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ABSTRACT: Nanoparticle-mediated mRNA delivery has
emerged as a promising therapeutic modality, but its growth
is still limited by the discovery and optimization of effective and
well-tolerated delivery strategies. Lipid nanoparticles containing
charged or ionizable lipids are an emerging standard for in vivo
mRNA delivery, so creating facile, tunable strategies to
synthesize these key lipid-like molecules is essential to advance
the field. Here, we generate a library of N-substituted glycine
oligomers, peptoids, and undertake a multistage down-selection
process to identify lead candidate peptoids as the ionizable
component in our Nutshell nanoparticle platform. First, we
identify a promising peptoid structural motif by clustering a
library of >200 molecules based on predicted physical properties and evaluate members of each cluster for reporter gene
expression in vivo. Then, the lead peptoid motif is optimized using design of experiments methodology to explore variations
on the charged and lipophilic portions of the peptoid, facilitating the discovery of trends between structural elements and
nanoparticle properties. We further demonstrate that peptoid-based Nutshells leads to expression of therapeutically relevant
levels of an anti-respiratory syncytial virus antibody in mice with minimal tolerability concerns or induced immune responses
compared to benchmark ionizable lipid, DLin-MC3-DMA. Through this work, we present peptoid-based nanoparticles as a
tunable delivery platform that can be optimized toward a range of therapeutic programs.
KEYWORDS: peptoid, mRNA delivery, lipid nanoparticle, design of experiments, nucleic acid delivery, high-throughput screening

The therapeutic use of messenger-RNA based drugs has
proven potential to transform many areas of human health.
The FDA approval of mRNA vaccines against SARS-COV2
employing lipid nanoparticle (LNP) delivery technology
demonstrates the significant progress in this field.1−3 The
extension of mRNA drugs to applications beyond vaccines,
such as protein replacement or immune-oncology therapies
generating circulating antibodies, necessitates robust delivery
strategies and platforms.4,5 In LNPs, mRNA molecules are
encapsulated in a combination of a cationic or ionizable lipid,
helper lipids such as cholesterol and phospholipids, and a
shielding lipid such as poly(ethylene glycol) (PEG).6,7 While
many reports have shown that tuning ionizable lipid properties
impacts expression and tissue selectivity of delivery,7−9

understanding how the structure of individual components
impacts nanoparticle function is still an ongoing effort.10,11 As
mRNA is applied to a wider range of applications, including
those that rely on IV delivery, the ability to modulate the
properties of ionizable lipids in particular has become a key
focus of the field. Recent notable advances in ionizable lipid

Received: April 25, 2024
Revised: July 29, 2024
Accepted: July 31, 2024
Published: August 6, 2024

A
rtic

le

www.acsnano.org

© 2024 The Authors. Published by
American Chemical Society

22181
https://doi.org/10.1021/acsnano.4c05513

ACS Nano 2024, 18, 22181−22193

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elizabeth+R.+Webster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicole+E.+Peck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Diego+Echeverri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shima+Gholizadeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Lun+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rinette+Woo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rinette+Woo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anushtha+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weiqun+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chris+S.+Rae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrienne+Sallets"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gowrisudha+Adusumilli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kannan+Gunasekaran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kannan+Gunasekaran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ole+A.+W.+Haabeth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meredith+Leong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ronald+N.+Zuckermann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+Deutsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colin+J.+McKinlay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colin+J.+McKinlay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c05513&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05513?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05513?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05513?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05513?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05513?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/33?ref=pdf
https://pubs.acs.org/toc/ancac3/18/33?ref=pdf
https://pubs.acs.org/toc/ancac3/18/33?ref=pdf
https://pubs.acs.org/toc/ancac3/18/33?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c05513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


design have included alkyne,12 beta-amido carbonate,13

phosphonate,14 and disulfide15−18 containing lipids, among
many others.19−21 Nevertheless, generation of alternative
ionizable lipids is often limited by the significant synthetic
effort and resources needed to expand lipid libraries, so many
of the most successful reports are those that utilize
combinatorial or high-throughput libraries for candidate
discovery.16,17,22−24 Here, we present a platform of mRNA
delivery vehicles termed Nutshells, which utilize peptoids as
the ionizable lipid component to enable diverse and systematic
modulation of the peptoid base structure, thus tuning the
biological properties of formulated particles.
Peptoids, or N-substituted alpha-amino acid oligomers, are a

class of biomacromolecules structurally related to the
commonly known peptides, but which incorporate side chain
functionality on the amide nitrogen rather than α carbon,
allowing for a significantly expanded set of monomer
functionality, modular synthesis, and distinct structural proper-
ties.25 Foundational work by Zuckermann demonstrated that
this class of materials can be expediently synthesized in high
yield and fidelity on a solid support using the submonomer
approach wherein repeating cycles of acylation using bromo-
acetic acid and nucleophilic displacement by primary amines
grow these materials in a stepwise, programmable fashion.26−28

