) that 

can be quantified directly using deep sequencing, rather than the encapsulation of additional 

b-DNA that may potentially alter LNP structure and subsequent in vivo delivery42–43. 

Towards this end, we have designed an in vivo delivery platform consisting of a library of 

engineered LNPs that encapsulate functional, custom-designed barcoded mRNA (b-mRNA, 

Fig. 1). These b-mRNA are similar in structure and function to regular mRNA, and contain 

barcodes and unique molecular identifier (UMI) that enables LNP in vivo delivery to be 

quantified via deep sequencing (Fig. 1B). We formulated a mini-library of LNPs via 

microfluidic mixing, where each LNP formulation encapsulated a unique b-mRNA (Fig. 

1C). We show that different b-mRNA LNP formulations can be pooled together, 

simultaneously administered intravenously into mice, and LNP delivery to multiple organs 

can be quantified using deep sequencing (Fig. 1D). Our deep sequencing results were 

validated via LNP delivery of commercially available luciferase mRNA, indicating that this 

platform can be utilized to effectively identify lead LNP formulations for mRNA delivery in 
vivo to organs such as the liver and spleen. Additionally, we show that different types of 

nucleic acid cargo (b-mRNA versus a DNA barcode) altered LNP delivery in vivo, 

suggesting that the incorporation of different nucleic acid barcode structures within LNPs 

can affect their in vivo fate. This delivery platform, where functional mRNAs are barcoded 

and encapsulated in LNPs, can accelerate in vivo screening and the design of LNPs for 

mRNA gene therapy.

RESULTS AND DISCUSSION

Barcoded mRNA (b-mRNA) Synthesis

To synthesize in vitro transcribed b-mRNA (Fig. 1A), DNA templates were designed that 

included the following four necessary components: (i) a T7 promoter in the 5’ untranslated 

region (UTR) to initiate in vitro transcription, (ii) a PCR handle at the 3’ UTR for 

downstream polymerase chain reaction (PCR) amplification, (iii) a barcode sequence for 

quantification of in vitro transcribed b-mRNA during analysis by deep sequencing, and (iv) a 

unique molecular identifier (UMI) to avoid duplication during deep sequencing (Fig. 1A). 

These DNA templates were used for in vitro transcription to produce b-mRNA with dual 

functions: (i) the luciferase sequence enables b-mRNA to be translated and produce 

luciferase protein, (ii) the barcode and UMI sequences enable identification and 

quantification of b-mRNA through deep sequencing (Fig. 1B). Due to the ease of output 
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measurements, luciferase mRNA has become one of the most commonly utilized sequences 

for gene delivery24, 44–48. Therefore, luciferase mRNA was chosen as a target sequence for 

the b-mRNA design.

Previous research demonstrates that mRNA modifications can enhance stability while 

suppressing innate immune responses and subsequently improving transfection49–52. 

Therefore, to assess the potency of b-mRNA with various modifications, we performed in 
vitro transcription to produce b-mRNA containing two different modifications, 

pseudouridine (ψ) or 5-methylcytosine (m5C). To compare the transfection efficiency 

between ψ modified b-mRNA and m5C modified b-mRNA, both b-mRNA were 

encapsulated in a previously optimized LNP for mRNA delivery53. As a positive control, 

Trilink-mRNA, the commercially available gold standard mRNA24, 45–47, was encapsulated 

in the identical formulation. In vitro transfection results showed that m5C modified b-mRNA 

induced higher luciferase expression than ψ modified b-mRNA (Fig. S1A). Therefore, we 

performed all subsequent experiments using m5C modified b-mRNA, unless otherwise 

noted. The b-mRNA synthesis protocol was shown to be reproducible, and in vitro 
transcribed m5C b-mRNA consistently produced full-length polyadenylated transcripts with 

minimum batch-to-batch variability (Fig. S1B and Fig. S1C).

b-mRNA LNP Formulation and Characterization

To determine whether b-mRNA can be encapsulated within LNPs, we utilized a well-

characterized LNP formulation previously reported for mRNA delivery to the liver53. In this 

study, this formulation is referred to as F13 (Table 1). In brief, the formulation consisted of a 

well-characterized ionizable lipid (C12–200), helper lipid (DOPE), cholesterol, and a PEG-

lipid conjugate (C14-PEG2000), which was mixed with the acidic aqueous phase containing 

b-mRNA in a microfluidic channel54 (Fig. 2A). Cryogenic-transmission electron microscopy 

(Cryo-TEM) micrographs confirmed that LNPs had a spherical shape and consist of a 

multilamellar structure (Fig. 2B). Furthermore, dynamic light scattering (DLS) indicated that 

LNPs with a mean hydrodynamic diameter of 83.36 nm were formed after microfluidic 

mixing (Fig. 2C), which was similar in size to previously reported LNPs encapsulating 

luciferase mRNA53. Collectively, these results indicate that b-mRNA can be encapsulated 

within LNPs that are similar in structure and size to previously reported mRNA delivery 

systems.

