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Developing safe and effective nanoparticles for the delivery of messenger
RNA (mRNA) is slow and expensive, partly due to the lack of predictive

power of in vitro screening methods and the low-throughput nature
ofinvivo screening. While DNA barcoding and batch analysis present
methods for increasing in vivo screening throughput, they can also result
inincomplete or misleading measures of efficacy. Here, we describe

a high-throughput and accurate method for the screening of pooled
nanoparticle formulations within the same animal. The method uses
liquid chromatography with tandem mass spectrometry to detect peptide
barcodes translated from mRNAs in nanoparticle-transfected cells. We show
the method’s applicability by evaluating a library of over 400 nanoparticle
formulations with 384 unique ionizable lipids using only nine mice to
optimize the formulation of abiodegradable lipid nanoparticle for mRNA
delivery to theliver. Barcoding lipid nanoparticles with peptide-encoding
mRNAs may facilitate the rapid development of nanoparticles for mRNA
delivery to specific cells and tissues.

RNA therapeutics hold immense potential for the treatment of a wide
variety of diseases by directly controlling protein production within
specific cells in the body' . In particular, non-viral delivery of mRNA
using lipid nanoparticles (LNPs) is an attractive method for the delivery
oftherapeutic proteins due to the transient nature of expression from
mRNA and the potential for repeat dosing of synthetic nanoparticles
(NPs)**. Furthermore, mRNA LNPs have already been applied in pre-
clinical models for protein replacement therapy®, vaccination”® and
gene editing’ ', as well as for the prevention of COVID-19 (refs. 13,14).

Despite this progress, there continues to be a need for safe, spe-
cific and efficacious delivery vehicles. One challenge to delivery lipid
developmentis the poor capability of in vitro studies to predictin vivo

biodistribution and efficacy, as well as the low-throughput nature
of traditional in vivo studies™'. While these issues have been partly
addressed by the application of methods such as batch analysis® and
DNA and/or RNA barcoding'%, these methods each have their own
shortcomings that limit their use as screening approaches in preclini-
calstudies. For example, the extent to which batch analysis can reduce
the number of animals required for library screening depends on the
composition of the library itself; in cases where a large fraction of a
library consists of similarly performing LNPs, batch analysis canrequire
acomparable number of animals to single LNP analysis. Furthermore,
while DNA and/or RNA barcoding can provide a wealth of information
regarding the separate biodistributions of dozens of NPs within the
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same animal, previous studies have shown that trafficking of LNPs to
a specific tissue does not necessarily lead to expression within that
tissue and that, often, tissues that have very low accumulation of a
certain LNP will have functional delivery at a much higher rate than
tissues with substantially higher accumulation’®?°.

Recently, a method for in vivo screening of NPs for functional
mRNA delivery using LNPs coformulated with Cre mRNA and DNA
barcodesin conjunctionwith the transgenic Ail4 mouse, termed ‘FIND’,
has been reported®. Briefly, in this system, successfully transfected
cells will constitutively express tdTomato, and DNA barcodes that
are colocalized with tdTomato signal can be quantified as an indirect
measure of the extent of functional delivery?-**. While this presents
asignificant improvement over the original DNA barcoding assay,
it still has several important limitations. For example, NPs that are
internalized or retained on the surface of a target cell will result in
positive hits in a FIND screen as long as the target cell is successfully
transfected by a single NP type (Fig. 1a). This may lead to misleading
results, especially given that studies have shown uptake of multiple
NPs per cell across multiple endosomes??**. To avoid this ‘bystander’
effect, anideal multiplexed assay for functional delivery would instead
directly measure the amount of protein production effected by each
NP. In addition, LNPs containing mRNA barcodes and DNA barcodes
have been shown to result in significantly different biodistributions,
which may lead to additional bias'®. Finally, FIND is dependent on the
use of the transgenic Ail4 mouse model, precluding its use asascreen-
ing system in larger animal models and in specific disease models for
which Cre-Lox reporter systems are not available.