Peptoids have been successfully used in many applications
including antibiofouling29 and antibacterial agents,30,31 drug
delivery,32 antifreeze additives in tissue storage,33,34 and even
as complexing agents for nucleic acids35 or shielding lipids for
LNPs,36−38 but never as the ionizable component for mRNA

delivery. Given the tunable nature of the synthesis and
biomimetic properties, we hypothesized that peptoids would
be an ideal candidate for the ionizable component of LNPs,
creating effective and well-tolerated delivery vehicles. This
sequence flexibility can enable the discovery of lipid-like
materials with properties that escape previous paradigms of
ionizable lipid structure, leading to enhanced delivery efficacy
and variable biodistribution. Using solid-phase synthesis and
the modular nature of the peptoid structure, we have
assembled and evaluated a library of over 500 peptoid
candidates for mRNA delivery, over 200 of which are
highlighted in this work. Diverse library generation for delivery
vehicle screening has been used by others including Wagner
and co-workers for polyplex-driven delivery of nucleic
acids.39−42 Here, we formulate this diverse peptoid library
with mRNA, along with DSPC, Cholesterol, and DMG-
PEG2000 to generate Nutshell particles, which can serve as a
versatile platform for developing mRNA therapeutics.
Through multiple rounds of screening, we have identified

structural classes of peptoids that can be used for diverse
delivery applications including to the lung, spleen, and liver.
Then, as one demonstration of the potential of peptoid-based
Nutshell particles for tailored therapeutic modalities, we
further optimized liver-targeted peptoid structures to maximize
hepatic expression of mRNA-encoded antibodies.
Our optimization process utilizes a series of in silico and in

vivo down-selection and structural refinement steps to identify
lead structural classes which are then chemically optimized for
enhanced mRNA delivery (Figure 1A). First, in silico physical

Figure 1. Facile synthetic processes enable the generation of a diverse library of peptoid candidates for mRNA delivery. (A) Outline of
methodology used here to identify top-performing peptoid candidates starting with a diverse peptoid library, and then to optimize those
candidates through a multistage structural parametrization of charged group and lipid monomer structure. (B) Submonomer synthesis
method conducted on a solid support that produces peptoid candidates with high yield and sequence fidelity. The pool of monomer
functionalities used in library construction is shown categorized by monomer type, along with three-letter designations used in sequences.
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property predictions and hierarchical clustering were used to
group our entire peptoid library into clusters with related
attributes. A subset of candidates from each of these clusters
was then formulated with mRNA and evaluated for firefly
luciferase expression (Fluc) in mice. In a second phase, the
top-performing cluster(s) were selected as model compounds
for structural refinement, in which we screened a panel of
ionizable groups, followed by an optimization of the lipid
features. This approach takes advantage of the modularity of
peptoid structure and the fact that interactions between lipid
and cationic portions of ionizable lipids are typically

minimal.22,43,44 Following this approach, we demonstrate
how the Nutshell platform can be optimized for the systemic
delivery of mRNAs encoding a therapeutic antibody against
respiratory syncytial virus (RSV) and compare expression
levels and tolerability to the previously developed ionizable
lipid, DLin-MC3-DMA.45

RESULTS AND DISCUSSION
We have assembled a large and diverse library of 221 peptoid
molecules as potential candidates for systemic mRNA delivery
using the submonomer approach (Figure 1B, sequences

Figure 2. Clustering analysis of a diverse peptoid library to identify high-performing sequence motifs used in later optimization steps. (A)
Hierarchical clustering of peptoid candidates based on predicted physical properties to group peptoids into 12 distinct families. (B)
Representative structures from 6 of the 12 families highlight chemical distinctiveness. (C) Expression of firefly luciferase (Fluc) in Balb/c
mice following injection of 0.125−0.25 mg/kg mRNA, and imaged after 6 h. Values are grouped by cluster, with each point representing the
mean flux (n = 3) of individual cluster members. (D) Average organ distribution of Fluc signal for each cluster.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c05513
ACS Nano 2024, 18, 22181−22193

22183

https://pubs.acs.org/doi/10.1021/acsnano.4c05513?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05513?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05513?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05513?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c05513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


available in Table S1). This library contains peptoids of 2 to 30
residues in length and 39 different individual monomer
functionalities (Figure 1B). Monomer functionalities encom-
pass cationic, anionic, hydrophilic, and lipid groups.
Exhaustively screening this entire library for in vivo

expression would incur unnecessarily high animal usage and
material costs, so we decided to first group peptoids with
similar physical properties, thereby limiting the need to screen
chemically redundant candidates. This was accomplished by
using a Ward’s hierarchical clustering method to categorize
peptoids into 12 different clusters based on the following in-
silico predicted parameters: (1) molecular weight, (2) Log P,
(3) total polar surface area, (4) predicted molecular charge at
pH 5.5 and 7, (5) total number of monomers, (6) total
number of hydrophobic or “lipid” monomers, and (7) total
number of carbons contained on lipid monomers (Figure 2A).
We hypothesized that this would adequately differentiate
classes of peptoids with different properties and behaviors.
Some selected examples of peptoid structures of cluster
members are shown in Figure 2B, and a complete table of
sequences and cluster memberships is presented in Table S1.
Structural distinctiveness between clusters can be seen, for
example, where cluster 3 contains peptoids with relatively high
values for all parameters, with an example structure 23
containing a repeating cationic motif of aminoethyl and
phenethyl side chains, followed by 4 lipid monomers (Figure
2B and Table S2). In contrast, cluster 5 contains structures
with much lower molecular weights and numbers of charges, as
exemplified by peptoid 102, which contains a single charged
morpholinone monomer and 4 lipid monomers. With clusters
identified, peptoids were formulated into particles encapsulat-
ing Fluc mRNA using a microfluidic process as described in
the methods section. In total, 93 peptoids were evaluated in
vivo in Balb/c mice spread across the 12 clusters. The resulting
total Fluc expression and percent localization in liver, lung, and
spleen for each cluster are shown in Figure 2C,D.
The highest overall expression for all peptoids tested was

