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ABSTRACT
Interest continues to grow in the use of mRNA vaccines and therapeutics. While effective for immunization against infectious
diseases, lipid nanoparticle (LNP) formulations used for other mRNA delivery applications suffer from off-target accumulation,
poor immune transfection, and reactogenicity, limiting their application to immunoengineering. Development of new mRNA
LNPs is severely bottlenecked by the LNP discovery process, which is historically low-throughput due to reliance on low-plex
measurements. Here, we develop a high-throughput in vivomRNALNP screening platform based on barcodedmRNA (b-mRNA).
Using this b-mRNA screening platform to simultaneously evaluate 122 LNPs, we identify novel LNP formulations capable of potent
hepatic and extrahepatic transfection. We evaluate a lead LNP candidate for in situ immune modulation in a syngeneic mouse
model of melanoma and demonstrate a significant reduction in tumor burden and extended survival compared to mice treated
with a gold standard mRNA LNP formulation. We employ novel biochemical characterization techniques to analyze nanoparticle
protein corona formation with single-particle resolution and gain insight into the influence of protein adsorption on hepatic and
splenic transfection. Together, our results demonstrate the value of advanced LNP screening and characterization techniques for
the development of next-generation mRNA LNPs for immunoengineering.
1 Introduction

mRNA vaccines have emerged as a revolutionary immunization
technology following the clinical success of the Pfizer/BioNTech
andModerna coronavirus disease 2019 (COVID) vaccines [1]. The
rapid development and approval of these vaccines demonstrated
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the strengths of mRNA technology, which by nature is substan-
tially more modular than previous subunit vaccines [2, 3]. In
addition to improvingmanufacturability, this modularity enables
the ready generalization of mRNA vaccines to other disease tar-
gets, work which is well represented by myriad ongoing clinical
trials and the recent U.S. Food and Drug Administration (FDA)
its use, distribution and reproduction in any medium, provided the original work is properly
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approval of mRESVIA, an mRNA vaccine against respiratory
syncytial virus (RSV) [4–6]. An emerging area of interest is the
development of mRNA-based cancer vaccines, especially as the
modularity and rapid production capacity of mRNA vaccines
is well-suited for the development of personalized neoantigen
vaccines [7].

The promise of mRNA vaccines and therapeutics can only be
realized through successful delivery of mRNA to cells, a signifi-
cant engineering challenge that has taken decades to overcome
[4]. The premier mRNA delivery technology is lipid nanopar-
ticles (LNPs), which possess adjuvant properties that make
them particularly appealing for mRNA vaccines [8]. However,
while current mRNA LNP formulations have been successful
in the clinic, they are not without their shortcomings. Notable
limitations of mRNA LNPs include nonspecific accumulation—
primarily in the liver upon intravenous administration—andpoor
transfection of immune cells [9]. As the primary mRNA delivery
target for in vivo immunotherapy is immune cells in secondary
lymphoid organs, these propensities lead to a need to develop new
mRNA LNP formulations with improved transfection profiles for
immunoengineering [10].

The typical mRNA LNP development pipeline relies heavily
on screening approaches based on reporter genes encoding
bioluminescent or fluorescent proteins [11]. While effective, LNP
screening using reporter genes is inherently low-throughput,
limiting the speed of the LNP discovery process. To overcome this
challenge, our group and others have previously reported on the
development of high-throughput screening (HTS) methodologies
based on next-generation sequencing (NGS) for the rapid eval-
uation of large LNP libraries directly in vivo [12, 13]. In these
methods, each LNP formulation tested is formulated containing
a distinct nucleic acid sequence, each of which differs only in a
short “barcode” sequence. This polymorphism enables matching
of delivered cargo to the carrier that transported it, and highly
multiplexed NGS can be used to evaluate the accumulation
profiles of the barcoded payloads and hence the LNPs in ques-
tion. These HTS approaches can therefore greatly accelerate the
LNP discovery process by allowing the simultaneous in vivo
evaluation of dozens or even hundreds of LNP formulations
in a single cohort of animals. High-throughput LNP screening
studies typically employ barcoded DNA (b-DNA), either solely
encapsulated or co-encapsulated with mRNA to more closely
mimic the properties of mRNA LNPs [11, 14, 15]. Our group
has previously reported the development of an HTS platform
based on b-mRNA in a proof-of-concept study, demonstrating
improved screening fidelity compared to b-DNA screening of the
same LNPs [16]. An optimized b-mRNA screening technology
could help accelerate the development of new vaccines and
therapeutics.

While current efforts in the development of novel mRNA LNPs
are bottlenecked by the screening process, there is also a growing
need to develop principles to direct the design of future nanopar-
ticle libraries. Key to the production of these design principles is
a greater understanding of phenomena driving in vivo tropism
and transfection of current mRNA LNPs. HTS is well-suited to
produce large datasets describing these characteristics of LNPs,
and our group has previously leveraged HTS approaches to
begin addressing these questions [11, 17]. It is generally accepted
2 of 16
that intravenously (i.v.) administered ribonucleic acid (RNA)
LNPs are prone to formation of an apolipoprotein E (ApoE)-
rich protein corona due to preferential adsorption of ApoE from
serum [18–20]. Adsorbed ApoE is thought to interact with low-
density lipoprotein receptors (LDLRs) expressed by hepatocytes
and other cells in the liver, leading to predominantly hepatic
LNP uptake and RNA tranfection [21]. Recent studies have
reported the development of novelmRNALNPs that demonstrate
pronounced adsorption of serum proteins other than ApoE,
such as β2-glycoprotein 1 (β2-GPI) and vitronectin (Vtn) [22].
As HTS and other screening approaches enable the discovery
of novel LNPs with extrahepatic transfection properties, the
continued and broadened analysis of factors such as protein
corona formation may help investigators to identify design prin-
ciples for future LNP development. Ideally, methods for such
analysis should be both accessible and high-throughput to facil-
itate the rapid development of next-generation therapeutics and
vaccines.

In this work, we develop and validate a HTS platform for nucleic
acid drug delivery based on b-mRNA. We then employ this
HTS platform to screen a large library of 122 distinct LNPs,
identifying promising LNP formulations for in vivo mRNA
delivery to parenchymal and immune cells. After confirming the
potency of several novel LNP formulations for both hepatic and
extrahepatic mRNA delivery, we evaluate our lead mRNA LNPs
for immunization in a preclinical mouse melanoma model and
demonstrate significantly decreased tumor burden and extended
survival in mice compared to those treated with gold standard
mRNA LNP formulations, highlighting the utility of our b-
mRNA screening platform for acceleratingmRNALNPdiscovery.
Finally, we evaluate biochemical influences on in vivo LNP
tropism on a single-particle scale using small particle flow cyto-
metric techniques, uncovering a nuanced relationship between
serum protein adsorption and LNP fate and demonstrating the
utility of HTS and advanced characterization techniques for
accelerating the development of next-generation mRNA-based
immunotherapies.