Here, we have developed a peptide barcode-based screening sys-
temthat allows for the simultaneous evaluation of multiple LNPs within
the same animal by packaging a different peptide barcode encod-
ing mRNA into each distinct type of LNP. Barcoded LNPs can then be
pooled and administered inasingle dose to the same animal and, once
translation of successfully delivered mRNA has occurred in a target
tissue or cell type, expression of each peptide barcode sequence can
be quantified using liquid chromatography followed by tandem mass
spectrometry (LC-MS/MS). Thus, each unique LNP formulationyields
itsown distinct measurement that is a direct quantification of protein
production effected by it within the analysed tissue or celltype. Because
this method does not rely on the presence of any reporter transgene,
itis inherently model independent and theoretically may be used in
any preclinical model. In this study we show that, by applying MS/MS,
we are able to detect and quantify the expression of peptide barcodes
from up to 65 distinct mRNA LNPs in both in vitro and in vivo models
accurately and withinawide dynamic range. We then apply this system
to screen a library of 384 ionizable lipids over more than 400 differ-
ent LNPs for their ability to effect hepatic protein production and,
as aresult, develop a new biodegradable LNP, RM133-3-21, for potent
functional mRNA delivery in vivo.

Results

We reasoned that an ideal screening system for functional mRNA
delivery would be model independent so that it could be applied in
any preclinical model of disease, would consist of multiple measures
of protein production that are each orthogonal to any others such
that multiple formulations could be tested within the same assay and
would be highly sensitive and quantitative over awide dynamic range.
The simplest approach to having an orthogonal functional output for
each NP within a pool would be to have each NP effect production of
aunique protein. The target tissues or cell populations could then be
collected andlysed, and each expressed protein could be detected and
its expression level measured using LC-MS/MS, whichis aselective and
sensitive method for protein detection and quantification (Fig. 1b).
Since the only prerequisite for this assay is that the targeted cell type
be able to translate functional protein from exogenously delivered
mRNA, the proposed method would inherently be model independent.

Thus, the assay as described would meet all three of our design criteria
for anideal screening system for functional delivery.

To that end, we developed an assay in which NPs are formulated
with unique peptide barcode encoding mRNAs, which, when function-
ally delivered to the cytoplasm of target cells, express a protein fused
with a peptide barcode sequence that can be detected and quanti-
fied through LC-MS/MS and a short epitope tag for quantification
of expression using enzyme-linked immunosorbent assay. To reduce
background noise from non-barcoded proteins present within target
cells, we used amonomeric variant of streptavidin (monomericstrepta-
vidin, mSA)*?, which can easily be enriched from crude lysates using
abiotinylated scaffold, asthe carrier protein for each peptide barcode
(Fig. 1c). After barcode-tagged mSA is immobilized on biotinylated
beads, the C-terminal end of the carrier proteinis cleaved by tobacco
etchvirus (TEV) protease, releasing the peptide barcode into solution.
Finally, the resulting peptide barcode mixture is separated from the
biotinylated beads through filtration and run on LC-MS/MS to quantify
therelative amounts of each peptide present in solution.

As an initial proof of concept, we wanted to determine whether
thisapproach could be used to accurately measure functional delivery
to cells cultured in vitro. To that end, we prepared a set of 24 mRNAs
that, upon functional delivery to the cytosol of target cells, would be
translated into functional carrier proteins tagged with unique peptide
barcode sequences (Supplementary Table 1). To determine whether
this assay would enable simultaneous quantification of functional
delivery of each mRNA, we created two pools (F2 and F3) that were
each composed of the same 24 peptide barcode mRNAs but in differ-
ent relative amounts and used them to transfect human embryonic
kidney 293T (HEK293T) cells (Fig. 2a). F2 was constructed by adding
each peptide barcode mRNA (except bc28 and bc32, which were each
added at the median dose) at a different dose ranging from 13.6 ng to
1.95 ng; F3 was constructed by forming six groups each consisting of
four peptide barcode mRNAs, with the mRNAs of each group added at
arelative dose four times lower than that of the previous group, such
that the dynamicrange covered (2.42 ng to 2.48 pg) was roughly three
orders of magnitude (Supplementary Table 1). To account for natural
variations in measured peptide abundance due to different extents
to which peptides ionize and fragment, as well as any differences in
translation efficiencies between mRNAs, we transfected a separate set
of cells with an additional pool composed of each mRNA in an equal
amount (equal delivery reference). By normalizing the MS2 intensity of
each peptide withrespecttoitsintensity inthe equal delivery reference,
weare able to obtain arelative peptide abundance with respect to the
other peptides within the pool. In general, we observed a very strong
correlation (R? = 0.951and R? = 0.991for pools F2and F3, respectively)
betweenthe normalized abundance of each peptide barcode measured
viaLC-MS/MS to the dose of the corresponding mRNA (Fig. 2b).