observed in clusters 8 and 11 (Figure 2C). Both of these
clusters have intermediate molecular weights, log P values, and
numbers of total lipid monomers in the library. Interestingly,

the localization patterns between the two were quite different,
with cluster 8 primarily expressing in the liver, and cluster 11
nearly completely localized in the lung (Figures 2D and S2).
We hypothesize that the distinct pKa of the charged groups in
these clusters drives differences in particle charge and
localization. To better understand the connection between
localization and particle charge, we collected zeta potential on
representative peptoids from each cluster and saw differ-
entiation among clusters (Figure S3). Cluster 8 contains lower
pKa amino groups such as diethanolamine (Dea) and 2-amino-
1,3-propanediol (Apd) compared to the much more basic
charged groups in cluster 11 (e.g., primary and secondary
amines like Aet, Apr, and Mae). High particle charge is known
to direct LNP cargos to the lung, while moderate surface
charges often localize in the liver.46,47 The highest spleen
expression was observed for cluster 3, which had significantly
higher molecular weights and the largest number of total lipid
monomers of any cluster. Interestingly, based on the hierarchy
of clustering, cluster 3 splits from cluster 11 almost
immediately, suggesting that they are the most chemically
distinct from each other (Figure 2A) which is also reflected in
their expression patterns. Some clusters, such as 6 and 7, had
generally low expression across all organs. Of these, cluster 6
had a negative log P, confirming that significant lipophilicity is
necessary for peptoids to act as an ionizable group. Taken
together, these results suggest that peptoids as a class have
utility across many different applications in mRNA delivery
and different peptoid structural attributes can lead to distinct
expression patterns. We selected cluster 8 for further
optimization of a delivery vehicle to express mRNA-encoded
therapeutic antibodies as a proof-of-principle of the therapeutic
potential of this platform since it showed the second highest
expression of any cluster, and had the greatest liver selectivity
and thus avoided potential tolerability concerns of lung-based
expression.46,48,49

With a base motif selected, the next phase of structural
refinement focused on the optimization of the cationic N-
terminus of the peptoid molecules. Lead structures from
cluster 8 with strong luciferase expression in the liver were
selected as the starting point for optimization. The identity of

Figure 3. Optimization of the cationic portion of peptoid-based lipids. (A) Peptoid motif from Cluster 8 is reduced into a generalized
structure and used to optimize charged headgroups for those with the highest liver selectivity and expression using a conserved lipid block.
(B) Total luciferase expression in Balb/c mice 6 h after 0.125 mg/kg dose. (C) % total expression of in vivo luciferase expression among
major organs: liver, lung, and spleen.
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the basic group used in an ionizable lipid significantly drives
the particle pKa, which is correlated with efficacy and
specificity of nanoparticle expression.50 Particle pKa’s of 6−
6.5 generally show the highest efficacy in selective liver
expression.45,51,52 However, it was unknown how a peptoid’s
molecular pKa would correlate to the observed pKa once
formulated in a particle; therefore, a variety of headgroup
amines with varying basicity were selected. For this screen, a
lipid block containing 4 dodecyl lipid (Dod) monomers was
selected, and 12 peptoids containing these groups were
synthesized (Figure 3A and Supporting Information Synthetic
Characterization Data).
Peptoid headgroup variations were then formulated into

Nutshell particles containing Fluc mRNA for in vivo testing,
and particle properties including size, percent encapsulated
RNA, and hemolysis were characterized (Table S3). In vivo
expression with varied cationic groups was evaluated using
Fluc expression in Balb/c mice 6 h after IV dose (Figure 3B).
This panel of headgroup-modified peptoids showed significant
differences in both total expression levels and organ selectivity,
highlighting the importance of screening wide chemical
diversity in the ionizable portion of the peptoid. The
aminoethyl (Aet, 222) and aminopropyl (Apr, 223) charged
monomers both show preferential expression in lung (Figure
3C), potentially due to the high basicity of the pendant
primary amine, as groups with higher pKa’s are known to
accumulate in the lung.53,54 Interestingly, the methoxyethyl
(Nme, 229) and methoxypropyl (Nmp, 230) monomers
shifted selectivity toward spleen from liver. While spleen and
lung selectivity merit further investigation and will likely enable
additional therapeutic applications, we chose to focus on liver-
selective peptoids to demonstrate the in vivo expression of
secreted antibody targets. The 1,3 diol (Apd, 226) terminal
monomer shows the highest liver expression and selectivity
among the tested peptoids and was chosen for further lipid
block optimization.
We hypothesized that modification to the lipophilic portion

of the peptoid while keeping the leading Apd headgroup would
allow for further optimization of the overall expression while
maintaining or increasing liver selectivity. For this optimiza-

tion, 6 different aliphatic monomers were selected ranging in
length from C6 to C12, including the unsaturated oleyl (Ole)
and branched 2-ethylhexyl (Ehx) lipids (Figure 4A). Even with
this relatively small monomer pool, there are 55,944 peptoids
designs of length 3−8 that are possible, so a systematic
approach to evaluating this large structure space using design
of experiments (DOE) methodology was employed. To allow
chemical structure information to be accurately input into a
DOE model, we devised a method of parametrizing properties
of the lipid block using 4 key factors likely to impact LNP
performance: (1) the total number of lipid-containing
monomers in the structure, (2) the total number of carbon
atoms contained on all lipid side chains,55 (3) the number of
branched/unsaturated lipid monomers used,56 and (4) the
identity of the branched/unsaturated monomer used.57,58 Each
synthesized peptoid could be represented by a combination of
these four factors, and the resulting performance data was fit to
a multivariable model to separate the contribution of each
factor to mRNA delivery performance. This method of
parametrization does not attempt to capture the order of
monomers within the sequence, so peptoids were designed to
have alternating and repeating or symmetric motifs wherever
possible. Further expansion of this methodology to sequence
and order variations will be the subject of further investigation.
Using this parametrization methodology, a multivariate DOE
model was employed to generate 34 candidate peptoids
structures spanning the defined parameter space (Figure 4B,
Table S4).
Peptoid designs were synthesized based on DOE and target