In Vivo LNP Delivery and Dose-Dependent b-mRNA Detection

To assess whether b-mRNA can be delivered in vivo to the liver of mice and quantified using 

deep sequencing, five identical LNP formulations that each encapsulated different b-mRNA 

were pooled together - at different mRNA doses for each LNP formulation (17–1000 ng 

mRNA per LNP formulation) - and administered intravenously via tail vein injection into 

mice. 4 hours post-injection, the liver was harvested from mice and LNP b-mRNA delivery 

was quantified by deep sequencing. Doses as low as 17 ng of total b-mRNA were detected 

using deep sequencing (Fig. 3A), indicating that b-mRNA delivered using LNPs can be 

quantified at low doses. In a recent study, LNPs were systemically injected into mice at total 

mRNA doses as high as ~80 μg (4 mg/kg)22. Given that we were able to detect LNP doses as 

low as 17 ng total b-mRNA via deep sequencing, this platform can potentially allow for 
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several thousand unique b-mRNA LNP formulations to be administered into mice and 

screened for delivery. b-mRNA LNP delivery was also shown to be dose-dependent, as 

LNPs delivered at a lower total b-mRNA dose resulted in lower sequencing reads and overall 

delivery to the liver, while LNPs delivered at higher doses resulted in higher sequencing 

reads and overall delivery (Fig. 3A). Furthermore, a linear correlation (R2 = 0.9646) between 

barcode delivery to the liver and total b-mRNA dose administered was found (Fig. 3B), 

further indicating that the b-mRNA quantification using deep sequencing is accurate. These 

results indicate that (i) unique b-mRNA LNPs can be pooled together, delivered in vivo, and 

quantified using deep sequencing, and (ii) deep sequencing can be used to accurately 

quantify b-mRNA LNP delivery across a broad range of injected b-mRNA doses.

Simultaneous Delivery Screening of Multiple b-mRNA LNP Formulations In Vivo

After demonstrating the feasibility of the delivery system, we investigated whether several 

different b-mRNA LNP formulations can be screened simultaneously for in vivo delivery to 

various organs in mice. We formulated a mini-library of 16 different LNPs that were 

previously evaluated for in vivo mRNA delivery53 - now encapsulating b-mRNA instead of 

mRNA - as a means to validate the b-mRNA LNP screening platform (Table 1). 16 different 

b-mRNA LNP formulations were characterized by hydrodynamic diameter, polydispersity, 

and encapsulation efficiency (Table 2). The hydrodynamic diameter of all LNPs were 

between 74.42 nm and 90.77 nm, while their polydispersity ranged from 0.174 to 0.233 

(Table 2). 13 of the 16 formulations possessed surface charge values between 0 mV and −10 

mV, while the remaining 3 formulations had greater negative charge values (between −10 

mV and −20 mV) (Table 2). Additionally, efficient b-mRNA encapsulation rates (over 85%) 

were observed in 11 of the 16 LNP formulations (Table 2). The 16 LNP formulations, each 

containing a unique b-mRNA, were then pooled and injected intravenously into mice at a 

dose of 0.25 μg total b-mRNA for each LNP formulation. 4 hours post-injection, organs (the 

liver, spleen, lung, brain, kidney, heart, pancreas, and muscle) were harvested from mice and 

LNP b-mRNA delivery was quantified using deep sequencing. We found a broad range in 

delivery of different b-mRNA LNPs to the liver (Fig. 3C), spleen (Fig. 3D), and other tissues 

(Fig. 3E and Fig. S2). The method of b-mRNA quantification was adapted from a previous 

report42 and explained in more detail in the MATERIALS AND METHODS. In brief, 

counts for each LNP formulation, per tissue, were normalized to the non-injected LNP pool. 

By using this quantification method, it is important to note that the delivery of different LNP 

formulations within the same organ can be compared, but the delivery of the same LNP 

formulation across different organs cannot be compared. Therefore, in the heat map (Fig. 

3E), it is possible to compare delivery of different LNPs to a single tissue and determine the 

top-performing LNPs for each organ. However, it is not possible to assess if a given LNP 

formulation exhibits superior delivery to one organ compared to another.

Some LNPs demonstrated similar behavior regarding b-mRNA delivery to different tissues. 

For example, F14-F16 showed higher b-mRNA delivery to most tissues (the liver, spleen, 

brain, heart, kidney, and pancreas) compared to other LNPs. Additionally, F11 to F16 were 

formulated with C12–200:b-mRNA weight ratios varying between 5:1 to 25:1, and we 

observed enhanced b-mRNA delivery to the liver and spleen with increased C12–200:mRNA 

ratios. Together, these data confirm that the b-mRNA platform can be used to screen several 
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different LNP formulations in vivo simultaneously, and potentially identify lead LNPs for 

optimal mRNA delivery. While this mini-library of 16 LNP formulations serves as a proof-

of-concept to validate the in vivo screening approach, the ease of synthesizing unique b-

mRNA can be exploited to formulate and screen larger libraries of b-mRNA LNPs in vivo.

b-mRNA LNP Delivery Measurements Are Comparable to LNP-Mediated mRNA 
Transfection In Vivo

Given that b-mRNA was also designed to encode for the reporter protein firefly luciferase, 

we next assessed whether our relative b-mRNA LNP delivery measurements from deep 

sequencing were similar to functional in vivo luciferase expression readouts in mice. Two 

LNP formulations (F01 and F13) were selected for in vivo luciferase expression studies (Fig. 

4), as F13 had higher relative b-mRNA delivery to the liver and spleen than F01 (Fig. 3C). 

Therefore, if the b-mRNA in vivo screen is accurate in terms of relative LNP delivery 

measurements, mice injected with F13 should have higher luciferase expression in the liver 

and spleen than those injected with F01 at the same total b-mRNA dose. F01 and F13 were 

separately administrated to two groups of mice, and 4 hours post-injection luciferase 

expression from different organs was quantified by an in vivo imaging system (IVIS, Fig 

4A). Similar to a previous study53, high luciferase expression was observed in the liver and 

spleen (Fig. 4A). In some organ samples, luminescence signal was below the instrument 

threshold and was not captured by the IVIS28, 53, 55. Luciferase expression in the liver (Fig. 

4B) and spleen (Fig. 4C) was higher in mice treated with F13 – which had higher relative b-

mRNA delivery to the liver and spleen – than mice treated with F01.