Encouraged by these results, we performed a similar proof of
conceptexperimentinvivo, using previously described cKK-e12 LNPs?
to deliveranmRNA pool composed of paired peptide barcode mRNAs
atdoseslinearly spaced from 0.001to 0.1 mg kg™ (Fig. 2a and Supple-
mentary Table 2). We again found that, when normalized to an equal
delivery reference, the measured peptide abundances align closely
(R?=0.929) with the administered doses of the corresponding peptide
barcode mRNAs (Fig. 2b). Altogether, the results from these proof of
concept experiments demonstrate that the peptide barcoding assay
canaccurately measure the amount of protein translated from multiple
mRNAs within a single biological sample.

We then sought to optimize and expand the peptide barcode
mRNA library to increase the screening throughput of the system.
Our previous proof of concept experiments were performed using
HA-tagged barcode sequences; since this tag comprises over half of
the amino acid sequence of each barcode, we reasoned that varying
the epitope tag could substantially affect sensitivity and quantification
using the assay. Thus, we explored the effect of using four different
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Fig.1| Overview of the peptide barcoding assay. a, Comparison of DNA
barcoding, FIND and peptide barcoding. While DNA barcoding is unable to
distinguish between functional and non-functional delivery, both FIND and
peptide barcoding result in positive signal only when functional delivery has
occurred. However, FIND will also detect any LNPs that are localized to the
same cell, whereas peptide barcoding will only result in signal for LNPs that
have resulted in protein production. For example, in the scenario to the right,
FIND would identify LNPs A, B and C as hits, when only C has actually resulted
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infunctional delivery. b, Overview of the peptide barcoding assay, where

NPs are each formulated with a unique peptide barcode mRNA, the products
of which can then be detected and quantified using LC-MS/MS. ¢, Structure

of the peptide barcode protein, which consists of a carrier protein (mSA,
monomeric streptavidin) fused to a variable barcode sequence and an affinity
tag through a TEV protease recognition site. The carrier protein and associated
peptide barcode can be purified from whole lysate by immobilization onto
biotinylated beads.

epitopetags (HA, c-myc, FLAG and 6xHis) on measured peptide abun-
dance. As expected, the choice of epitope tag had a significantimpact
on peptide abundance, with myc-tagged barcodes havingmore thanan
order of magnitude increase in their measured precursor ionintensity
relative to those that were HA-tagged; conversely, FLAG-tagged and
His-tagged barcodes were either undetected orresulted inintensities
that were several orders of magnitude lower than their HA-tagged and
myc-tagged counterparts (Supplementary Fig. 1).

Toincrease throughput of the assay, we generated alibrary of tran-
scription templates encoding 114 unique myc-tagged peptide barcode
mRNAs (Supplementary Table 3). These were then combined in equal

amounts and subsequently transcribed to produce a single pool of pep-
tide barcode mRNAs; this pool was then delivered in vivo to the mouse
liver using cKK-e12 LNPs, and the resulting peptide barcode mixture
was analysed using LC-MS/MStoidentify a subset of suitable barcode
sequences (Fig.2c). Of the 114 unique barcode sequences, we identified
aset of 65 peptides with high peptide dot products inliver lysates from
treated mice, low dot productsin PBS injected liver lysates, high signal
to noise ratio (measured as the ratio of peptide abundance in treated
liver lysatestoabundanceinuntreated liver lysates) and some degree
of separation in either precursor mass or retention time from other
peptides in the library (Fig. 2d and Supplementary Table 3). We then
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Fig.2|Validation and expansion of the peptide barcoding assay. a, An mRNA
poolwas constructed by combining different doses of each peptide barcode mRNA;
the mRNA pool was then packaged into LNPs or lipoplexes and administered to