masses verified by liquid chromatography−mass spectrometry
(LC-MS) (Supporting Information Synthetic Characteriza-
tion). In line with our expectation, changing both the number
of lipid monomers and total lipid carbons had a significant
impact on the hydrophobicity of peptoid molecules as
measured by high-performance liquid chromatography
(HPLC) retention time (Figure S4). When fit to a multi-
parameter model, both the calculated log P and empirical
reversed-phase HPLC retention time increase as the number of
lipid carbons increased, as would be expected for a molecule
with increasing lipid content. Additionally, as the number of

Figure 4. Parameterization strategy for representing peptoid lipid block variations. (A) Pool of lipid monomers used in variations and
example structures highlighting the 4 parameters varied: Total number of lipid monomers, total lipid carbons, number of branched or
unsaturated monomers, and identity of the branched/unsaturated monomer. Several examples of peptoid structures are shown. (B)
Graphical representation of the design space surveyed by DOE-generated sequences varying each of the 4 aforementioned parameters. Each
point represents a peptoid sequence that was synthesized and evaluated for mRNA delivery.
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lipid monomers increases (at a similar number of total lipid
carbons), the predicted log P and retention time decrease,
likely due to the increased contribution of hydrophilic amide
backbone toward the overall molecule polarity. Taken
together, these parameters result in a library of peptoid lipids
with varying physical characteristics to optimize delivery and
release when formulated into nanoparticles with mRNA cargos.
Nutshell particles formulated using Apd lipid block variation

peptoids were first evaluated for their physical properties, and
then for their in vivo expression of luciferase mRNA (Figure
5). To understand the contribution of lipid-block properties to

peptoid nanoparticle efficacy, experimental data for particle
size, percent encapsulated mRNA, zeta potential, and pKa were
collected (Table S5). Overall, we found that monomer length
and total carbon number have significant impacts on physical
properties of particles. Encouragingly, the peptoids with the
most lipid monomers and maximum total carbon number are
not top performing, suggesting the range of monomers lengths
we tested in this study is sufficient to identify an ideal balance
of lipid character of the monomer side chains to the
hydrophilicity of the peptoid backbone. Particle size was
found to not strongly correlate with any single factor, except

Figure 5. Impact of lipid block variations on the physical particle properties and in vivo expression. Multiparametric modeling contour plots
were used to show how lipid parameters impact (A) diameter, (B) % encapsulated mRNA, and (C) hemolysis at pH 5. (D) Total Fluc
bioluminescence in balb/c liver from lipid variations (E) distribution of bioluminescence among major organs from peptoid lipid block
variations. (F) Contour plot of the impact of lipid parameters on in vivo luciferase expression.
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that particles were significantly larger when the oleyl (Ole)
monomer was used relative to 2-ethylhexyl (Ehx) which might
suggest differences in particle packing based on recent reports
using small-angle X-ray scattering to characterize internal
particle structure (Figure 5A).59,60 Percent of encapsulated
mRNA depended on both the total number of lipid carbons on
the peptoids and the type of branched/unsaturated monomer
used, with maximal encapsulation occurring around 55 total
lipid carbons, and using the 2-ethylhexyl (Ehx) monomer
(Figure 5B). Consistent with a previous report of lipid length
and branching impact LNP charge, we see particle pKa varies
from pH 5−7 with higher monomer and high total carbon
count leading to lower particle pKa.

57 Additionally, we see that
increasing the number of branched monomers leads to a
slightly lower pKa in Nutshells even with similar headgroup
pKa (Figure S5). While traditional LNP ionizable lipids achieve
the optimal particle pKa of 6−6.5 by utilizing a tertiary or
secondary amine with predicted pKa of 9.5−10.5,55 Apd
peptoids have predicted pKa’s of approximately 5.5−5.7, which
are similar to their measured particle pKa’s of 5−7, indicating a
lack of pKa shift upon formulation into a LNP complex. This
could be due to several factors including the hydrophilicity of
the peptoid backbone providing an environment more
favorable to amine protonation or the packing dynamics of
the peptoid within the particle and will be the focus of further
investigation. Fusogenicity, or the ability of the LNP to fuse
with endosomal membranes and escape degradation, has also
been shown to vary with lipid structure for LNPs.43,61