To assess if the b-mRNA deep sequencing screening results were similar to the delivery of 

mRNAs beyond those encoding for luciferase, we next tested our system using another 

mRNA, human erythropoietin (EPO) mRNA. We chose EPO mRNA because systemic 

administration of LNPs encapsulating EPO mRNA results in a sustained expression of EPO 

protein in the serum53, 56; therefore, it potentially has therapeutic potential to be used as an 

alternative approach to EPO protein infusion for the treatment of anemia, myelodysplasia, 

and schizophrenia52, 57–58. To assess for EPO mRNA delivery, the same two LNP 

formulations (F1 and F13) used in the luciferase mRNA delivery assay were formulated with 

EPO mRNA and were separately injected into two groups of mice. 4 hours after 

administration, serum samples were collected and EPO concentrations were determined 

using an enzyme-linked immunosorbent assay (ELISA). Results indicated that F13 was 

significantly more potent than F1 (Fig. 4D), similar to the previous luciferase mRNA 

delivery results (Fig. 4A & Fig. 4B). Collectively, these results indicate that (i) b-mRNA 

LNPs can be quantified for relative delivery using deep sequencing and functional luciferase 

expression using IVIS, (ii) LNPs that yield higher relative delivery - measured using deep 

sequencing - also induced higher luciferase expression, and (iii) this screening platform can 

potentially be utilized to predict the potency of LNPs that encapsulate different therapeutic 

mRNAs.

To further validate our screening platform for functional mRNA delivery, LNPs from the 

initial screen were formulated with a commercially available mRNA encoding for luciferase 

(Trilink-mRNA)24, 45–47. Two LNPs with low relative b-mRNA delivery (F01, F06) and 
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three LNPs with high relative delivery (F09, F13, F16) were then formulated with Trilink-

mRNA encoding for firefly luciferase and were injected separately into 5 groups of mice. 

After 4 hours, 8 tissue samples (liver, spleen, kidney, lung, brain, pancreas, heart, and 

muscle) were harvested and luciferase expression was measured by IVIS (Fig. 5A). Similar 

to previous in vivo luciferase studies with b-mRNA LNPs (Fig. 4), F13 encapsulating 

Trilink-mRNA induced higher luciferase expression than F01 encapsulating Trilink-mRNA 

in both the liver (Fig 5B) and spleen (not statistically significant, P = 0.149; Fig 5C). These 

results suggest that LNPs encapsulating commercially available mRNA are comparable to b-

mRNA LNPs in terms of function, and can potentially be utilized to validate results from in 
vivo b-mRNA LNP screening.

Barcoded Nucleic Acid Structure Impacts LNP Biodistribution In Vivo

The structure of different nucleic acid cargo (e.g. DNA, siRNA, mRNA) encapsulated within 

LNPs has previously been shown to play an important role in the LNP formulation process, 

requiring different types and ratios of ionizable lipids and excipients that consequently affect 

the physical properties of LNPs24, 59–61. A recent study showed that when different nucleic 

acid cargo (i.e. siRNA or mRNA) were encapsulated in the same LNP formulation, dramatic 

changes were found in terms of LNP size as well as the spatial location of various 

components (e.g. cholesterol, helper lipid, and PEG)43, indicating that the structure of the 

nucleic acid cargo encapsulated within LNPs ultimately affects LNP structure. However, 

how these structural changes can affect LNP delivery in vivo was not studied in the same 

report. Therefore, we compared our b-mRNA system to a previously studied b-DNA system 

to assess how different therapeutic cargos (i.e. b-DNA versus b-mRNA) affect LNP 

delivery62.

To assess this, LNPs used for b-mRNA delivery were formulated with b-DNA used in a 

previous report40. In brief, b-DNA included universal primer sites, a 10-nucleotide barcode 

region, and a 10-nucleotide UMI region to minimize PCR bias (Fig. 6A). We formulated the 

16 LNPs that were used previously to encapsulate b-mRNA (Table 1), now encapsulating 16 

different b-DNAs (Fig. 6A). As anticipated, switching nucleic acid cargo from b-mRNA to 

b-DNA in LNPs altered their hydrodynamic diameter and PDI for all 16 formulations (Fig. 

S3). To evaluate the delivery of b-DNA LNPs, all 16 b-DNA LNPs were pooled and 

administrated to mice intravenously. 4 hours post-injection, both the liver and spleen were 

isolated, and delivery of each b-DNA LNP formulation was quantified using deep 

sequencing in a similar manner to b-mRNA LNP delivery discussed previously (Fig. 6B and 

Fig. 6C).

When b-DNA was encapsulated in LNPs, F04 was identified as one of the lead formulations 

for both liver and spleen delivery (Fig. 6B and Fig. 6C). However, when b-mRNA was 

encapsulated in the LNP, F04 exhibited lower delivery compared to several other 

formulations (Fig. 3C and Fig. 3D). In order to better understand these differences, delivery 

of 16 b-mRNA LNPs was plotted against the delivery of 16 b-DNA LNPs to the liver (Fig. 

6D) and spleen (Fig. 6E). Weak correlations between b-DNA delivery and b-mRNA delivery 

to both the liver (R2 = 0.0164) and spleen (R2 = 0.2505) were found based off a linear 

regression model, demonstrating that differences in nucleic acid cargo can alter LNP 
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delivery in vivo. This result was supported in recent studies, as altering LNP nucleic acid 

cargo has been shown to dramatically impact LNP physical characteristics43. For instance, 

the location of all components (ionizable lipid, excipient, and nucleic acid) within LNPs 

may affect the amount of PEG chains exposed on the LNP surface, thus affecting LNP 

interactions with serum proteins and ultimately altering LNP delivery32, 43, 63.