mice or HEK293T cells, respectively; peptide barcode solutions purified from cell
lysates were then run on LC-MS/MS, and the relative abundance of each peptide
was compared toits dose in the mRNA pool. Relative mRNA dose is calculated as the
amount of eachmRNA normalized to the average amount of eachmRNA in the pool,
while relative peptide abundanceis calculated as the MS2 intensity measured for each
peptide normalized to the MS2 intensity of that peptide inasample generated using
equal amounts of each mRNA (equal delivery reference). b, Parity charts comparing
relative peptide abundance to relative mRNA dose using 24 peptide barcode mRNAs
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inHEK293T cells (left two panels) and in mouse liver (rightmost panel). ¢, Alibrary of
IVT templates were generated, pooled together in equal amounts and transcribed
to produce a pool of 114 peptide barcode mRNAs, which was then formulated into
LNPs and administered to mice. d, MSlintensity (left) and peptide dot product
(right) for each of the 114 peptide barcode sequences that were screened. e, Parity
chart comparing relative peptide abundance and relative mRNA dose for asubset
of 65 peptide barcodes chosen from the original pool of 114 on the basis of their MS1
intensities and dot products. For in vivo experiments inb, d and e, values shown

are the mean of n =3 mice per group, with error bars representing the s.d. For the in
vitro experiments of b, values shown are the result from asingle experiment. UTR,
untranslated region.
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performed an in vivo validation experiment in the mouse liver using
either multiple reaction monitoring (MRM) or data-independent acqui-
sition (DIA) for quantification of peptide abundance and observed
excellent correlations between mRNA dose and measured precursor
ionintensity, with slightly better quantification using DIA (R* = 0.944)
than MRM (R?= 0.825) (Fig. 2e and Supplementary Fig. 2). In vitro
validation experiments in HEK293T cells yielded similar results, indi-
cating that the expanded library of 65 peptide barcodes can be used to
accurately and simultaneously measure functional delivery rates both
invitroandinvivo (Supplementary Fig. 3). We note that only aweak cor-
relation was observed between MSl intensities of peptides expressed
fromthe equal delivery controlsin cultured HEK293T cells and mouse
liver lysates (R> = 0.412), which may be due to differences in translation
efficiency in the two contexts, as well as differences in peptide extrac-
tion efficiencies from the two matrices (Supplementary Fig. 4).
Wethensoughtto demonstrate that peptide barcoding canbe used
todevelop and optimize LNP formulations. To thatend, we synthesized
alibrary of 384 unique ionizable lipids, all featuring the same general
branched tail structure containing several biodegradable ester link-
ages, using the combinatorial reaction and components shownin Fig. 3.
Wethenscreenedthis library formRNA delivery efficacy by formulating
eachionizablelipidintoaseparate LNP with1,2-dioleoyl-sn-glycero-3-p
hosphoethanolamine (DOPE), cholesterol and C14-PEG2000, and
assaying for hepatic protein production effected by each LNP. Using

the peptide barcoding assay, this entire library was screened using only
eight mice (48 unique LNPs per mouse, not including replicates). To
avoid potential false positives from background peptides that may be
mistaken for barcodes, we set aminimum peptide dot product cut-off
of 0.8.0fthe 384 LNPs evaluated, 43 resulted in peptide dot products
greater than the cut-off, with most (37 out of 43) being derived from
either timnodonicacid (133-) or docosahexaenoicacid (137-) (Fig. 4a).
Wethen validated the top four hitsidentified in the peptide barcoding
analysis using the firefly luciferase (FLuc) assay and found that all four
LNPsresultedin highlevels of FLuc protein productionintheliver when
evaluated individually (Fig. 4b).

Next, we explored whether we could furtherimprove performance
ofthelead compound, RM133-3, by optimizing its formulation. Several
previous ionizable lipid screens have been performed using either a
constant 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)**?** or
DOPE***° formulation; in addition, a systematic study of the factors
important for LNP efficacy found that phospholipid identity and ioniz-
able lipid to weight ratio were the most significant predictors of LNP
performance”. Thus, we chose to vary the phospholipid identity (DOPE
versus DSPC) and theionizablelipid to mRNA weight ratio (10,15and 20),
as well as the molar ratios of lipid components in the formulation,
which we varied linearly between the constant DSPC and DOPE for-
mulations previously mentioned (Fig. 5a and Supplementary Table 4).
Using afull factorial design of these variables, we generated alibrary of
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24 unique peptide-barcoded LNPs with RM133-3 as the ionizable lipid
and administered these to the same mouse. Fromthis library, we identi-
fied three formulations that performed at a significantly higher level
thanthe original RM133-3 formulation (Fig. 5b). Inaccordance with pre-
vious findings”*', we found that formulations containing DOPE signifi-
cantly outperformed those that contained DSPC (Extended Data Fig.1).
To verify that the barcoding analysis can be used to quantitatively
assess individual LNP performance in a pooled setting, we compared
the top three performing LNPs (RM133-3-20, RM133-3-14 and RM133-
3-21) as well as the worst performing LNP (RM133-3-04) to the original
formulation (RM133-3-01) using the human erythropoietin (hEPO)
assay (Fig. 5c). Whilethe ranking of the top three LNPs identified inthe
peptidebarcodinganalysis was not preserved in the results of the hREPO
assay, we found that all three top performers did, in fact, outperform
the original formulation; inaddition, the worst performing LNPin the
barcoding analysis resulted inlower protein production than any other
formulation tested. Finally, the top-performing LNP, RM133-3-21, was
found using the FLuc assay to be roughly 4.5 times more potent than
DLin-MC3-DMA, which is a benchmark ionizable lipid currently used
inthe clinic (Fig. 5d).