Hemolysis of red blood cells at neutral and acidic pH was
used as a measure of fusogenicity.22,56 At low pH which is most
predictive of membrane interactions in the endosome,
increasing branched/unsaturated groups leads to higher
hemolysis at pH 5 for peptoids with overall lower total
monomers (Figures 5C and S5). Interestingly, we find that
introduction of oleyl lipids often increased hemolysis at both
pH 5 and 7. This suggests that oleyl-based peptoids may not be
well tolerated due to background levels of hemolysis at
physiological pH.
To investigate how the peptoid lipid block impacts in vivo

expression, Nutshells were administered IV to Balb/c mice and
the resulting luminescence in liver, lung and spleen were
quantified after 6 h (Figure 5D−F). Even without changing the
cationic headgroup, luciferase expression spans 4 orders of
magnitude, demonstrating the impact of altering the lipid block
in this series. Changing lipid block also impacts the liver
selectivity of luciferase expression, but to a lesser extent than
headgroup modifications (Figure 5E). The highest in vivo
expression was observed for peptoids at intermediate values for
both the number of lipid monomers (∼6) and total number of
lipid carbons (∼55). This could imply that the hydrophilicity
of each monomer due to the peptoid backbone must be offset

by increasing total carbon number for delivery-related
processes such as membrane fusion and endosomal escape to
occur. Peptoids 236, 245, 263, and 264 emerged as the top
performers from Fluc expression screening. Interestingly, these
peptoids are all 6 monomers in length and contain the 2-
ethylhexyl (Ehx) branched monomer. In vivo Fluc expression
of all candidates was fit to a multiparameter model containing
the 4 input parameters to understand the individual
contributions of each factor to overall performance (Figure
S6). This model suggests that expression has a very strong
second-order dependence on both the number of total lipid
carbons and the number of unsaturated or branched
monomers, a strong dependence on if the peptoids contained
Ole or Ehx as the unsaturated/branched monomer, and a
modest dependence on the total number of lipid monomers.
Based on this model, the maximal predicted expression was

achieved using peptoids containing 5−6 total lipid monomers,
55 total lipid carbons, and 2−3 Ehx monomers as the
nonlinear lipid. Notably, 3 out of the 4 top performing
peptoids (236, 263, and 264) possessed attributes that closely
aligned with this prediction. The fourth top candidate (245)
had 3 out of 4 optimal attributes (lipid monomer number,
nonlinear monomers, and Ehx as the branched/unsaturated
monomer), with the total number of lipid carbons just outside
of the predicted range (Table 1 and Figure 5D). One
limitation of the DOE used for peptoid generation is that it
neglected the monomer sequence as a variable, so we
generated a peptoid with matched composition to peptoid
236, but with a different monomer order (266, Figure S7).
Physical characteristics, such as size, encapsulation, and
hemolysis, were all similar between these two isomers (Table
S6). In vivo luciferase expression was found to be within error
for the two sequence variations, suggesting that monomer
composition, rather than order, drives major differences
between peptoids (Figure S7). This further validates the
parametrization and screening criteria employed and future
peptoid variations could look at sequence as secondary factor
only, which will be the subject of further exploration. The top 4
candidates for in vivo luciferase expression were advanced into
additional experiments to evaluate production of secreted
proteins.
To understand how Nutshells performed for the in vivo

production of biologics, the top 4 peptoid candidates from the
optimized DOE model were evaluated for their ability to
produce an anti-RSV antibody in Balb/c mice. Severe viral
infections of the respiratory tract such as human RSV account
for a large number of hospitalizations and mortalities
worldwide.62 To date, recombinant antibody therapies such
as Motavizumab are available to treat RSV infection, but no
mRNA-based therapies have been approved.63 We chose anti-
RSV as a model biologic to demonstrate complex protein

Table 1. Lipid Properties of Top-Performing Peptoids Compared to DOE Model-Predicted Optimal Configuration and
Preoptimization Peptoid from the Screening Librarya

peptoid lipid monomers total lipid carbons branched/unsaturated monomers branched/unsaturated identity luciferase expression (p/s)

226 (preoptimization) 4 48 0 none 2.46 ± 0.55 × 107

236 6 56 4 Ehx 1.08 ± 0.41 × 109

245 6 44 4 Ehx 2.93 ± 0.46 × 109

263 6 52 2 Ehx 1.06 ± 0.27 × 109

264 6 56 2 Ehx 1.90 ± 0.46 × 109

model predicted 6.20 ± 1 52.5 ± 8.8 3.77 ± 0.8 Ehx
aData = mean ± SD (n = 3).
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production with this platform due to the availability of the
Motavizumab sequence and published benchmarking data.63

aRSV-containing Nutshells were formulated from 2 separate
mRNA molecules encoding the heavy and light chain at a 2:1
mass ratio. All particles were below 120 nm in size with mRNA
encapsulation greater than 85% (Table S7). Peptoid particles
were administered IV at 0.75 mg/kg mRNA dose in Balb/c
mice, and serum levels of aRSV were compared after 24 h by
an antihuman IgG ELISA. Particles containing peptoids 263
and 236 resulted in the highest levels of secreted protein
expression (Figure 6A). While there is not a perfect correlation
between Fluc and secreted protein expression, the two
correlate strongly (Figure S8). Peptoid 266, the lipid monomer
sequence variation of peptoid 236, was also tested and
expression of aRSV found to be within error (Figure S9).
Expression time course and dose-escalation studies were
carried out on Nutshell 236 which showed the highest overall

aRSV titers (Figure 6B). With this candidate, aRSV titers were
observed in the serum for the past 5 days, and serum titers
showed a linear dependence on injected dose at 0.3, 0.75, and
1.5 mg/kg (Figure 6C). Serum expression from the 1.5 mg/kg
IV dose was compared to a benchmark formulation, DLin-
MC3-DMA (MC3), which is therapeutically used in the liver-
targeting siRNA therapeutic Onpattro.45 In this comparison,
Nutshell 236 showed an approximately 2-fold increase in anti-
RSV serum levels above MC3 (Figure 6D). Resulting anti-RSV
serum levels from the same Nutshell 236 dose are several folds
above the therapeutic IC50 reported for Motavizumab against
RSV strain A2.64 Together, this validates the use of this
peptoid platform for the mRNA delivery and production of
therapeutically relevant levels of secreted antibodies.
Successful clinical development of LNP therapies requires

both stability and tolerability.65 Stability of Nutshell 236
during storage was monitored after −80 °C for over 6 months