The use of b-DNA has previously enabled rapid, high-throughput in vivo screening of LNPs 

for small nucleic acid delivery, such as siRNA and sgRNA42, 64. However, predicting the 

functionality of a therapeutic mRNA using LNPs containing small nucleic acid has potential 

challenges. One potential challenge is that b-DNA is relatively similar in length to siRNA 

and sgRNA but is orders of magnitude smaller than mRNA. Therefore, an alteration in cargo 

from a shorter b-DNA to a longer mRNA can alter the fundamental structure and physical 

properties of the LNP formulation43. By contrast, b-mRNA by design has a similar size to a 

therapeutic mRNA, and therefore may minimize changes in LNP physical properties and 

ultimately delivery. To assess this, we directly compared the predictability of Trilink-mRNA 

LNP delivery to either b-mRNA LNP delivery or b-DNA LNP delivery, for both the liver 

(Fig. 7A and Fig. 7C) and spleen (Fig. 7B and Fig. 7D). By plotting b-mRNA delivery 

versus mRNA transfection in vivo, we found a strong correlation for the b-mRNA system, 

where higher b-mRNA delivery generally corresponded to higher mRNA transfection (Fig 

7A and Fig. 7B). By contrast, the correlation was less clear for the b-DNA system by 

plotting b-DNA delivery versus mRNA transfection (Fig. 7C and 7D).

After comparison of the b-mRNA (Fig. 3C,D) and b-DNA screening results (Fig. 6B,C), we 

identified two formulations (F4 and F13) that showed contradictory results in terms of 

delivery (Fig. 8 A–D). Based on the b-mRNA screening results, F13 delivery to the liver 

(Fig. 8A) and spleen (Fig. 8B) was significantly greater than F04. By contrast, the b-DNA 

screening results demonstrated that F13 delivery to the liver (Fig. 8C) and spleen (Fig. 8D) 

were significantly less than F04. To determine which screening platform provided a more 

reliable prediction for functional mRNA delivery, F4 and F13 LNPs were formulated with 

EPO mRNA and were separately injected to two groups of mice. Quantification of serum 

EPO concentration 4 hours after administration showed that F13 was significantly more 

potent than F4 in terms of increasing EPO production (Fig. 8E), indicating that b-mRNAs – 

which more closely mimic the structure of therapeutic mRNAs – can potentially better 

predict functional mRNA delivery in vivo. Collectively, our b-mRNA system, either alone or 

in combination with other novel systems that co-deliver b-DNA with mRNA65, may provide 

an accurate means for accelerated in vivo mRNA delivery screening.

CONCLUSION

In this study, we demonstrated that b-mRNA LNPs are a potential high-throughput tool for 

tracking tissue-specific delivery of a functional mRNA. Furthermore, our studies comparing 

b-mRNA LNPs and b-DNA LNPs indicated that the structure of different nucleic acid cargo 

(i.e. b-DNA versus b-mRNA) can affect LNP physical properties and subsequently alter 

their in vivo delivery. Therefore, the inclusion of a nucleic acid barcode that is similar in size 

and structure to the therapeutic cargo is a potentially important factor for predicting 

therapeutic mRNA delivery. Since b-mRNA has a similar structure to functional mRNA, b-
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mRNA may provide an optimal “first-pass” delivery screen to identify lead formulations for 

mRNA delivery. The flexible design of b-mRNA allows them to be utilized as proxies for 

many other mRNA sequences with different sizes, such as Cas9 mRNA (4,521 nucleotides), 

or the smaller human erythropoietin (EPO) mRNA (858 nucleotides). In summary, this 

proof-of-concept study described a high-throughput screening method to rapidly identify 

lead LNP formulations for mRNA delivery. Future efforts will focus on incorporating this 

platform into mRNA related therapeutic applications, such as CRISPR/Cas9 gene editing, 

mRNA vaccines, and other mRNA-based immunotherapies.

MATERIALS AND METHODS

Barcoded in vitro transcription (IVT) template

Barcoded templates for IVT were constructed via PCR from a plasmid, pGL4.10[luc2] 

(Promega, E1751) using the following primers:

Luc_T7_F2:

5’- TAATACGACTCACTATAgggCATTCCGGTACTGTTGG

Luc_BC_R(N):

5’-GCCCAGTCATAGCCGAATAGNNNNNNNNNN

[Barcode]CCGCCCCGACTCTAGAATTA

A full list of IVT templates can be found in Table S2. All oligonucleotides were purchased 

from Integrated DNA Technologies with standard desalting. PCR was conducted using 1X 

Phusion HF buffer containing a final concentration 0.5 μM Miseq primer (Table S1), 200 μM 

dNTPs, and 0.4 U Phusion High-Fidelity DNA Polymerase (New England BioLabs, 

M0530S). The samples were denatured at 98 °C for 30 seconds then run for 35 cycles 

through the following conditions: 98 °C for 10 seconds, 65 °C for 30 seconds, and 72 °C for 

2 minutes. This was followed by a final 10-minute extension at 72 °C. Templates were 

separated using 1% agarose gel (Universal Medical, IB70060), and 1.7kb products were 

excised and purified via Zymoclean Gel DNA Recovery Kit (Zymo Research, D4007) per 

the manufacturer’s protocol.