Discussion

Over the years, it has become increasingly clear that in vitro screen-
ing methods are, in many cases, ill-suited for predicting the in vivo
behaviour of nucleic acid delivery vehicles, highlighting the need
for increasing the throughput of in vivo testing. To address this, we

have developed an LC-MS/MS based assay for directly measuring the
functional delivery of mRNA in vivo by multiple NP carriers within
the same animal. By barcoding each NP with an mRNA that encodes a
distinct peptide tag, we are able to directly measure the protein produc-
tion fromup to 65 different NPs simultaneously within the same model,
making it an ideal assay for applications such as protein replacement
therapy and mRNA vaccination, where maximal protein productionis
desirable. By contrast, other barcoding methods rely on the measure-
ment of DNA or RNA barcodes that have been delivered to the desired
cells or tissues™'%; while these methods can be significantly improved
by selecting only cells that have successfully been transfected”, they
all rely on the assumption that the level of distribution of a NP to tar-
get cellsis directly related to the level of protein production effected
by that NP.

Although peptide barcoding of NPs presents a promising method
for the development and optimization of mRNA delivery vehicles, it
does have afew important limitations. First, while peptide barcoding
will be useful for screening NPs for their capacity to deliver mRNA and
can easily be adapted for plasmid delivery, it cannot be used to screen
for the functional delivery of payloads that result in knockdown of a
target protein. For these applications, DNA barcoding methods for
indirectly measuring the level of protein knockdown effected by pooled
NPs may be useful®>**. Second, multiple studies have now demonstrated
that there can be non-linear effects associated with mixing different
ionizable lipid species®**.Indeed, ina pilot screen of the combinatorial
library exploredin this study, we observed some degree of non-linearity
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Fig. 5| Optimization and characterization of lead lipid, RM133-3. a, Overview
of the formulation parameters used in the optimization of RM133-3 LNPs.

b, Peptide barcoding analysis of the LNP library. Several of the formulations
resulted in significantly higher protein production than the original formulation,
RM133-3-01. Asin earlier figures, relative peptide abundance is calculated as the
MSlintensity measured for each peptide normalized to the MSlintensity of that
peptide in asample generated using equal amounts of each mRNA delivered
using areference lipid, cKK-el2 (equal delivery reference). ¢, Validation of the

barcode analysis using the hEPO assay. The top three performers identified in the
barcode analysis (red), as well as the worst performer (green), were compared

to the original formulation (blue) using the hEPO assay. d, FLuc expression
followingi.v.administration of RM133-3-21 (left) and MC3 (right) LNPs. Values
shown are the mean of n =3 mice, with error bars representing the s.d. Statistical
significances inb and ¢ were determined using a one-way ANOVA with Dunnett’s
correction. Statistical significance in d was determined using an unpaired, two-
tailed Student’s t-test. NS, not significant.

that resulted inasignificantly higher measurement of protein produc-
tion using our pooled barcoding analysis than with a traditional single
NP analysis (Extended Data Fig. 2a-c). We further demonstrated that
this non-linearity isinherent to NP pooling ingeneral and is not specific
to peptide barcoding (Extended Data Fig. 2d). We speculate that this

may be the cause of discrepancies in Fig. 5, where the rank ordering of
LNP efficaciesinthe hEPO and peptide barcoding assays differed, which
further highlights the need for secondary validation assays following
any pooled NP analysis. While further studies are required to determine
the exact cause of this non-linearity and how to predictits occurrence,
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we speculate that it may be related to the level of chemical diversity,
particularly within the lipid tails, present within a given NP pool.