2 Results and Discussion

2.1 Development and Validation of a Barcoded
mRNA Platform

Our group and others have previously reported the use of
HTS approaches based on b-DNA for LNP delivery screening
[11–14]. While effective, these screening approaches suffer from
the drawback that LNP physicochemical and delivery properties
are strongly influenced by the nature of the encapsulated pay-
load [23–25]. The issue of cargo-carrier interdependence can be
partially circumvented through the dual encapsulation of mRNA
with low amounts of b-DNA to producemore “mRNA-like” LNPs,
as demonstrated previously [11, 26]. Ultimately, however, b-DNA
screening methods track the b-DNA molecule rather than the
mRNA cargo of interest. To allow accurate tracking of mRNA
cargo distribution in a high-throughput manner, our group has
previously reported a proof-of-concept b-mRNA platform [16].
Using this platform, we demonstrated that moving the barcode
sequence to the mRNA molecule was feasible and, moreover,
yielded more accurate results than b-DNA screening. In the
Advanced Materials, 2026
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present work, we sought to establish a next-generation b-mRNA
platform for high-fidelity in vivo mRNA LNP screening, suffi-
cient for screening large pooled LNP libraries for extrahepatic
mRNA delivery.

As error correction is an important consideration for pooled
screening approaches, we first employed an in silico optimiza-
tion approach to develop a large pool of 12 nt barcodes with
error correction capabilities [27]. We sorted the resultant list of
1814 barcodes by edit distance and selected the 200 sequences
with the greatest average edit distance (Table S1). Based on
these optimized sequences, we created 200 distinct double-
stranded DNA (dsDNA) templates for in vitro transcription
(IVT) differing only in the barcode sequence. Mature b-mRNA
contained as primary features a m7GpppAmG “cap 1” structure,
a 5’ untranslated region (UTR), a codon-optimized enhanced
green fluorescent protein (EGFP) coding sequence (CDS), a 3′
UTR, a 12 nt barcode sequence, a short “clamp” sequence,
and a poly(A) tail (Figure 1a). b-mRNA products demonstrated
uniform electrophoretic mobility (Figure 1b), suggesting com-
parable size and degree of polyadenylation across sequences.
Moreover, Sanger sequencing of selected b-mRNAs and subse-
quent sequence alignment yielded a strong consensus sequence,
with strong alignment to desired sequences within the fixed
regions and expected polymorphism within the 12 nt barcode
region (Figure 1c). To evaluate the ability of b-mRNA to facilitate
transgene expression, we treated HeLa cells with C12-494 mRNA
LNPs containing a pool of all 200 candidate b-mRNAs (Figure S1)
and compared expression of EGFP to cells treated with the
same mRNA LNP formulation encapsulating barcode-free EGFP
mRNA. As expected, we observed that EGFP expression did not
appear to be influenced by the presence of barcode sequences
(Figure 1d).

As RNA in the cellular compartment is subject to a plethora
of sequence-dependent interactions and regulatory pathways
[28, 29], we next sought to eliminate any b-mRNAs demonstrating
differential performance across tissues or cell types. In particular,
as endogenous microRNA (miRNA) binding sites are generally
considered to be 6 to 8 nt in length [30], we anticipated the
possibility of differential miRNA binding to b-mRNAs within
the 12 nt barcode region. As the prevalence of miRNA species
differs across tissues and cell types even under homeostatic
conditions [31–33], differential miRNA binding to b-mRNA could
be expected to lead to bias in screening results if overlooked.
To avoid screening bias arising from barcode polymorphism, we
performed an in vivo study of b-mRNA accumulation (Figure 1e).
We pooled all 200 b-mRNAs together and encapsulated this
pooled library into a single C12-494 LNP formulation, which
we then administered systemically to healthy C57BL/6 mice. We
collected peripheral blood, hearts, kidneys, livers, lungs, and
spleens from treated mice to assess bioaccumulation of each b-
mRNA via NGS. As expected, distributions of relative b-mRNA
accumulation were largely symmetric and central (Figure 1f). We
performed a formal enrichment analysis to identify and eliminate
b-mRNAs demonstrating statistically significant enrichment or
depletion, suggestive of unwanted interactions with endogenous
cellular machinery (Figure 1g), yielding a library of 134 b-
mRNAs suitable for pooled in vivo mRNA delivery screening
(Table S2).
Advanced Materials, 2026
2.2 High-Throughput In Vivo Screening of
LNP-Mediated Cellular mRNA Delivery

Having developed a platform for high-throughput in vivo LNP
screening, we set out to investigate cellular mRNA delivery
facilitated by novel mRNA LNPs. Our group has previously
reported that, under systemic administration, ionizable lipid
structure plays a pivotal role in LNP cellular tropism [11]. We
therefore opted to screen a large library of novel ionizable lipids,
largely focused on a set of biodegradable lipids easily synthesized
through a “plug-and-play” strategy from commercial reagents
(Figure S2).We have observed strong liver transfection by a subset
of these lipids and reasoned that a more detailed investigation
of tropism would yield interesting findings in the liver and
beyond [34]. We synthesized 120 “plug-and-play” ionizable lipids
and used them to formulate b-mRNA LNPs (Figures S3–S9).
We also included several field-standard and industry-standard
ionizable lipids as controls, including C12-200 [35], cKK-E12
[36], DLin-MC3-DMA [37], 306Oi10 [38], SM-102 [39], and ALC-
0315 [40]. We further included the ionizable lipids previously
reported by our group C14-482, C14-488, C16-488, C12-494, C14-
494, C16-494, and C14-c494, each of which has shown promise
across various RNA delivery applications [11, 41–43]. All told, we
synthesized 133 b-mRNA LNPs for evaluation (Table S3). Typical
for screening experiments using large numbers of candidate LNPs
[12, 13], a small number of our formulated LNPs demonstrated
poor encapsulation, likely due to ineffective complexation with
certain ionizable lipids. We therefore pooled 122 resultant LNPs
demonstrating sufficient mRNA encapsulation (Figure S10) with
a “naked” b-mRNA, then administered this pool systemically
to both C57BL/6 and APOE–/– mice to assess ApoE-dependent
and -independent mRNA delivery. We collected lungs, spleens,
livers, and peripheral blood from treated mice and performed
fluorescence-activated cell sorting (FACS) to isolate cell popula-
tions of interest before preparing libraries for sequencing viaNGS.
As intracellular exogenous mRNA is vulnerable to enzymatic
degradation, we opted to analyze b-mRNA accumulation at
a relatively short time following treatment to avoid potential
screening bias introduced by extensive degradation. However,
peakmRNA translation occurs relatively late after treatment, well
after mRNA degradation onset would be expected [25]. Future
studies may wish to analyze results at later time points to be
able to correlate mRNA transfection with b-mRNA accumulation
data. Alternatively, some form of fluorescence signal amplifi-
cation, such as anti-EGFP antibodies, could help extend the
fluorescence detection window to better align with the window
for maximum b-mRNA recovery. While difficult to perform
in bulk, chemical modification of the b-mRNA backbone may
also enhance intracellular stability and allow for simultaneous
transfection and accumulation measurements with minimal bias
[44].