Figure 6. aRSV expression in Balb/c mice from the optimized peptoid nanoparticles. (A) Comparison of aRSV protein levels in serum 24 h
after 0.75 mg/kg dose of peptoid-formulated mRNA. aRSV protein control group dosed at 3 mg/kg. (B) Time course of aRSV in serum after
0.75 mg/kg dose of Nutshell 236. (C) Escalating level of aRSV in Balb/c serum after 24 h following increasing dose of mRNA formulated in
peptoid 236. (D) Comparison of aRSV serum level 24 h post 1.5 mg/kg IV administration of peptoid 236 compared to MC3.

Figure 7. Characterization and tolerability of lead Nutshell 236. (A) Cryo-TEM images of Nutshell 236. Scale bar = 100 nm. (B) Physical
stability of Nutshell 236 after >6 months frozen storage. (C) In vivo expression after >6 months frozen storage. (D) Increasing Fluc
expression in Balb/c mice 6 h after escalating dose of Nutshell 236 from 0.2 mg/kg up to 10 mg/kg. (E) Serum proinflammatory cytokines
levels 6 h post treatment with 0.75 mg/kg dose of Nutshell 236 containing Fluc mRNA compared to benchmark MC3 formulation. PBS
control was below LOD in all conditions shown. * p < 0.05 (unpaired t test). Data = mean ± SD (n = 3). (F) H&E staining of murine liver
tissue after repeated (q14d, 2 times) 0.75 mg/kg dose of Nutshell 236 compared to PBS-treated liver (20× magnification). Tissue sections
were collected 6 h after the second dose.
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with no growth in particle size or change in encapsulation
observed (Figure 7B). After 6 months of frozen storage, no
change in Fluc expression in balb/c mice was observed (Figure
7C). To further validate expression levels of Nutshell 236, we
compared Fluc expression at matched doses to SM-102 and
MC3 and showed serval fold higher expression than MC3 and
comparable performance to SM-102 (Figure S10). Addition-
ally, capillary electrophoresis was used to confirm RNA
integrity after frozen storage (Figure S11). We also
characterized particle structure with cryogenic-TEM and
which showed that a majority of particles have a dense core
morphology without bleb features observed (Figure 7A).
Together, frozen stability and the spherical dense particle
morphology support the practical use of Nutshells for
therapeutic use. Fluorescence imaging was used to confirm
the majority of particles show RNA loading, in line with other
similar reports (Figure S12).43,66 Nanoparticle tracking analysis
was used to understand the performance and stability of the
particles in the presence of serum. We see similar behavior
between Nutshell 236 and benchmark LNP SM-102 (Figure
S13).67 Interestingly, a poor-performing peptoid for IV
delivery that localizes in the lung rather than the liver showed
much more significant changes in particle size distribution
upon serum exposure (Figure S13, Nutshell 98). One
limitation of some LNP therapeutic candidates is the
tolerability and reactogenicity of the ionizable lipid por-
tion.68−71 Murine administration of Nutshell 236 at escalating
IV doses from 0.3 to 7.5 mg/kg resulted in no observable signs
of tolerability concerns, and Fluc expression continued to
increase across this wide dose range (Figure 7D) with >97%
expression in the liver (Figure S14). We further confirmed that
the distribution of Fluc expression used throughout this study
matched the distribution of peptoid molecules by using LC-
MS to quantify the total amount of peptoid material in the
primary organs, which showed very similar results (Figure
S14). Histopathology and multiplexed cytokine analysis were
collected at the 0.75 mg/kg dose in mice to further examine
tolerability. Qualitative hematoxylin and eosin (H&E) staining
on liver samples showed no signs of tissue damage compared
to a phosphate-buffered saline (PBS)-treated control (Figure
7F). Proinflammatory cytokine markers, IL-2, IL-6, TNF-
alpha, and INF-gamma, showed negligible elevation compared
to both benchmark MC3 formulation and PBS control (Figure
7E). Induced levels of IL-6, which is known to be associated
with innate immune recognition of LNPs, are not elevated for
Nutshell 236 compared to MC3, supporting tolerability in
mice.70 Additional cytokine levels and time points can be
found in the Supporting Information (Figures S15 and 16).
ALT, AST, and ALP levels also show limited change 24 h post
dosing Nutshell 236 in line with the literature values21 (Figure
S17). Together, these data suggest that Nutshell 236 does not
illicit strong reactogenic responses in mice.

CONCLUSIONS
Here, we show that peptoid-based LNPs provide a highly
tunable platform for optimizing mRNA delivery for both
intracellular and secreted protein expression. By clustering a
large peptoid library, we surveyed a wide range of different
peptoid types and side chain functionalities and screened
representative structural candidates for reporter gene ex-
pression in mice. Structural clusters showed clear differences
in organ selectivity and total expression, which allowed us to
demonstrate connections between peptide structure and in

vivo expression among major organs. As one example of tuning
peptoid properties to match a therapeutic focus, we down-
selected structural themes with liver selectivity and high
expression that served as the foundation for further headgroup
and lipid block optimization. We found that changing the
charged group changes the expression localization of Nutshells
among the major organs including lung, spleen, and liver.
Additional optimization of the lipid portion of peptoids
containing this Apd cationic group was accomplished by a
parametrization methodology whereby we used DOE to
systematically identify ideal combinations of number of lipid
monomers, total number of lipid carbons, number of branched
or unsaturated monomers, and whether 2-ethylhexyl or oleyl
monomers were used.
Throughout the course of this multistep screening and