IVT

Uncapped RNA was synthesized via IVT using a modified HiScribe T7 High Yield RNA 

Synthesis Kit (New England Biolabs, E2040S) containing 100 ng of purified template in 20 

μL reactions. The manufacturer’s protocol was modified by replacing CTP (cytidine-5’-

triphosphate) with 5mCTP (Trilink biotechnologies, N-1014) in an overnight incubation at 

37 °C. DNA was degraded with 2 U of RQ1 DNase (Promega, M6101) for 30 minutes at 37 

°C. RNA was purified using a RNeasy MinElute Cleanup Kit (Qiagen, 74204) following the 

manufacturer’s protocol, eluting with 50 μL RNase-free H2O. For different mRNA 

modifications, chemically modified nucleotides were completely substituted for their 

unmodified counterparts while synthesizing the mRNA.
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RNA capping and tailing

25 μg RNA was resuspended in 15 μL RNase-free H2O and denatured at 65 °C for 5 

minutes, and immediately placed on ice. RNA was capped using the Vaccinia Capping 

System (New England BioLabs, M2080S) in 50 μL reaction per the manufacturer’s protocol 

and incubated at 37 °C for 30 minutes. Poly(A) tails were added using E. coli Poly(A) 

Polymerase (New England BioLabs, M0276S) by adding 10 μL 10X PAP Reaction Buffer, 

10 μL 10 mM ATP, 5 μL (25 U) E. Coli PAP, and 25 μL RNase-free H2O and incubated at 37 

°C for 30 minutes. Reactions were stopped with the addition of 100 μL of RNA binding 

buffer (Zymo Research, R1013-2-25). mRNA was purified using a Zymo RNA Clean & 

Concentrator Kit (Zymo Research, R1018) per the manufacturer’s protocol. Quality control 

testing of mRNA was conducted using a Bioanalyzer (Agilent 2100 Bioanalyzer; Agilent 

Technologies)

RNA extraction and cDNA synthesis

30 mg of disrupted frozen tissue was resuspended in TRIzol™ Reagent (Thermo Fisher 

Scientific, 15596026); total RNA was extracted per the manufacturer’s protocol. 2 μg of 

extracted RNA was treated with 1U RQ1 DNase, 1X RQ1 DNase buffer, and 20 U RNase 

inhibitor (New England Biolabs, M0314S) for 30 minutes at 37 °C to remove any remaining 

DNA in solution. The reaction was terminated by adding 1 μL Stop solution and incubated 

for 10 minutes at 65 °C. 1 μL Oligo dT (Integrated DNA Technologies, 51-01-15-05) was 

added to each reaction and denatured for 5 minutes at 70 °C, and then immediately placed 

on ice. Reverse transcription of the DNase-treated RNA was carried out in a 20 μL reaction 

using 1 μL of GoScript Reverse Transcriptase (Promega, A5003) containing a final 

concentration of 1X GoScript Reaction Buffer, 2.5 mM MgCl2, 0.5 mM dNTPs using the 

following cycling conditions: 25 °C for 5 minutes, 42 °C for 1 hour, and 70 °C for 15 

minutes.

Barcoded mRNA (b-mRNA) library preparation

Library templates were prepared via two stages of PCR. In the first stage, adapters were 

added to the cDNA using the following primers:

Luc_Seq_US1:

5’- AGACGTGTGCTCTTCCGATCTGGACGAGGTGCCTAAAGGAC

NeoR_Seq_US2:

5’- ACACGACGCTCTTCCGATCTGCCCAGTCATAGCCGAATAG

PCR was carried out in 1X Phusion HF buffer containing a final concentration of 0.5 μM 

Luc_Seq_US1, 0.5 μM NeoR_Seq_US2, 200 μM dNTPs, and 0.4 U Phusion High-Fidelity 

DNA Polymerase. Templates were denatured at 98 °C for 30 seconds followed by 16 cycles 

of: 98 °C for 10 seconds, 65 °C for 30 seconds, 72 °C for 2 minutes followed by a final 10-

minute extension at 72°C with an expected product size of 218bp. Templates were purified 

using 1.8 volumes of Mag-Bind TotalPure NGS beads (Omega Biotek, M1378–00), 

followed by two 80% ethanol washes and elution in 20 μL TE.
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In the second stage, Illumina primers were added to the cDNA using the following primers 

from a previous study62:

Forward (Index-Base):

5’-

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT

CT

Reverse (Universal):

5’- TGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Miseq primers (Table S1):

5’- 

CAAGCAGAAGACGGCATACGAGAT[index]GTGACTGGAGTTCAGACGTGTGCTCT 

TCCGATCT

cDNA was denatured at 98 °C for 30 seconds followed by 16 cycles of 98 °C for 10 seconds, 

65 °C for 30 seconds, 72 °C for 2 minutes followed by a final 10-minute extension at 72 °C 

with an expected size of 301bp. PCR products were purified using a 1.8X volume ratio of 

Mag-Bind TotalPure NGS beads (Omega Biotek, M1378–00), followed by two 80% ethanol 

washes and eluted in 20 μL TE. The purified products were kept frozen until deep 

sequencing.

b-DNA library preparation

b-DNA design parameters were adopted from a previous report62. b-DNA consisted of 61 

nucleotide single-stranded DNA with three consecutive phosphorothioate bonds at each end. 

The barcode region was comprised of 10 nucleotides in the center of the oligonucleotide. An 

additional 10 random nucleotides were included at 3′ of the barcode region. The 5′ and 3′ 
ends of each b-DNA contained priming sites for Illumina adapters. A full list of b-DNA 

sequences can be found in Table S3. Desalted oligonucleotides were ordered from Integrated 

DNA Technologies. To extract DNA from a tissue sample, approximately 30 mg of disrupted 

frozen tissue was resuspended in lysis buffer66 that contained 100 mM Tris-HCl (Fisher 

Scientific, 50155887), 5 mM EDTA (Fisher Scientific, 50997738), 0.2% SDS (Fisher 

Scientific, 507513793), 200 mM NaCl (Fisher Scientific, S318100), and 0.2 mg/mL 

proteinase K (Thermo Fisher Scientific, PI17916). Extracted DNA was further purified by 