Using NGS data, we analyzed the biodistribution profile of
b-mRNA LNPs within our library. In wild-type mice, several
candidate LNP formulations demonstrated both hepatic and
extrahepatic tropism (Figure 2a). InAPOE–/– mice,more standout
LNP formulations appeared, likely due to the absence of ApoE-
mediated LNP clearance in the liver (Figure 2b) [18]. Across
both genotypes, we observed only modest specificity of delivery,
with uptake by a given cell type generally correlating well with
3 of 16
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FIGURE 1 Development of a next-generation barcoded mRNA platform. (a) Schematic overview of b-mRNA synthesis through sequential PCR,
IVT, and enzymatic polyadenylation. (b) Representative data from Agilent TapeStation RNA electrophoresis demonstrating integrity and uniform size
of b-mRNA products. (c) Logo visualization of sequence alignment from Sanger sequencing of randomly selected b-mRNAs demonstrating strong
alignment outside of the 12 nt polymorphic barcode region. (d) Representative histogram of EGFP expression demonstrating indistinguishable transgene
expression following transfection with equal amounts of EGFP mRNA (green) or EGFP b-mRNA (purple). Data from HeLa cells treated with saline are
shown in gray. (e) Schematic overview of procedure for narrowing of the pool of 200 b-mRNAs to avoid bias from unwanted cellular interactions. (f)
Violin plots illustrating relative homogeneity of b-mRNA accumulation within each tissue of interest. (g) Enrichment analysis results for selection of
b-mRNA candidates from pool narrowing experiments. b-mRNAs demonstrating 20% enrichment or depletion (outside the shaded area) were excluded
from later use.
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uptake by other cell types, with the main exceptions of liver
endothelium in wild-type mice and lung leukocytes in APOE–/–
mice (Figure 2c,d). More interestingly, however, we observed
generally strong correlation between accumulation profiles in
wild-type and knockout mice, suggestive of ApoE-independent
hepatic and extrahepatic transfection (Figure 2e). Based on
NGS results, we selected LNPs 9, 37, 94, 96, 97, and 112 for
further evaluation.
4 of 16
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These LNPs contained the biodegradable ionizable lipids 2D8,
7D4, 17D8i, 17D9.2, 18D4, and 20D8i, respectively [34]. In accor-
dance with previous findings by our group [11], we observed
a nuanced relationship between ionizable lipid structure and
intracellular accumulation in cell types of interest, with few struc-
tural features appearing to be universally favorable (Figure S14).
This highlights a major strength of high-throughput screening
as employed here: rather than relying on a priori knowledge of
Advanced Materials, 2026

 C
om

m
ons L

icense



FIGURE 2 Overview of barcoded mRNA LNP screening results. (a,b) Mean normalized intracellular b-mRNA accumulation in cell subsets in the
blood, lungs, liver, and spleen of C57BL/6 (a) and APOE–/– (b) mice. (c–e) Pairwise Pearson correlation coefficients for b-mRNA accumulation in each
sorted cell population in C57BL/6 mice (c), APOE–/– mice (d), and C57BL/6 mice vs. APOE–/– mice (e).
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difficult-to-establish relationships between general lipid struc-
tural features and function to narrow candidate LNP libraries to
a tractable size, entire expanded libraries can instead be directly
evaluated in vivo in an unbiased manner.

2.3 Validation of Lead LNP Candidates for
Extrahepatic mRNA Transfection

To confirm transfection of lead mRNA LNP candidates iden-
tified by our high-throughput b-mRNA screen, we performed
Advanced Materials, 2026
low-throughput validation studies. We first assessed the extra-
hepatic transfection capabilities of our LNPs at the organ level.
We treated C57BL/6 mice with the selected LNP candidates
encapsulating NanoLuc mRNA at a low dose and assessed
organ transfection using bioluminescence imaging (Figure 3a).
Interestingly, all novel LNP candidates tested demonstrated
clear splenic transfection, with most demonstrating minimal
liver transfection. To aid in evaluating tropism of candidate
mRNA LNP, we quantified splenic vs. hepatic luminescence
signal to classify LNPs as spleen- or liver-tropic (Figure 3b).
Interestingly, LNPs 9, 37, 94, 96, and 112 demonstrated splenic
5 of 16
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FIGURE 3 Validation of leadmRNALNP candidates. (a,b) Representative NanoLuc luminescence images (a) and region-of-interest quantification
(b) for lead candidate LNPs evaluated. C57BL/6 mice were treated with mRNA LNPs at a dose of 0.1 mg/kg encapsulated mRNA to verify transfection
and tropism. (c,d) Representative flow cytometry histograms of DiR signal in Kupffer cells (c) and detailed quantification of DiR positivity rate in major
cell populations of the liver (d) following treatment with DiR-labeled mRNA LNPs. (e,f) Representative flow cytometry histograms of EGFP expression
in Kupffer cells (e) and detailed quantification of EGFP positivity rate in major cell populations of the liver (f) following treatment with lead EGFP
mRNA LNPs. (g,h) Representative flow cytometry histograms of DiR signal in splenic macrophages (g) and detailed quantification of DiR positivity rate
in major cell populations of the spleen (h) following treatment with DiR-labeled mRNA LNPs. (i,j) Representative flow cytometry histograms of EGFP
expression in splenic macrophages (i) and detailed quantification of EGFP positivity rate in major cell populations of the spleen (j) following treatment
with lead EGFPmRNA LNPs. C57BL/6mice were treated with DiR-labeled EGFPmRNA LNPs at a dose of 0.6 mg/kg encapsulatedmRNA to investigate
detailed cellular tropism and transfection.
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transfection with relatively little liver transfection, causing us
to classify them as spleen-tropic. LNP 97 demonstrated strong
hepatic transfection, causing us to classify it as liver-tropic.
As expected, SM-102 LNPs were also classified as liver-tropic,
though they did additionally demonstrate strong splenic trans-
fection. Excitingly, LNP 112 achieved extremely strong splenic
transfection, with comparable spleen luminescence to SM-
102 LNPs and over an order-of-magnitude decrease in liver
luminescence, sufficient to shift its classification to spleen-
tropic. As such, LNP 112 emerged from first-pass validation
as our lead LNP candidate for in vivo reprogramming of
splenocytes.
6 of 16
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Having established the potency of lead mRNA LNP candidates,
we next sought to investigate cellular tropism in greater detail.
To this end, we treated C57BL/6 mice with fluorescently labeled
EGFP mRNA LNPs and performed flow cytometry to analyze
accumulation at the cellular level. In the liver, we observed
generally high LNP accumulation in Kupffer cells, with lower
degrees of accumulation occurring in hepatocytes and non-
Kupffer leukocytes (Figure 3c,d). For most LNPs tested, we
generally observed greater transfection of Kupffer cells than
other liver cell types, which agrees well with observed accu-
mulation data (Figure 3e,f). However, SM-102 LNPs demon-
strated very strong transfection of hepatocytes—over 50% on
Advanced Materials, 2026
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average—and appreciable but less marked transfection of liver
endothelial cells. Strikingly, LNP 97 mediated even stronger
hepatic transfection than SM-102 LNPs, attaining nearly 80%
mean hepatocyte transfection and roughly 20% transfection of
liver endothelial cells. These impressive hepatic transfection
characteristics make LNP 97 a promising candidate for treating
disorders of the liver and may further make it an interesting
prospect for treating autoimmune disorders by leveraging the
tolerizing environment of the liver [45].