optimization process, several key relationships between
peptoid structure and activity were observed. First, we
identified that peptoids with low-basicity amines such as
diethanolamine (Dea) and 2-amino-1,3-propanediol (Apd)
had better selectivity for expression in the liver. This contrasts
with traditional LNPs which require a much more basic tertiary
amine and may be attributable to the hydrophilic environment
provided by the peptoid backbone which modulates particle
pKa. The optimal liver-expressing cluster contained peptoids
with a single charged monomer and an intermediate number of
lipid monomers. We found that spleen expression was highest
with peptoids that had the largest overall molecular weights
and highest numbers of total and lipid monomers, and lung
expression was maximized with highly cationic peptoids.
During lipid optimization, we showed that a balance between
the number of lipid monomers and length of carbon chain had
to be achieved, with the optimal performance coming from 6
lipid monomers and 55 carbons. Finally, the branched 2-
ethylhexyl (Ehx) significantly outperformed the oleyl (Ole)
monomer as a nonstraight chain lipid. By combining these
ideal properties, peptoid 236 was identified as an ideal
candidate to demonstrate proof-of-concept in vivo expression
of a therapeutic protein.
Optimized Nutshell 236 showed liver selectivity above 97%

and expressed sustained titers of aRSV in mouse serum
validating the platform for systemic delivery. The optimized
lead showed limited reactogenicity in mice and was storage
stable for more than 6 months. While further studies in higher
species are ongoing to explore tolerability and clinical
translation, these data support peptoid-based Nutshell particles
as a demonstrative platform for mRNA therapeutic delivery for
a wide range of therapeutic targets. The nonviral delivery field
is continually in search of innovative materials as complexing
agents, particularly those that bring discovery into expanded
regions of chemical space. We demonstrate that the distinct
structural properties of peptoids lend them to favorable mRNA
delivery performance relative to existing benchmarks, tunable
biodistribution patterns based on their physicochemical
properties, process and storage stability during manufacturing,
and positive early indications of tolerability and translation of
therapeutically relevant mRNA cargos.

EXPERIMENTAL METHODS
Synthesis of Peptoids. Peptoids were synthesized by the

submonomer method reported by Zuckermann et al.27 on a Protein
Technologies Chorus solid-phase synthesizer. In a representative
synthesis, polystyrene-supported MBHA Fmoc-protected Rink amide
resin (200 mg scale, 0.64 mmol/g loading, Protein Technologies) was
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used as a solid support. For the bromoacetylation step, resin was
combined with a 1:1 mixture of 0.8 M bromoacetic acid and 0.8 M
N,N′-diisopropylcarbodiimide (DIC) for 15 min. Amine displacement
was carried out using a 1 M solution of amine monomer in DMF for
45 min. Each addition was followed by washing with DMF to remove
unreacted materials. Bromoacetylation and displacement steps were
repeated for each monomer addition, building the target peptoid from
the C-terminus to N-terminus.
Following synthesis, crude peptoids were cleaved from resin using 5

mL of a mixture of 95:5 trifluoroacetic acid (TFA): water for 40 min
at room temperature. Resin was removed by filtration, and the filtrate
was diluted with water to form a milky white suspension, followed by
addition of Diaion HP-20SS beads for (heterogeneous) solid phase
extraction of peptoids. The suspension was mixed well and incubated
for 20 min at room temperature. Solid phase resin was collected by
filtration by using a fritted disposable syringe. Next, the solid phase
extracted peptoids were released by addition of ethanol, and the
filtrate was concentrated using a vacuum centrifuge. The crude
peptoids were further purified by reverse-phase flash chromatography
(Biotage Selekt) using a C4 column and a gradient from 60 to 95%
ACN/H2O containing 0.1 vol % TFA. Purity and identity were
assayed with LC-MS system consisting of a TOF mass spectrometer
(Agilent Infinity, 6230 LC/TOF). Chromatographic separation was
performed using a Waters Acquity UPLC Peptide BEH C8 column
(2.1 × 100 mm) at 40 °C. The gradient system was used at a flow rate
of 0.2 mL/min: initially, the mobile phase consisted of acetonitrile−
water-formic acid (60:40:0.1; vol/vol/vol) containing 10 mM
ammonium formate; then it was programmed in a linear manner to
isopropanol-acetonitrile-formic acid (80:20:0.1) containing 10 mM
ammonium formate over 11 min.

RNA Bench IVT and Characterization. mRNA was transcribed
from DNA template encoding firefly luciferase using HiScribe T7 high
yield RNA synthesis kit (New England Biolabs, Ipswich, MA, USA).
N1-Methylpseudo-UTP (m1ΨTP) (TriLink, San Diego, CA, USA)
was used in replaced of UTP for the reaction and CleanCap (TriLink,
San Diego, CA, USA) was used for cotranscriptional capping during
IVT. The reaction was performed for 4 h at 37 °C.
DNA template was removed through TURBO DNase digestion

(ThermoFisher Scientific, Waltham, MA, USA) for 30 min at 37 °C.
The reaction mix was purified in a two-step process, which involves
purification through a cellulose packed column followed by
RNAClean XP beads (Beckman Coulter) clean up. The purified
mRNA was quantified spectrophotometrically using nanodrop
(ThermoFisher Scientific, Waltham, MA, USA) and analyzed using
a Labchip GX Touch nucleic acid analyzer (PerkinElmer, Waltham,
MA, USA)

Molecular Properties Predictions. In silico peptoid property
predictions were carried out by using the ChemOffice plugin for
Microsoft Excel (PerkinElmer). Peptoids were input using SMILES
strings, and the following functions used for specific predictions:
ChemPropStd (Molecular Weight), Molecular Networks (Log P,
pKa), Molecular Topology (Total Polar Surface Area). Charge at pH
5.5 was calculated using the sum of individual charge states for each
determined pKa at pH 5.5 using the Henderson−Hasselbalch
equation.