Zymo Oligo Clean and Concentrator columns (Zymo Research, D4060) according to the 

manufacturer’s instructions. b-DNA amplification was conducted by PCR using the 

following recipe: 5 μL 5× HF Phusion buffer, 0.5 μL 10 mM dNTPs, 0.25 μL Phusion High-

Fidelity DNA Polymerase (Thermo Fisher Scientific, F530S), 1.18 μL extracted DNA, 0.5 

μL 5 μM reverse (universal), 0.5 μL 5 μM Miseq primer (Table S1), 0.5 μL 0.5 μM forward 

(Index-base), 2 μL DMSO, and 15.25 μL H2O. PCR cycling conditions were 98 °C for 12 

seconds, 67 °C for 22 seconds, and 72 °C for 28 seconds, for a total of 35 cycles. Primer 

sequences were shown below:
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Forward (Index-Base):

5’- 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT

CT

Reverse (Universal):

5’- TGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Miseq primers (Table S1):

5’- 

CAAGCAGAAGACGGCATACGAGAT[index]GTGACTGGAGTTCAGACGTGTGCTCT

TCCGATCT

PCR products were run by gel electrophoresis on 1.4% agarose (Universal Medical, 

IB70060) in Tris-acetate-EDTA buffer (Fisher Scientific, 24710030). Amplified b-DNA 

(144bp) was excised from the gel, pooled, and purified by Zymo Gel Extraction columns 

(Zymo Research, D4001) according to the manufacturer’s instructions. The purified 

products were kept frozen until deep sequencing was performed.

Lipid nanoparticle (LNP) formulation

LNPs were formulated by mixing an aqueous phase containing mRNA or DNA with an 

ethanol phase containing ionizable lipids and excipients using a microfluidic chip device54. 

Specifically, the ethanol phase contained a mixture of an ionizable lipid (C12–200, 

synthesized as previously described67), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE, Avanti Polar Lipids, 850725P), cholesterol (Sigma-Aldrich, C8667), and 1,2-

dimyristoylsn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] 

(ammonium salt) (C14-PEG 2000, Avanti Polar Lipids, 880150P) at predetermined molar 

ratios shown in Table 1. High-performance liquid chromatography (HPLC) and mass 

spectrometry data for the ionizable lipid were shown in Fig. S4. The aqueous phase was 

prepared in 10 mM citrate, pH 3.0 buffer (Teknova, Q2445) with either in-house synthesized 

b-mRNA, Luciferase mRNA (Trilink Biotechnologies), or b-DNA (Integrated DNA 

Technologies). Syringe pumps were used to perfuse the ethanol and aqueous phases at a 3:1 

ratio through the microfluidic device54. The resulting LNPs were dialyzed against PBS in a 

20,000 MWCO cassette at room temperature for 2 hours and then extruded through a 0.22 

μm sterile filter (Genesee Scientific, 25243).

LNP characterization

DNA or mRNA concentration in LNP formulations was determined using a NanoDrop 

Spectrophotometer (Thermo Fisher Scientific). To calculate mRNA encapsulation efficiency 

within LNPs, a modified Quant-iT RiboGreen RNA assay (Thermo Fisher Scientific, 

R11490) was used as previously described26. LNP hydrodynamic diameter and 

polydispersity (PDI) were measured using a Zetasizer Nano ZS machine (Malvern 

Instrument). For analysis of LNP structure using cryogenic-transmission electron 
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microscopy (Cryo-TEM), LNP samples were prepared in a vitrification system (25°C, 

~100% humidity). A 3 μL sample of LNP solution was dropped on a lacey copper grid 

coated with a continuous carbon film and blotted to remove excess sample without 

damaging the carbon layer. A grid was mounted on a Gatan 626 single tilt cryogenic-holder 

equipped in the TEM column. Images of LNP samples were recorded on an UltraScan 1000 

CCD camera (Gatan).

In vitro mRNA delivery

bEnd.3 mouse cerebral cortex endothelial cells (ATCC) were maintained at 37°C and 5% 

CO2 in high glucose Dulbecco’s Modified Eagles Medium (Thermo Fisher) supplemented 

with 10% fetal bovine serum (by volume), 20 U/mL penicillin and 20 U/mL streptomycin. 

Cells were seeded in black 48-well plates at a density of 30,000 cells per well. After 24 

hours, cells were treated with LNPs encapsulating different b-mRNA (modified with either 

pseudouridine (ψ) or 5-methylcytosine (m5C)) or commercially available Trilink-mRNA at 

different concentration (10 nM, 25 nM, or 50 nM). After 48 hours transfection68–70, cells 

were washed with PBS and incubated with D-luciferin (150μg/mL). Subsequently, luciferase 

activity was measured using an IVIS imaging system (PerkinElmer).

Animal experiments

All procedures were performed under an animal protocol approved by the University of 

Pennsylvania Institutional Animal Care and Use Committee (IACUC). To evaluate b-mRNA 

or b-DNA delivery, 8-week-old female C57BL/6 mice (Charles River Labs, 18–21 g) were 

injected intravenously via the tail vein with a pool of different barcoded LNPs at 0.25 μg b-

mRNA or 1 μg b-DNA per formulation. To quantify mRNA delivery and luciferase in vivo, 

mice were injected intravenously via the tail vein with LNPs containing 5 μg of either 

mRNA coding for luciferase (Trilink Biotechnologies) or b-mRNA coding for luciferase. 

For all experiments, tissues were harvested 4 hours post-injection. To evaluate b-mRNA 

delivery or b-DNA delivery, tissues were snap-frozen in liquid nitrogen, disrupted into 

powder using a Geno/Grinder (SPEX Sample Prep), and stored in a −80 °C freezer. To 

evaluate luciferase expression, mice were administered via an intraperitoneal injection of 

130 μL of D-luciferin (30 mg/mL in PBS) 15 minutes before they were sacrificed. 