In the spleen, our tested LNPs largely accumulated in myeloid
cells (Figure 3g,h). LNP 96, LNP 97, and SM-102 LNPs demon-
strated indistinguishable accumulation in splenic macrophages,
each reaching in excess of 70%. LNPs 9 and 94 each accumulated
in roughly 40% of splenic macrophages, while LNPs 37 and 112
demonstrated substantially lower accumulation. LNP 96, LNP
97, and SM-102 similarly demonstrated the greatest accumu-
lation in dendritic cells (DCs) of LNPs tested, each reaching
at least 30%, while LNPs 9 and 94 again demonstrated lower
accumulation and LNPs 37 and 112 again demonstrated lower
signal. Strikingly, LNP 112 demonstrated remarkable transfection
of splenic myeloid cells, attaining over 10% mean transfection of
splenic macrophages and over 6% mean transfection of splenic
DCs (Figure 3i,j). As with the liver, despite its low accumulation
in myeloid cells, LNP 112 demonstrated strong transfection of
these cell types in the spleen, an exciting finding for vaccine
applications. Tissue-resident macrophages have previously been
shown to mediate transfer of mRNA LNP cargo to other cell
types, which may partially explain the observed discrepencies
between LNP accumulation and mRNA translation [46]. Future
studies may wish to leverage approaches such as radioisotope
labeling to precisely track lipid and mRNA components of LNPs
to better understand mechanisms of cargo transport and lipid
clearance [47]. Altogether, validation experiments demonstrated
the potential of lead LNPs for both hepatic and extrahepatic
mRNA delivery, identifying LNP 112 as a lead candidate for the
in vivo engineering of splenocytes.

It is important to note that our in vivo data are collected in
C57BL/6 mice. It is possible that tropism and immune responses
to vaccination with lead immunotropic LNPs formulations may
differ in other strains of mouse and in higher animals. Previous
studies evaluating LNP biodistribution in primatized and human-
ized mice have demonstrated differential cellular responses to
LNP treatment [48]. To translate HTS findings to the clinic, it
will be important to evaluate LNP candidates in higher species.
Our pooled screening approach based on b-mRNA is well-suited
for mRNA LNP evaluation in higher species such as non-human
primates (NHPs) with minimal resource requirements and could
help to facilitate the clinical translation of immunotropic mRNA
LNPs [49].

2.4 Evaluation of mRNA LNP Therapeutic Effect
in a Syngeneic Mouse Model of Melanoma

Based on the strong performance of LNP 112 for transfection of
splenic antigen-presenting cells (APCs), we sought to evaluate
its potential for use in a cancer vaccine application. To this
end, we established a syngeneic mouse melanoma model by
inoculating C57BL/6 mice of mixed sex with B16-OVAmelanoma
Advanced Materials, 2026
cells. After allowing tumors to engraft, we treated mice with one
of four treatments at a 5 d prime-boost interval (Figure 4a): (i)
phosphate-buffered saline (PBS) (negative control), (ii) LNP 112
encapsulating antigen-irrelevant firefly luciferase (FLuc) mRNA
(vehicle control), (iii) LNP 112 encapsulating ovalbumin (OVA)
antigen mRNA, or (iv) SM-102 LNPs encapsulating OVA mRNA
(clinical control). We closely monitored mouse body weight
(Figure S15), tumor volume (Figure S16), and survival over the
course of 60 d. Excitingly, LNP 112 encapsulating OVA mRNA
demonstrated a strong therapeutic effect, substantially reducing
tumor burden compared to any other treatment group over the
course of 21 d (Figure 4b) and significantly extending survival
(Figure 4c), with a median survival time of 31 d. Notably, of the 12
mice treatedwith LNP 112 containingOVAmRNA, 2mice entirely
cleared their tumors following the boost dose.

To characterize the immune response to vaccination with LNP
112, we collected mouse sera 7 d following the boost dose.
To characterize the humoral immune response, we quantified
reciprocal endpoint anti-OVA antibody titers using enzyme-
linked immunosorbent assays (ELISAs). Interestingly, despite the
clearly superior performance of LNP 112 to SM-102 LNPs, total
anti-OVA immunoglobulin G (IgG) appeared to be comparable
between the groups (Figure 4d). However, analysis of antibody
isotypes showed significantly higher endpoint antigen-specific
immunoglobulin G 1 (IgG1) titers for the LNP 112-treated group
(Figure 4e), with comparable endpoint immunoglobulin G 2c
(IgG2c) titers (Figure 4f). As a result, quantified endpoint antigen-
specific IgG1:IgG2c titer ratios were significantly greater for mice
treated with LNP 112 compared to those treated with SM-102
LNPs (Figure 4g). As IgG1 production is indicative of a type
2 helper T (𝑇ℎ2) immune response while IgG2c production
indicates a type 1 helper T (𝑇ℎ1) response, these results suggest
a greater 𝑇ℎ2 bias in mice vaccinated with LNP 112 compared to
SM-102 LNPs. The improved efficacy of LNP 112 in evoking anti-
tumor responses may therefore be due to enhanced induction of
humoral immunity compared to SM-102 LNPs.

Previous findings suggest that a 𝑇ℎ1-biased response may be
favorable for cancer vaccination [50]; however, we observed
that the more 𝑇ℎ1-biased SM-102 OVA mRNA LNP produced
weaker antitumor effects than the relatively 𝑇ℎ2-biased LNP
112. Future studies should more thoroughly investigate poten-
tial mechanisms of this phenomenon. We believe that cellular
immune responses not captured heremay be partially responsible
for the observed potent antitumor effect of LNP 112. More
detailed characterization of the production of cytokines such
as type II interferon (IFN) would likely be useful as secondary
confirmation of immune activation and antitumor response [51,
52]. If necessary, immune responses could be tuned through the
inclusion of additional adjuvants during vaccination. Moreover,
evaluation of LNP 112 and other lead LNP candidates in non-
melanoma contexts would be informative of their promise in
cancer vaccination and immune modulation more broadly.

2.5 Single-Particle Assessment of Serum Protein
Adsorption to LNPs

Having evaluated the organ and cellular tropism of our mRNA
LNPs, we next sought to investigate possible factors driving LNP
7 of 16
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FIGURE 4 Evaluation of lead mRNA LNP candidate in a preclinical therapeutic cancer vaccine model. (a) Schematic representation of murine
syngeneic melanoma solid tumor disease model timeline. Tumors were established by inoculating C57BL/6 mice with B16-OVA melanoma cells and
mice were subsequently treated i.v. with PBS, LNP 112 encapsulating FLuc mRNA, LNP 112 encapsulating OVA mRNA, or SM-102 LNPs encapsulating
OVAmRNAwith a 5 d prime-boost interval. (b,c) Tumor burden (b) and survival (c) curves. (d–f) Reciprocal endpoint total anti-OVA IgG (d), anti-OVA
IgG1 (e), and anti-OVA IgG2c (f) titers of mice treated with OVA mRNA LNPs. (g) Ratio of endpoint reciprocal anti-OVA IgG1 to anti-OVA IgG2c titer
in sera of mice treated with OVA mRNA LNPs. Tumor burden and survival data are summarized from 𝑛 ≥ 9mice per treatment group, while antibody
titer data represent 𝑛 = 4 animals per group. Significance annotations without bars indicate comparisons to PBS-treated mice. *: 𝑝 < 0.05. **: 𝑝 < 0.01.
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tropism. The nanoparticle protein corona has been identified as
a major determinant of in vivo fate [53]. LNPs in particular are
known to interact with ApoE in circulation, which interacts with
LDLRs on cells in the liver to endowmuch of the classical hepatic
tropism of LNPs [18–21]. Research in recent years has identified
other candidate serum proteins that may help to direct LNP
tropism to extrahepatic targets such as the spleen and the lungs
through their participation in the formation of a nanoparticle
protein corona [22]. One of the serum proteins currently thought
8 of 16
to be responsible for the spleen tropismof someLNP formulations
is β2-GPI [22, 43]. We therefore sought to evaluate the adsorption
of both ApoE and β2-GPI to the surface of our lead mRNA
LNP formulations to better understand the mechanisms behind
their tropism.