A major advantage of DNA and RNA barcoding is the presence
of an inherent signal amplification step, which affords a high level of
sensitivity. While we have shown that peptide barcodingis also sensitive
and can be used to detect and quantify hepatic protein expression at
dosesaslowas 0.001 mg kg™, further studies will need to be performed
to determine whether this method can be used for NP developmentin
applications where protein production may be several orders of magni-
tudelower. For example, we observedininitial experiments measuring
splenic expression of peptide barcodes that, while expressed peptide
barcodes can be detected in whole spleen lysates, quantification is
much less reliable than in liver lysates (Supplementary Fig. 5). This
suggests that further improvements to our assay should be explored
to expand peptide barcoding to more challenging applications, par-
ticularly those in which the desired levels of protein expression are
significantly lower thanintheliver.

In this study, we have demonstrated a proof of concept for using
peptide barcoding as a screening tool for mRNA delivery vehicles.
However, there are several areas for further exploration that could
potentially improve the sensitivity, accuracy and throughput of
this assay. Although several affinity tag sequences were screened as
partofthisstudy, we note that due toits lengthrelative to the entire
peptide barcode, it is likely that further engineering of this affinity
tag sequence, as well as its length, will result in better sensitivity
and more accurate quantification. In addition, use of more recent
proteomics methods may further improve the sensitivity and accu-
racy of peptide barcode quantification. While we have generated a
library of 65 peptide barcodes, we anticipate that the throughput of
this assay can be improved significantly by systematically screening
larger peptide barcode libraries as we have done in Fig. 2. We note
that incorporation of additional steps in this screening approach,
such as cell-free translation to address potential variability in trans-
lation efficiency between different peptide sequences and evalu-
ation of peptide barcodes in different tissue lysates, would likely
result in a more streamlined process and ultimately a more robust
assay. Furthermore, RNA sequencing can be performed in parallel
to peptide barcoding to evaluate both protein expression in and
biodistribution to target tissues. Last, the translation efficiency of
exogenously delivered mRNA is expected to vary between differ-
ent cell types. While this study has primarily been focused on the
delivery of mRNA to the liver, which is predominantly composed
of hepatocytes, tissues with more heterogeneous cell populations
may require fractionation before analysis to ensure measurement
of delivery to the correct cell type.

Asaproofof concept, we have demonstrated that peptide barcod-
ing can be used to quickly and efficiently screen alarge library of NPs
for their ability to effect protein production in vivo. To summarize,
we have screened 384 new ionizable lipids spanning more than 400
distinct NP formulations using only a small fraction of the animals
that would have beenrequired using traditional FLuc or hEPO assays.
Through this process, we have demonstrated that peptide barcoding
can be used for both discovery of ionizable lipids for mRNA delivery
and formulation screening for a more fine-tuned optimization of
existing ionizable lipids. As a result, we have developed RM133-3-21,
whichisan LNPthat performs atalevel 4.5 times that of the benchmark
lipid, DLin-MC3-DMA, while incorporating multiple ester linkages
that are likely to improve its pharmacokinetics. Whereas here we
have demonstrated the use of peptide barcoding for hepatic protein
production, we expect that this method can readily be applied to
screening for functional delivery to other tissues that have historically
been more difficult to target using LNPs. As such, we anticipate that
peptide barcoding of LNPs will greatly facilitate the rapid develop-
ment of improved NPs for mRNA delivery to the liver, as well as to
non-hepatic targets.

Methods

Plasmid and mRNA synthesis

Plasmids containinga T7 promoter upstream of amSA coding sequence
(CDS) with a C-terminal peptide barcode were used as templates for
mRNA in vitro transcription (IVT). In short, a cassette containing the
mSA CDS separated from an affinity tag by two Bsal cut sites was cloned
into the pUC19 vector to generate an IVT template cloning vector.
Individual templates were then generated by cloning in annealed
DNA oligonucleotides correspondingto the desired variable barcode
sequences. For the peptide barcode screen of Fig. 2c, a DNA oligonu-
cleotide containing several degenerate bases flanked by two Bsal sites
was amplified, and the resulting degenerate double-stranded DNA frag-
mentwas clonedinto the genericIVT cloning vector using Golden Gate
assembly. The degenerate oligonucleotide was designed to exclude
certain amino acids, such as cysteine and methionine, to prevent any
by-products that could reduce assay sensitivity. IVT templates were
linearized using EcoRI, and mRNA was transcribed using the HiScribe
T7 High Yield RNA Synthesis Kit (New England Biolabs). Capping was
performed cotranscriptionally using CleanCap Reagent AG (TriLink
Biotechnologies). Tailing was done enzymatically posttranscription
using Escherichia coliPoly(A) Polymerase (New England Biolabs). The
resulting capped and tailed mRNA was then purified using the Monarch
RNA Cleanup Kit (New England Biolabs).