Luminescence of harvested organs (liver, spleen, lymph node, lungs, heart, brain, pancreas 

and, kidneys) was analyzed using an IVIS imaging system (PerkinElmer) and quantified 

using Living Image Software (PerkinElmer). To assess human erythropoietin (EPO) 

expression in vivo, mice were administered intravenously with LNPs encapsulating 5 μg of 

EPO mRNA (Trilink Biotechnologies). 4 hours after the injection, whole blood was 

collected from the saphenous vein and centrifuged at 10,000 relative centrifugal force (RCF) 

for 10 minutes to separate out the red blood cells. The resulting serum supernatant was 

collected. Subsequently, serum EPO levels were measured using an enzyme-linked 

absorbent assay (ELISA, Biolegend, 442907) following the manufacturer’s protocol.

Deep sequencing and barcode delivery quantification

All deep-sequencing runs were performed using multiplexed runs on Illumina MiSeq 

(Illumina). PCR product pools were quantitated using the KAPA Library Quantification Kit 
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for next generation sequencing. PCR product pools were loaded onto flow cells at 4 nM 

concentration. Python scripts were written to quantify barcodes from Illumina fastq files.

b-mRNA delivery or b-DNA delivery of a specific barcode to a certain tissue was calculated 

according to the following 3 steps: (i) dividing the number of sequencing reads of one 

barcode delivered by a single LNP formulation by the total amount of reads from all 

barcodes delivered by all LNPs in a specific tissue; (ii) dividing the number of sequencing 

reads of the same barcode (utilized in (i)) by the total amount of reads from all barcodes of 

all LNPs in the non-injected LNP pool. (iii) dividing the results from (i) by the results from 

(ii). By using this quantification method, the delivery of different LNP formulations within 

the same organ can be compared, but the delivery of the same LNP formulation across 

different organs cannot be compared.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Schematic of lipid nanoparticles (LNPs) encapsulating barcoded mRNA (b-mRNA) for 
accelerated in vivo delivery screening.
(A) b-mRNA templates were generated by polymerase chain reaction (PCR) using a plasmid 

vector template coding for the luciferase reporter gene luc2. For downstream processing, a 

T7 promoter sequence was added to 5’ end of the luc2 template on the forward primer, and a 

LNP-specific barcode, a unique molecular identifier (UMI), and a PCR handle/dock were 

added to the 3’ UTR of luc2 on the reverse primer. Subsequently, a library of b-mRNA was 

generated by in vitro transcription (IVT) using those b-mRNA templates. (B) b-mRNA 

includes a region coding for luciferase, a barcode sequence, a 10-nucleotide unique 

molecular identifier (UMI), and a poly(A) tail. (C) LNPs were formulated via microfluidic 

mixing, and each LNP formulation encapsulated unique b-mRNA. (D) Different LNP 

formulations were then pooled together and administered intravenously to C57BL/6 mice. 

Organs were harvested 4 hours post injection, and b-mRNA delivery was quantified using 

both whole-organ luminescence imaging and deep sequencing.
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Fig. 2. Formulation and characterization of b-mRNA LNPs.
(A) LNPs were formulated via microfluidic mixing of an aqueous phase of b-mRNA and an 

ethanol phase of ionizable lipids, phospholipids, cholesterol, and a lipid-polyethylene glycol 

(PEG) conjugate. (B) Representative cryogenic-transmission electron microscopy image of 

LNPs encapsulating b-mRNA (scale bar = 100 nm). (C) Hydrodynamic diameter 

measurements of LNPs encapsulating b-mRNA quantified by dynamic light scattering.
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Fig. 3. b-mRNA LNPs accelerate in vivo liver and spleen delivery screening and the identification 
of lead formulations.
(A) LNP formulations with identical lipid and excipient composition but different b-mRNA 

were pooled at varying dosages and administered intravenously to C57BL/6 mice. 4 hours 

post injection, delivery of each b-mRNA LNP to the liver was quantified. N = 4 mice per 

group. (B) In vivo standard curve of b-mRNA delivery to the liver at a range of dosages 

showed a linear regression (R2 = 0.9646). (C-E) 16 LNP formulations (F01-F16) were 

engineered by varying the content of ionizable lipid, phospholipid (DOPE), cholesterol, and 

lipid-anchored PEG (C14-PEG2000). A 0.25 μg dose of each b-mRNA LNP was pooled and 

administered intravenously as a single injection. 4 hours post injection, b-mRNA delivery to 

the liver (C), spleen (D), and other organs (E) were quantified. N = 4 mice per group. Heat 

map (E) representing delivery to different tissue samples were created using Morpheus 

software. Darker clusters were designated as higher delivery whereas lighter clusters were 

designated as lower delivery. Within the heat map, the delivery of different LNP 

formulations within the same organ (left to right) can be compared, but the delivery of the 

same LNP formulation across different organs (top to bottom) cannot be compared. Data 

plotted as mean ± SD. Method to calculate b-mRNA delivery is explained in detail in the 

experimental section. R2 value was calculated based on linear regression model.
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Fig. 4. Lead LNPs identified from the delivery screen induce greater in vivo luciferase expression 
in the liver and spleen, and greater EPO production in mice.
(A-C) C57BL/6 mice were intravenously injected with either LNP formulations F01 or F13 

(5 μg b-mRNA per injection). 4 hours post administration, organs were harvested from mice, 

and their luminescence was measured by IVIS imaging. N = 3 mice per group. (A) 

Representative images of luminescence detection in organs from mice treated with either 