Previous studies of LNP protein corona formation have largely
relied on classical proteomics approaches based on centrifugation
and mass spectrometry [22]. While effective and useful, these
Advanced Materials, 2026
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assays are labor-intensive and slow and rely on the skilled inter-
pretation of complex datasets—a difficult feat given the diversity
of chemical species found in both LNPs and biological fluids.
Additionally, these assays only give insight into bulk properties
of an aggregate of LNPs, not single-particle resolution. To gain
insight into protein adsorption with single-particle resolution in
a rapid manner, we developed a novel experimental approach
based on small-particle flow cytometry. Based on previous studies
analyzing LNP properties at a single-particle level using cus-
tom flow devices, we employed a commercially available flow
cytometer designed for the detection of extracellular vesicles
(EVs) to analyze protein binding to LNPs. We reasoned that
leveraging (i) flow cytometry, a widely used technique in the
nucleic acid delivery field, and (ii) a commercially available
flow cytometer would help to maximize the accessibility of our
experimental technique.We fluorescently dyedNanoLuc reporter
mRNA and encapsulated it in LNPs formulated containing a
small amount of dyed phospholipid. We then fluorescently dyed
recombinant mouse ApoE and β2-GPI proteins. After estab-
lishing suitable parameters for the detection of single LNPs,
we incubated fluorescently dyed NanoLuc LNPs with dyed
proteins of interest at a fixed molar ratio. After incubation, we
diluted samples to minimize further interactions and acquired
data using flow cytometry. Adsorption of protein to candidate
LNPs resulted in an increase in protein fluorescence, which we
used to quantify the proportion of LNPs with adsorbed protein
(Figure 5a).

Upon analysis of flow cytometry data, we were able to clearly
resolve three distinct event populations: free mRNA, mRNA-
loaded LNPs, and empty LNPs (Figure 5b). Using fluores-
cent polystyrene size calibration beads, we confirmed that the
diameter of analyzed particles was generally between 100 and
200 nm, in line with dynamic light scattering (DLS) mea-
surements of LNP size (Figure 5c). Having confirmed the
validity of our measurements, we then analyzed particle flu-
orescence following incubation either solely with unlabeled
bovine serum albumin (BSA) or with a mixture of unlabeled
BSA and fluorescently labeled ApoE or β2-GPI. As expected,
we generally observed substantial adsorption of ApoE to the
tested LNP formulations (Figure 5d,e). Somewhat surprisingly,
however, SM-102 LNPs demonstrated minimal adsorption of
ApoE. Our group has previously reported that ApoE read-
ily binds to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DOPE)-containing LNPs, which may help explain this finding
[17]. Importantly, as some leukocytes express LDLRs, we do not
expect adsorption of ApoE to contribute solely to hepatic tropism:
instead, it is likely that increased adsorption of ApoE enhances
trafficking to both the spleen and the liver, to possibly differential
extents [54, 55].

The mechanism(s) by which β2-GPI adsorption leads to spleen
tropism, if any, remain unclear, though this effect has been
postulated to stem from the presence of externalized anionic
phospholipids in the spleen [22]. However, our group has
previously shown that increased β2-GPI binding capacity may
improve transfection of splenocytes, with more modest increases
in hepatic transfection [43]. We therefore anticipated increased
binding affinity for β2-GPI for our spleen-tropic LNP formula-
tions. Interestingly, however, we observed the strongest β2-GPI
adsorption for LNP 97, our strongest liver-tropic LNP, which
Advanced Materials, 2026
demonstrated over fivefold greater β2-GPI adsorption than any
of our spleen-tropic LNP formulations (Figure 5f,g).

To validate our findings from single-protein experiments, we
next performed competitive binding experiments wherein we
incubated dyed LNPs with equimolar amounts of dyed ApoE
and β2-GPI and assessed the adsorption of both proteins to the
LNP surface. Competitive binding results generally recapitulated
those from single-protein investigations, though we observed an
expected decrease in protein binding in some cases (Figure 5h,i).
We also analyzed competitive adsorption of ApoE and β2-GPI
to previously-reported selective organ targeting (SORT) LNP
formulations, observing consistency between our findings using
small particle flow cytometry and published results (Figure S17).
In all, our results suggest a nuanced relationship between serum
protein adsorption and transfection of hepatic and extrahepatic
targets and support previous findings of differential adsorption of
serum proteins based on ionizable lipid structure [56].

The insights into protein adsorption to LNPs offered by our
small particle flow cytometric method would seem to challenge
existing dogma that greater degrees of ApoE adsorption bolster
hepatic transfection, whereas greater amounts of adsorbed β2-
GPI confer stronger splenic transfection [22]. This model is based
on the idea that a greater density of adsorbed protein affordsmore
opportunity for ligand-receptor interactions, leading to a greater
probability of localization to target cells and/or receptor-mediated
endocytosis. However, our group and others have previously
demonstrated that an intermediate amount of targeting moieties
on the nanoparticle surface yields the greatest cellular targeting
effect [57, 58]. It is conceivable that, similarly, an intermediate
density of adsorbed protein may be maximally beneficial for
cellular uptake and organ tropism, perhaps due to steric crowding
or similar phenomena. It is also likely that additional serum
proteins other than ApoE and β2-GPI are involved in LNP
interactions with cells, and there may be additional “cofactors”
necessary for effective targeted transfection of particular organs
and cell populations. In all, our findings do not conclusively
refute existing models of LNP protein corona formation and
its influence on organ and cellular tropism, but they do draw
into question the universality of these models and identify a
need for greater detail in analysis of protein adsorption and
subsequent cellular interactions. We expect that the new small
particle cytometry-based method we report here will facilitate
such detailed analyses in future work. Furthermore, though
we did not observe a significant time dependency of protein
corona adsorption in our experiments, adopting this technique
to analyze time-dependent protein adsorption (i.e., hard versus
soft protein corona formation) in a more complex environment
may provide additional insight into the nuances of LNP protein
corona formation in the future. Ultimately, future studies will
need to evaluate new models of protein corona formation in vivo
to establish causal relationships between protein adsorption and
LNP fate through such means as conditional gene knockout or
targeted sequestration of candidate proteins [59, 60].