Hierarchical Clustering. Clustering was performed using the
Hierarchical Clustering platform within the JMP Statistical Discovery
Package (JMP, Version 17. SAS Institute Inc., Cary, NC, 1989−
2023). Clustering was performed according to the Ward method, with
data for the 7 input parameters (Molecular Weight, Log P, Polar
Surface Area, Lipid Monomers, Lipid Carbons, Total Monomers, and
Charge at pH 5.5) standardized by column. The number of clusters
was manually set to 12. This number was selected because it provided
a reasonable number of different groups to explicitly test via in vivo
screening and efficiently subdivided the library into relatively even
groups. When the cluster number was lower than 12, the size of the
largest cluster dominated the majority of the candidates and thus did
not adequately group the library by physical properties. When more
clusters were introduced, many subdivisions with only 1 or 2 members
were created.

Multivariate Model and DOE. The effect of different lipid block
parameters on in vivo expression and physical characteristics were
designed using a response surface model generated by JMP. The
model was created specifying total lipid monomers, nonlinear
monomers, and total lipid carbons as continuous variables and
nonlinear monomer type (oleyl or branched) as a categorical factor.
The final set of 34 peptoids was selected by iteratively generating
designs and ruling out parameter sets that were not achievable with
the specified monomer pool. Multivariable model was fit based on all
first and second order interactions between factors using the Standard
Least Squares personality.

Nutshell Formulation and Processing. Nutshells were
formulated by rapid microfluidic mixing using Nutcracker Ther-
apeutics’ proprietary high-throughput microfluidic system. Briefly,
ethanol solutions containing peptoid, DSPC, Cholesterol, and DMG-
PEG2000 at weight ratio of 20:1.79:7.16:1.84, were mixed in a
microfluidic turbulent mixing structure with 10 mM sodium citrate
buffer (pH 5.0) containing synthesized mRNA at a ratio of 1:3 by
volume matching a 1:3 flow rate (combined flow rate of 2 mL/min).
Peptoid based particles were subsequently dialyzed against 1−2 L of
tris-sucrose buffer (TS7, pH 7.4) overnight at 4 °C using Pur-A-Lyzer
mini 12,000 dialysis devices (Sigma-Aldrich, Burlington, MA).

In Vivo Studies. All animal studies were conducted by Lumigenics
LLC (Hercules, CA) under accreditation by the California State
Department of Public Health and under the IACUC and Veterinarian
Supervision. For imaging studies, female Balb/c mice (6−8 weeks
old) were obtained from Charles River and acclimatized for a
minimum of 3 days prior to experiments. The animals were
maintained on a 12 h light cycle in a temperature and humidity
controlled room. A daily health check was performed as well as a food
and water check. For dosing, mice were injected with 0.125 mg/kg
Fluc mRNA-containing Nutshells intravenously in a 100 μL total
injection volume. At 6 h postinjection, mice were anesthetized with
isoflurane, injected IP with 30 mg/mL D-luciferin (Gold Bio, cat.
LUCK-1G) at a dose of 10 μL per gram bodyweight intraperitoneally.
Imaging was done 10 min post D-luciferin injection using an IVIS
Spectrum Imaging System (Caliper Life Sciences). Immediately after
in vivo imaging, mice were terminally bled by cardiac puncture and
euthanized. The organs of interest were harvested, placed in black 24-
well plates, and imaged. Living Image software (PerkinElmer) was
used to quantify the total photon flux in the regions of interest. For
secreted protein studies, mice were injected with aRSV mRNA-
containing nutshells intravenously in a 100 μL total injection volume.
Mice were euthanized after 24 h, with serum collection at 6 and 24 h
postinjection. Serum was used to quantify secreted aRSV levels using
ELISA following the manufacturer’s recommendation for IgG Human
Elisa Kit Thermo fisher (cat: BMS2091) using a standard curve
generated from the aRSV protein.

Electron Microscopy. Cryo-TEM was performed by Nano-
imaging Services (San Diego, CA). For sample preparation, a 3 μL
drop of approximately 1 × 1014 particles/mL was applied to a 2/1C-
FlatCu-Mesh grid (Electron Microscopy Sciences) that had been
plasma-cleaned for 10 s using a 25% O2/75% Ar mixture in a Solarus
950 Plasma Cleaner (Gatan). Grids were vitrified by plunging into
liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific):
blot time 6s, 4 °C, 100% humidity. After vitrification, the grids were
kept under liquid nitrogen and transferred to a Thermo Fisher
Scientific Glacios Cryo Transmission Electron Microscope (Cryo-
TEM) operated at 200 kV and equipped with a Falcon 3 direct
electron detector. Images were acquired using Leginon software at
magnifications of 73,000× (0.200 nm/pixel) and 28,000× (0.524 nm/
pixel), a nominal underfocus of −5.5 to −3.5 μm, and electron doses
of ∼10−25 e−/Å2. The images were analyzed and scaled using
ImageJ.
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