lIonizable lipid synthesis
Details on the synthesis and characterization of the ionizable lipid
library of Fig. 3 are provided in the Supplementary Information.

LNP formulation

LNPs were formulated as previously described”. In short, a lipid solu-
tion consisting of an ionizable lipid, a phospholipid (either DOPE
(Avanti Polar Lipids) or DSPC (Avanti Polar Lipids)), cholesterol (Sigma)
and 14:0 PEG2000 PE (Avanti Polar Lipids) was prepared in ethanol.
For benchmarking of RM133-3-21, DLin-MC3-DMA was purchased
from Organix. The molar composition used was 35:16:46.5:2.5 unless
otherwise noted. The lipid solution was mixed by flowing through a
microfluidic channel®® with an aqueous mRNA solution containing
10 mM citrate buffer (pH 3) at a 1:3 organic to aqueous volume ratio.
The resulting LNPs were then dialysed against PBS (pH 7.4) for 2 h at
4 °C with a buffer to sample volume ratio greater than 1,000. For all
pooled analyses, LNPs were dialysed separately against PBS and pooled
before dosing.

LNP characterization

The z-average diameter and polydispersity index (PDI) of LNPs
were measured using dynamic light scattering (Zetasizer Nano ZS
(Malvern Panalytical), DynaPro Plate Reader (Wyatt Technology)).
Total mRNA content and encapsulation efficiency were determined
by performing amodified Ribogreen (ThermoFisher) assay, as previ-
ously described”.

Cell culture and transfections

HEK293T cells were cultured at 37 °C and 5% CO, in high glucose
Dulbecco’s Modified Eagle Medium with GlutaMAX supplement
(ThermoFisher) containing 10% fetal bovine serum and 1% penicillin-
streptomycin. For in vitro transfections, 3 x 10° cells were plated
without antibioticsina T75 flask and allowed to adhere and grow for a
period of 24 h, after which Lipofectamine RNAiIMAX (ThermoFisher)
lipoplexes containing13.2 pg of a pool of peptide barcode mRNAs were
addedto eachflask. Whole cell lysate was collected 24 h posttransfec-
tion and processed as described below.

Animal experiments
Animal experiments for this study were approved by the Massachusetts
Institute of Technology Institutional Animal Care and Use Committee
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and were consistent with local, state and federal regulations as appli-
cable. LNPs were administered to female 6-8-week-old C57BL/6 mice
(Charles River laboratories) intravenously via the tail vein. For bar-
coding experiments, livers were collected and snap-frozen in liquid
nitrogen 6 h postinjection and processed as described below. For hEPO
experiments, blood was collected via tail-vein nicking into a clotting
activator lined Microvette 100 Z tube (Sarstedt) 6 h postinjection.
For FLuc experiments, whole organs were resected from mice at the
indicated time point postinjection and imaged using an IVIS imaging
system (PerkinElmer). Mice were euthanized through carbon dioxide
asphyxiation.

Extraction of peptide barcodes from lysate

Cultured cells were collected 24 h posttransfection and lysed using
RIPA lysis and extraction buffer (ThermoFisher) to obtain whole cell
lysates. Snap-frozen livers were thawed onice, and 150 mg of each
were weighed out into 2 ml of soft tissue homogenizing CK14 tubes
(Bertin). Then, 1.5 ml of Triton X-100 lysis buffer (150 mM NacCl, 1.0%
Triton X-100, 50 mM Tris) were added to each tube, and livers were
homogenized using a Precellys 24 tissue homogenizer (Bertin)
to obtain liver lysates. All lysis buffers were supplemented with
protease inhibitors by diluting Protease Inhibitor Cocktail (100x)
(Cell Signaling Technology) to 1x in the appropriate lysis buffer. Cell
and liver lysates were then precleared with 100 pl of G-Sep Agarose
CL-6B beads (G-Biosciences) for 1 h and subsequently incubated
with 100 pl of Immobilized Biotin Resin (G-Biosciences) for 3 h
at room temperature. Beads containing the immobilized protein
were then washed and resuspended in a 50 pl solution containing
TEV protease (New England Biolabs) and incubated overnight at
4 °C. The resulting bead solution was then filtered using 0.65 pm
Ultrafree-MC centrifugal filters (Millipore Sigma) and the filtrate
was run on LC-MS/MS.