3 Conclusions

In this work, we report the development of a next-generation
b-mRNA screening platform with strong error correction
9 of 16
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FIGURE 5 Single-particle assessment of serum protein adsorption to LNPs. (a) Schematic overview of experimental approach. Fluorescently
labeled LNPs were prepared through the incorporation of Cy5-labeled DOPE and DL550-labeled mRNA. Mouse ApoE and β2-GPI proteins were
fluorescently labeled with different fluorochromes. Labeled LNPs were then incubated with mouse BSA alone or in combination with fluorescently
labeled ApoE and/or β2-GPI. A commercial flow cytometer with a small particle detector was then used to analyze samples. (b) Representative flow
cytometry plot of fluorescently labeled LNPs. Dyed lipid and RNA components distinguish free mRNA, empty LNPs, and mRNA-loaded LNPs. (c)
Representative flow cytometry histogram visualizing estimated size of studied particles. Calibration beads (diameters indicated) were used to estimate
the approximate size of the LNPs under study. (d,e) Representative histogram (d) and detailed quantification (e) of ApoE adsorption to single LNPs for
mRNA LNP candidates of interest. (f,g) Representative histogram (f) and detailed quantification (g) of β2-GPI adsorption to single LNPs for mRNA
LNP candidates of interest. (h) Representative contour plot visualizing the effects of incubation of LNPs with equimolar fluorescently labeled ApoE and
β2-GPI (competitive binding). (i) Detailed quantification of competitive β2-GPI adsorption vs. ApoE adsorption to single LNPs. Bar and scatter plots
represent data from 𝑛 ≥ 3 independent experiments for each LNP formulation. Gray contours and histograms represent LNPs incubated with BSA only.
Significance annotations indicate comparisons to SM-102 LNPs. **: 𝑝 < 0.01. ***: 𝑝 < 0.001.
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capabilities for high-fidelity mRNA delivery screening. By
facilitating pooled screening, which allows for multiple internal
controls and highly standardized data collection, we hope to
enable the rapid generation of reproducible and high-quality
LNP screening data. We formulated a library of 133 distinct
10 of 16
mRNA LNPs, each containing a distinct ionizable lipid. From
screening in both wild-type and APOE–/– mice, we identified
several promising LNPs for both hepatic and extrahepatic mRNA
transfection, each based on highly accessible “plug-and-play”
ionizable lipids. We employed low-throughput counterscreening
Advanced Materials, 2026
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experiments to validate functional mRNA transfection on
both the tissue and cellular levels, identifying LNP 96 as an
exceptionally strong hepatic transfection candidate and LNP 112
as a promising candidate for splenicmyeloid cell reprogramming.
In a preclinical melanoma mouse model, we demonstrated that
the spleen-tropic LNP 112 was effective in reducing disease
burden and prolonging survival compared to LNPs formulated
with a clinical ionizable lipid. Analysis of the humoral immune
response suggested a greater induction of humoral immunity
following cancer vaccination compared to clinical LNPs. To
investigate potential influences of the nanoparticle protein
corona on LNP tropism, we developed a novel experimental
approach for single-particle analysis of protein adsorption. We
employed this technique to analyze the adsorption of ApoE and
β2-GPI, serum proteins generally regarded as pivotal in dictating
in vivo LNP fate, to our lead LNP formulations, demonstrating
differential adsorption, with high ApoE adsorption to top
spleen-tropic formulations and strong β2-GPI adsorption to
our most liver-tropic formulation. In all, our data demonstrate
the value of b-mRNA as an in vivo HTS platform for rapid
discovery of mRNA LNPs for use in immunoengineering. We
anticipate the adaptation of this screening approach for the
evaluation of large LNP libraries for a variety of extrahepatic
protein replacement, vaccine, gene editing, and immunotherapy
applications. Moreover, the combination of our HTS data,
validation experiments, and single-particle analysis of ApoE
and β2-GPI adsorption paints a nuanced picture of protein
corona formation and in vivo interactions and highlights a need
for more widespread characterization of protein adsorption to
advance the field’s understanding of LNP fate—work which
we hope our reported analytical techniques will further help to
accelerate.

4 Methods

4.1 HTS Platform Development

4.1.1 Barcode Sequence Design

Barcode sequences were designed using in silico optimization
essentially as described previously [27]. The Conway lexico-
graphic algorithm was used to generate the initial set of barcode
sequences, which was refined to yield a pool of 12 nt barcodes
with a minimum “sequence Levenshtein” distance of 4 [27]. The
resultant set of barcodes guarantees the detection of up to three
insertions, deletions, and substitutions in a deoxyribonucleic acid
(DNA)-anchored barcode context and the correction of at least
one sequencing error.

4.1.2 Barcoded mRNA Synthesis

Barcoded EGFP mRNA was derived from an IVT plasmid
containing a 5’ UTR derived from tobacco etch virus (TEV),
a codon-optimized EGFP CDS, and a 3’ UTR derived from
Xenopus laevis beta globin. To produce barcoded template, a
constant forward primer and distinct reverse primers were used
in the polymerase chain reaction (PCR) to introduce a CleanCap
AG-compatible T7 promoter sequence 5’ of the TEV UTR and
to add a 12 nt barcode sequence and short spacer sequence
Advanced Materials, 2026
3′ of the globin UTR. Solid-phase reversible immobilization
(SPRI) beads were used to purify barcoded dsDNA templates
for IVT. b-mRNA precursor was synthesized using IVT with
co-transcriptional capping using the CleanCap AG trinucleotide
cap 1 analog. Uridine residues were fully substituted with N1-
methylpseudouridine (𝑚1Ψ). Following SPRI purification, IVT
products were enzymatically polyadenylated using E. coli poly(A)
polymerase. Mature b-mRNA was purified using SPRI beads and
RNA concentration was quantified by absorbance measurements
at a wavelength of 260 nm. b-mRNA was diluted to 1 mg/mL and
stored at –80◦C for later use.

4.2 LNP Synthesis and Characterization

LNPs were produced via microfluidic mixing essentially as
described previously [61]. Briefly, all lipid components were com-
bined in ethanol, mRNA was placed in acidic citrate buffer, and
the phases were combined using chaotic mixing in a microfluidic
device containing staggered herringbonemicromixers at an aque-
ous:organic flow rate ratio of 3:1. Resultant LNPs were dialyzed
against PBS for 2 h and stored at 4 ◦C for later use.

mRNA entrapment was measured using a RiboGreen assay
essentially as described previously [25]. Briefly, LNPswere diluted
100-fold in tris-EDTA (TE) buffer or TE buffer containing 0.1%
TritonX-100. RNA standards of known concentrationwere plated
along with diluted LNP samples in a well plate and fluorescence
detection was used to determine RNA concentration in each
sample. Encapsulated mRNA concentration was determined by
subtracting the concentration in TE buffer (freemRNA) from that
in buffer containing detergent (total mRNA). mRNA entrapment
efficiency was determined as the ratio of encapsulated RNA
concentration to total RNA concentration.

LNP size distributions were assessed via DLS using a DynaPro
plate reader (Wyatt Technology Corporation, Santa Barbara, CA)
following 10-fold dilution in PBS.