LNP formulations F01 or F13. (B, C) Total luminescent flux from two organs of interest, the 

liver and spleen, were quantified in (B) and (C) respectively. (D). C57BL/6 mice were 

intravenously injected with either the F01 or F13 LNP formulation that encapsulated human 

erythropoietin (EPO) mRNA (5 μg EPO mRNA per injection). 4 hours post injection, serum 

samples were collected from mice and their EPO concentrations were determined by an 

enzyme-linked immunosorbent assay (ELISA). N = 3 mice per group. Data were plotted as 

mean ± SD. N.S. denotes not significant, **P < 0.01 by t-test
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Fig. 5. LNPs encapsulating widely used, commercially available luciferase mRNA are 
comparable in vivo to b-mRNA LNPs.
5 different LNP formulations (F01, F06, F09, F13, F16) were formulated with commercially 

available luciferase mRNA (TrilinkmRNA). C57BL/6 mice were intravenously injected with 

individual LNP formulations (5 μg Trilink-mRNA per injection). 4 hours post 

administration, organs were harvested from mice, and their luminescence was measured by 

IVIS imaging. N = 3 mice per group. (A) Representative images of luminescence detection 

in organs from mice treated with 5 different LNP formulations (F01, F06, F09, F13, F16). 

(B,C) Total luminescent flux from two organs of interest, the liver and spleen, were 

quantified in (B) and (C) respectively. Data were plotted as mean ± SD. N.S. denotes not 

significant, *P < 0.05, ***P < 0.001, ****P < 0.0001 by ANOVA with post-hoc Tukey-

Kramer.
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Fig. 6. Encapsulation of barcoded DNA (b-DNA) versus b-mRNA in LNPs alters in vivo delivery.
(A) 16 LNP formulations used in this study were now used to each encapsulate unique b-

DNA instead of b-mRNA. b-DNA contained universal primer sites, a 10-nucleotide barcode 

sequence, and a 10-nucleotide UMI region to minimize polymerase chain reaction (PCR) 

bias. (B-C) 16 b-DNA LNP formulations were pooled (1 μg b-DNA per injection for each 

formulation) and administered to C57BL/6 mice intravenously. 4 hours post injection, b-

DNA delivery to the liver (B) and spleen (C) was quantified. N = 4 mice per group. (D-E) In 
vivo delivery of 16 b-mRNA LNP formulations was plotted against the delivery of 16 b-

DNA LNP formulations. Method to calculate b-DNA delivery is explained in detail in the 

experimental section. R2 values were calculated based on a linear regression model. Data 

were plotted as mean ± SD.
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Fig. 7. Comparison of b-mRNA system versus b-DNA system to predict functional mRNA 
delivery in vivo
(A, B) b-mRNA LNP delivery was plotted against luciferase expression in the liver (A) and 

spleen (B) of luciferase mRNA LNP-treated mice. (C, D) Similarly, b-DNA LNP delivery 

was plotted against luciferase expression in the liver (C) and spleen (D) of luciferase mRNA 

LNP-treated mice. Data were plotted as mean ± SD.
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Fig. 8. b-mRNA LNPs predict functional mRNA delivery.
(A, B) Comparison of LNP formulations F4 and F13 for b-mRNA delivery to the liver (A) 

and spleen (B). (C, D) Comparison of LNP formulations F4 and F13 for b-DNA delivery to 

the liver (C) and spleen (D). (E) C57BL/6 mice were intravenously injected with either the 

F04 or F13 LNP formulation that encapsulated EPO mRNA (5 μg EPO mRNA per 

injection). Serum EPO concentrations at 4 hour post-intravenous injection were determined 

using ELISA. Data were plotted as mean ± SD. *P < 0.05, **P < 0.01, ****P < 0.0001 by t-

test.
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Table 1:

Formulation details for all LNPs

Formulation lonizable lipid:mRNA ratio Ionizable lipid Phospholipid Cholesterol PEG-Lipid

F01 2.5:1 40 4 53.5 2.5

F02 2.5:1 60 10 29.5 0.5

F03 7.5:1 40 28 28.5 3.5

F04 10:1 40 28 29.5 2.5

F05 12.5:1 40 22 35.0 3.0

F06 7.5:1 35 22 40.0 3.0

F07 10:1 35 22 39.5 3.5

F08 10:1 30 16 51.0 3.0

F09 5:1 30 16 51.5 2.5

F10 7.5:1 40 16 42.5 1.5

F11 5:1 35 16 46.5 2.5

F12 7.5:1 35 16 46.5 2.5

F13 10:1 35 16 46.5 2.5

F14 12.5:1 35 16 46.5 2.5

F15 15:1 35 16 46.5 2.5

F16 25:1 35 16 46.5 2.5
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Table 2:

Characterization of b-mRNA encapsulated LNPs

Formulation Hydrodynamic Diameter (nm) PDI Zeta Potential (mV) Encapsulation efficiency (%)

F01 82.40 0.198 −14.70 67.5

F02 90.77 0.226 −16.70 33.7

F03 78.53 0.224 −2.65 48.9

F04 81.49 0.202 −5.76 92.8

F05 74.42 0.226 −2.10 95.7

F06 82.03 0.221 −3.39 90.7

F07 79.23 0.212 −4.34 49.9

F08 83.25 0.205 −5.08 91.3

F09 81.40 0.174 −9.04 92.7

F10 75.58 0.208 −8.16 89.1

F11 83.55 0.203 −11.70 89.8

F12 88.09 0.224 −7.53 88.4

F13 83.36 0.204 −3.77 87.4

F14 77.32 0.214 −4.23 76.6

F15 84.71 0.233 −4.22 88.7

F16 80.85 0.223 −4.01 86.1
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