LC-MS/MS for peptide barcode analysis

Here, 1l of the peptide sample was loaded with an autosampler
directly onto a 50 cm EASY-Spray C18 column (Thermo Scientific).
Peptides were eluted from the column using a Dionex Ultimate 3000
Nano LC system with a 5 min gradient from 1% buffer B to 7% buffer B
(100% acetonitrile, 0.1% formic acid), followed by a 29.8 min gradient
to 25% and a 10.2 min gradient to 36% B, followed by a 0.5 min gradi-
ent to 80% B and held constant for 4.5 min. Finally, the gradient was
changed from 80% buffer B to 99% buffer A (100% water, 0.1% formic
acid) over 0.1 min and then held constant at 99% buffer A for another
19.9 min. The application of a 2.2 kV distal voltage electrosprayed the
eluting peptides directly into the Thermo Exploris480 mass spec-
trometer equipped with an EASY-Spray source (Thermo Scientific).
Mass spectrometer-scanning functions and high-performance liquid
chromatography gradients were controlled by the Xcalibur data system
(Thermo Scientific). MS1 scan parameters were 60,000 resolution,
scan range m/z 375-1,600, AGC at 300%, injection time (IT) at 50 ms.
DIA scans were 33 2-Dawindows from m/z 605-672 with 0.5 Da overlap
and parameters of 15,000 resolution, HCD collision energy at 28%, AGC
target at200% and IT set to auto.

Statistics

All statistical analyses were performed using an unpaired, two-tailed
Student’s t-test (when comparing only two groups) or aone-way analy-
sis of variance (ANOVA) with Dunnett’s correction (when comparing
three or more groups) in Graphpad Prism 9. In all figures, statistical
significanceis denoted by asterisks when P < 0.001, where *, **,*** and
**** denote P< 0.05,P<0.01,P<0.001and P<0.0001, respectively.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
The main datasupporting the results in this study are available within
the paper and its Supplementary Information. All data generated or
analysed during the study are available from the corresponding author
onreasonable request.
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confirming that FLuc mRNA-containing LNPs composed of any of the three
‘false positives’ alone do not result in detectable protein expression, whereas a
1:1 mixture of hEPO mRNA-containing cKK-e12 LNPs and FLuc mRNA-containing
‘false positive’ LNPs results in robust protein expression. Values shown are the
mean of n = 3 mice/group, with error bars representing the SD. The FLuc assay of
panel d was performed twice with similar results.
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are available from the corresponding author on reasonable request.
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Reporting on sex and gender The study did not use human research participants.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were calculated via a power analysis designed to reach p-values lower than 0.05 on the basis of predicted differences between
groups and of estimates of error derived from previous experience.

Data exclusions  No data points were excluded.
Replication Experiments were, in general, repeated once more to confirm the results.
Randomization  Mouse cages were randomly allocated to the experimental groups.

Blinding The experiments were not blinded because all data were quantitatively measured with standard equipment.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Eukaryotic cell lines
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Cell line source(s) HEK293T cells (CRL-3216) were purchased from ATCC.

Authentication Authentication was provided by the manufacturer. Cells were further authenticated in the laboratory by analysing their
morphology and growth rate.
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Mycoplasma contamination Mycoplasma-free cells were purchased.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 6-8-week old female C57BL/6 (Stock No: 027) mice were obtained from Charles River Laboratory.
Wild animals The study did not involve wild animals.
Reporting on sex Only female mice were used.

>
QD
5
(e
c
()
©
O
=
S
S
3
©
O
=
>
(@]
wm
(e
3
3
Q
=

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All animal procedures were approved by the MIT Committee on Animal Care, and supervised by veterinary staff from the MIT
Division of Comparative Medicine.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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