4.3 Animal Experiments

All animal use was in accordance with the guidelines of and with
approval from the Institutional Animal Care and Use Committee
(IACUC) at the University of Pennsylvania (protocol number
806540). C57BL/6J (strain 000664) or APOE–/– (strain 002052)
mice were purchased from the Jackson Laboratory and bred
according to standard procedures. For all animal experiments,
the ionizable lipids used were at least 90% pure by liquid
chromatography-MS (LC-MS).

4.4 Flow Cytometry and FACS

4.4.1 Primary Cell Isolation

For analysis of circulating immune cells, peripheral blood was
collected into microcentrifuge tubes pre-coated with ethylene-
diaminetetraacetic acid (EDTA) to prevent clotting. Mice were
thoroughly perfused with PBS containing EDTA before dissec-
tion, and lungs, livers, and spleens were removed and placed
11 of 16
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in Hank’s buffered salt solution (HBSS) containing collage-
nase IV and DNase I for digestion. After enzymatic digestion,
organs were mechanically digested through 100 𝜇m strainers. All
samples containing red blood cells were treatedwith ammonium-
chloride-potassium (ACK) lysing buffer. Processed liver samples
were centrifuged through a discontinuous Percoll gradient to
remove debris.

4.4.2 Cell Staining

All antibodies used for fluorescence detection were obtained
from BioLegend. A list of clones used is provided in the Sup-
plementary Information (Table S4). Cells were blocked using
anti-CD16/CD32 antibodies and stained using the Zombie UV
amine-reactive dye following the manufacturer’s instructions.
After quenching with PBS containing BSA, cells were stained
with extracellular antibodies for 30 min. For studies requiring
intracellular staining, cells were fixed and permeabilized using
a Cyto-Fast Fix-Perm Buffer Set according to the manufacturer’s
instructions. Cells were then stained with antibodies in perme-
abilization buffer for 30 min before rinsing and resuspension in
PBS.

4.4.3 Flow Cytometry Data Acquisition

For cellular flow cytometry experiments, a FACSymphony A3
equipped with UV, violet, blue, yellow-green, and red lasers was
employed. In all cases, at least 10000 events were acquired.
Data for compensation were acquired using single-stained con-
trols. Fluorescence-minus-one (FMO) controls were employed
as needed to assist in data analysis. Flow cytometry data were
analyzed using FlowJo version 10.

4.4.4 FACS

For b-mRNA LNP screening, FACS was performed to isolate
parenchymal and immune cells from processed tissues. A FAC-
Symphony S6 equipped with UV, violet, blue, yellow-green, and
red lasers was employed to sort B cells, T cells, NK cells, and
monocytes from the blood (Figure S11); endothelial cells, epithe-
lial cells, and leukocytes from the lungs (Figure S12); hepatocytes,
endothelial cells, Kupffer cells, and other leukocytes from the
liver (Figure S13); and B cells, T cells, NK cells, monocytes, and
DCs from the spleen.

4.5 NGS Library Preparation and Sequencing

4.5.1 RNA Isolation

Total RNA was isolated using phenol-chloroform precipitation
with Trizol reagent according to the manufacturer’s instructions.
Tissue samplesweremechanically homogenized inTrizol reagent
with a beadmill before processing,while cellswere sorted directly
into Trizol LS reagent. For samples with low RNA content (e.g.,
sorted cells, LNPs), RNA was co-precipitated using 20 μg of
glycogen as a carrier. RNA pellets were resuspended in TE buffer
with low EDTA content for downstream use.
12 of 16
4.5.2 First-Strand cDNA Synthesis

First-strand complementary DNA (cDNA) synthesis was per-
formed using the ProtoScript II system according to the manu-
facturer’s instructions. Reverse transcription oligos were based
on the common oligo(dT) method for reverse transcription (RT)
of eukaryotic mRNA and additionally featured (i) a 3′ “clamp”
complementary to the barcode-tail spacer region, (ii) a 5′ 12 nt
unique molecular identifier (UMI), and (iii) the Illumina Nextera
Read 2 sequence.

4.5.3 cDNA Amplification and Index/Adapter Ligation

To produce final NGS libraries, nested PCRwas employed. cDNA
was first amplified using a forward primer against either the
3′ portion of the EGFP CDS (for b-mRNA pool narrowing) or
the end of the 3′ globin UTR and a reverse primer against the
Nextera Read 2 sequence. The forward primer used in this first
PCR included an overhanging portion containing the Nextera
Read 1 sequence. Nine cycles of PCR were performed to add the
Read 1 sequence. Sixteen additional cycles of PCRwere performed
to add indices (i5/i7) and sequencing adapters (P5/P7) using
polymorphic primers against Read 1/Read 2 sequences. NGS
libaries were purified using SPRI beads and eluted in TE buffer
with low EDTA content for sequencing. Library concentrations
were quantified using a Qubit 1× dsDNA assay and DNA was
stored at −20 ◦C for later use.

4.5.4 NGS

An NGS library pool was prepared by combining equal masses
of each NGS library. The concentration of this library pool was
quantified using a Qubit 1× dsDNA assay. The library pool was
subjected to quality control using an Agilent BioAnalyzer and
sequenced using dual-indexed sequencing on an Illumina MiSeq
(b-mRNA pool narrowing) or an Illumina NextSeq 2000 with 10%
ΦX174 sequencing control spike-in.

4.6 NGS Data Analysis and Visualization

NGS data were analyzed and visualized similarly to previously
described using the R statistical programming language with
a number of packages from the Comprehensive R Archive
Network (CRAN) and Bioconductor [11, 27, 62–74]. Briefly,
reads were demultiplexed and trimmed of adapter sequences.
Barcode and UMI sequences were then extracted from reads
using the UMI-tools Python package [75]. Barcode sequences
were matched to candidate sequences using the DNABarcodes
R package [27], and UMIs were collapsed to yield read counts
for each barcode. Normalized accumulation was calculated as
the ratio of output read fraction to input read fraction [13].
Specifically, read fractions were first computed by dividing the
read count for each barcode by the total number of barcode
counts within each sample. Each sample read fraction (output)
was then divided by the corresponding mean read fraction
from the uninjected pool samples (input) to yield normalized
accumulation.
Advanced Materials, 2026
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For enrichment analysis, Wilcoxon rank-sum tests were per-
formed to compare normalized accumulation for each barcode to
the normalized accumulation of all other barcodes using the nor-
mal approximation with continuity correction. False discovery
rate was controlled using themethod of Benjamini andHochberg
[76].

4.7 Evaluation of Lead mRNA LNPs

4.7.1 Reporter mRNA Synthesis

We employed the NanoLuc engineered luciferase as both a
model mRNA and a reporter for validation and mechanistic
experiments. EGFP was used as a reporter for studies of cellular
transfection charateristics. gBlock dsDNA templates were syn-
thesized containing codon-optimized NanoLuc or EGFP CDSs
and the same UTRs as used for b-mRNA production. PCR with
overhanging primers was employed to produce dsDNA template
for IVT containing a CleanCap AG-compatible T7 promoter
sequence and a 100 nt poly(A) tail, which was purified using
SPRI beads. Reporter mRNA was synthesized using IVT with
co-transcriptional capping with the CleanCap AG trinucleotide
cap 1 analog. Uridine residues were fully substituted with 𝑚1Ψ

when using the mRNA as a reporter gene. 1 M urea was used
in the IVT reaction as a chaotropic agent to reduce double-
strandedRNA (dsRNA) formation [77].mRNAwas purified using
SPRI beads andRNA concentrationwas quantified by absorbance
measurements at a wavelength of 260 nm prior to storage at
–20◦C.

4.7.2 mRNA LNP Transfection Validation Experiments

To confirm the in vivo transfection ability of candidate mRNA
LNPs identified by NGS, we performed single-plex validation
experiments using NanoLuc. C57BL/6 mice were injected with
NanoLuc mRNA LNPs at an encapsulated mRNA dose of
0.1 mg/kg. 6 h later, 220 nmol of fluorofurimazine (FFz) in
PBS was administered intraperitoneally (i.p.) and major mouse
organs were dissected and imaged using an in vivo imaging
system (IVIS) to assess in vivo mRNA transfection (PerkinElmer,
Shelton, CT). To classify LNP formulation tropism, we used
the ratio of spleen:liver luminescence in PBS-treated mice as a
baseline. Treatments inducing a greater ratio were classified as
spleen-tropic, while those inducing a lesser spleen:liver lumi-
nescence ratio (relatively higher liver signal) were classified as
liver-tropic.

For single-cell analysis of in vivo mRNA LNP transfection and
accumulation, we performed flow cytometry experiments. Lead
mRNA LNP candidates were reformulated encapsulating EGFP
mRNA and fluorescently dyed using lipophilic 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR) at a con-
centration of 10 𝜇M. C57BL/6 mice were injected with DiR-
labeled EGFPmRNA LNPs at an encapsulated mRNA dose of 0.6
mg/kg. 12 h later,micewere sacrificed and livers and spleenswere
collected for flow cytometric analysis of LNP accumulation and
mRNA transfection. To improve EGFP signal strength, an Alexa
Fluor 488 (AF488)-conjugated anti-EGFP antibodywas employed
for intracellular staining.
Advanced Materials, 2026
4.8 Therapeutic Melanoma Vaccine Model

4.8.1 Tumor Engraftment andMonitoring

C57BL/6 mice of mixed sex were obtained from the Jackson Lab-
oratory. Mice were subcutaneously inoculated on the right flank
with 7.5e5 B16-OVA mouse melanoma cells. Tumor dimensions
were regularly measured using electronic calipers and tumor
volume was calculated as 𝑉 = 1

2
𝑎𝑏2, where 𝑎 and 𝑏 represent

the largest and smallest tumor dimensions, respectively. Tumor
volume and body weight were monitored for up to 60 days.

4.8.2 Immunization and Evaluation of Humoral
Response

Following successful tumor engraftment, mice were immunized
followed a prime-boost strategy at a 5 d interval. Mice were
injected i.v. with mRNA LNPs encapsulating either OVA mRNA
or FLuc mRNA at an encapsulated mRNA dose of 0.8 mg/kg. 7 d
after the boost dose, mouse sera were collected for analysis.

Reciprocal endpoint antibody titers were measured essentially
as described previously [78]. Briefly, treated 96-well clear
polystyrenemicroplateswere coated overnightwith a solution of 1
𝜇g/mL OVA protein in PBS. After coating, wells were rinsed with
0.05% Tween 20 in PBS (PBST) and blocked for 1 h using IgG-
depleted BSA in PBS. After blocking, wells were again washed
with 0.05% Tween 20 in PBS (PBST), and diluted endpoint
antisera in blocking buffer were plated and allowed to incubate
for 2 h. After further rinsing with PBST, diluted horseradish
peroxidase (HRP)-conjugated anti-isotype antibody in blocking
buffer was added. After rinsing, detection was performed by
adding 3,3′,5,5′-tetramethylbenzidine (TMB) substrate for 15 min
before quenching with 2 N sulfuric acid. Absorbance was mea-
sured using a plate reader at a detection wavelength of 450 nm
with a reference wavelength of 650 nm to account for optical
effects. Absorbance cutoffs for reciprocal titer determinationwere
determined using the Frey method [79].

4.9 Flow Cytometric Analysis of Protein
Adsorption to LNPs

4.9.1 Labeled mRNA Synthesis

mRNA was fluorescently tagged using a two-step procedure
based on reaction between aminoallyl-modified RNA and amine-
reactive N-hydroxysuccinimide (NHS) ester-fluorophore conju-
gates. Aminoallyl-modified mRNA coding for NanoLuc was first
synthesized using IVT essentially as described above except using
canonical uridine instead of 𝑚1Ψ. Aminoallyl-UTP (aaUTP)
was also incorporated into the nucleoside triphosphate (NTP)
mixture at a ratio of 1:1 uridine triphosphate (UTP):aaUTP to pro-
duce partially-substituted mRNA. After purification, aminoallyl-
modifiedmRNAwas reactedwithDyLight 550 (DL550)NHS ester
conjugate in basic conditions at an mRNA:fluorophore ratio of
1:200 to produce fluorescently labeled mRNA. Labeled mRNA
was purified using SPRI beads, quantified using absorbance
measurements, and stored at −20◦C for later use.
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4.9.2 Fluorescence Labeling of Serum Proteins

Recombinant mouse ApoE and β2-GPI proteins were differen-
tially labeled using Alexa Fluor 594 (AF594) and Alexa Fluor
488 protein labeling kits, respectively, according to the manufac-
turer’s instructions. Labeled proteinwas purified using spin filters
according to the manufacturer’s instructions and eluted in PBS.
Following purification, protein concentration was quantified
using adjusted absorbance measurements before storage at 4◦C.

4.9.3 Flow Cytometric Analysis of Single LNPs

LNPs of interest identified by HTS were reformulated containing
fluorescently labeled NanoLuc mRNA and with 0.5% DOPE-N-
Cy5 (Cy5-DOPE). LNP concentration was quantified using static
light scattering (SLS). LNPs were diluted to a concentration
of 50 pM before incubation, while proteins were diluted to
25 nm. All species underwent a 100-fold dilution before data
acquisition. Data were acquired on a BD FACSymphony A1
equipped with a small particle detector following MIFlowCyt-EV
recommendations for small particle flow cytometry [80].

4.10 Data Analysis and Statistical Inference

All data were analyzed using the R statistical programming lan-
guage with several packages from the Comprehensive R Archive
Network (CRAN) [62–74, 81–86]. The Nix package manager (with
pinned Nixpkgs revision 3ff0e34b) was used for all data and
dependencies to maximize reproducibility [87]. Unless otherwise
noted, statistical inference was performed on mean responses
using one-way analysis of variance (ANOVA) with post hoc 𝑡 tests
using the Bonferroni-Holm correction for multiple comparisons.
For comparisons involving only two groups, simple unpaired
𝑡 tests were used for inference. For melanoma model survival
analysis, pairwise log-rank tests were employed to compare
survival curves to PBS-treated mice, and the Bonferroni–Holm
correction was applied [88].
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