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Targeted delivery remains one of the greatest challenges and opportunities in drug development. In

Chapter 1, I review these challenges and opportunities through the lens of the principles of applying

self-assembling protein nanomaterials to therapeutic delivery. In Chapter 2, I report an in vivo library

selection platform based on protein nanoparticles that encapsulate their own genome. Our selection

platform offers a unique tool to optimize protein-based therapeutic performance in a living mammal, a

complex physiological environment that cannot yet be comprehensively modeled in silico or in vitro, and

to identify targeting ligands of interest. In Chapter 3, I report results towards modularly reprogramming

synthetic nucleocapsids for targeted chemotherapeutic delivery by altering both the displayed targeting

domains and the encapsulated cargo. I discuss potential future directions in Chapter 4. Together, these

results provide new insights and methods for developing self-assembling nanomaterials for in vivo

targeted delivery.



List of Figures

Chapter 1. Engineering self-assembling protein nanoparticles for therapeutic delivery *...................9
Figure 1. Barriers to in vivo nanoparticle delivery following intravascular administration.... 11
Figure 2. Designable features of nanoparticle scaffolds...........................................................17
Figure 3. Qualitative impacts of nanoparticle size, shape, and surface charge on
biodistribution...........................................................................................................................24
Figure 4. The DS-Cav1-I53-50 nanoparticle immunogen........................................................26
Figure 5. Coadministration of doxorubicin with ferritin co-displaying clot-targeting and
fibrinolytic domains..................................................................................................................28
Figure 6. Computationally designed antibody cages (AbCs) activate apoptosis and angiogenic
signaling pathways................................................................................................................... 30
Figure 7. Computationally designed nanoparticle O3-33 was redesigned for siRNA delivery...
32
Figure 8. Example of ferritin engineered as a theranostic by displaying a fluorescent protein
and encapsulating a cytotoxic peptide...................................................................................... 33

Chapter 2. In vivo selection of synthetic nucleocapsids for tissue targeting.........................................50
Figure 1. Experimental process for in vivo library selection based on synthetic nucleocapsids.
54
Figure 2. In vivo library selection and biodistribution of I53-50-v4 surface library................55
Figure 3. Biochemical characterization of synthetic nucleocapsid miniprotein display library...
58
Figure 4. Biodistribution and sequencing analysis of miniprotein display library...................59
Figure 5. Enriched miniproteins have distinct topologies, surface hydrophobic networks and
surface charge distributions...................................................................................................... 61
Figure 6. Normalized fluorescence biodistribution of variants of interest............................... 63
Figure S1. Biodistribution of I53-50-v4 surface library after the first round of selection....... 77
Figure S2. Maleimide conjugation scheme.............................................................................. 78
Figure S3. Miniprotein library individual mutant characterization..........................................79
Figure S4. Miniprotein library biodistribution and presence in blood over time measured from
Round 1A and Round 1B......................................................................................................... 81
Figure S5. Biochemical characterization of AF680-labeled nanoparticles post-freeze/thaw...82
Figure S6. Library variants of interest in the spleen.................................................................84
Figure S7. IVIS images of organs utilized in Figures 6 and S6............................................... 85
Figure S8. Fluorescence biodistribution of variants of interest (non-normalized)...................86
Figure S9. Flow cytometry of non-targeted or Tumor 1 AF680-labeled nanoparticles with 4T1
or BEND3 cells.........................................................................................................................87
Figure S10. Serum circulation half-lives of AF680-labeled variants of interest in healthy
mice.......................................................................................................................................... 88
Figure S11. Correlation between enrichment score and relative organ accumulation
fold-change compared to non-targeted nanoparticles...............................................................89

Chapter 3. Modular reprogramming of designed protein nanoparticles to selectively target solid
tumors..........................................................................................................................................................97

Figure 1. Genetic and biochemical characterization of nanoparticles encapsulating mRNA or

1



AlexaFluor680........................................................................................................................101
Figure 2. Ligand-receptor-dependent interaction between nanoparticles and cells observed by
mRNA recovery assay and flow cytometry binding studies.................................................. 103
Figure 3. Targeted protein nanoparticles are internalized by receptor-expressing cancer cells...
104
Figure 4. Following homology-guided redesign of the cys-less pentamer component, in
vitro-assembled, AF680-labeled nanoparticles retain size, monodispersity, morphology, and
target selectivity......................................................................................................................107
Figure 5. MMAD cell killing assays in HEK293T cells and A-431 cells..............................108
Figure 6. Nanoparticle-MMAE and minibinder-MMAE are tolerated in nu/nu mice at the
known maximum tolerated dose (MTD) of free MMAE....................................................... 109
Figure S1. Validation of cell target binding by flow cytometry..............................................116
Figure S2. Biodistribution of targeted and non-targeted nanoparticles in bilateral in vivo
tumor models.......................................................................................................................... 117
Figure S3. Testing species cross-reactivity of the Her2 DARPin and I53-50 nanoparticles
displaying the Her2 DARPin.................................................................................................. 118
Figure S4. Nanoparticle-MMAE conjugation and biochemical characterization.................. 119

Chapter 4. Proposed future directions................................................................................................... 126
Figure 1. Identification and surface plasmon resonance (SPR) of insulin receptor minibinders.
127
Figure 2. Identification of sequences highly enriched in the mouse brain............................. 127
Figure 3. Encapsulation of Cre in I53-50 libraries for intracellular delivery......................... 129

2



List of Tables

Chapter 1. Engineering self-assembling protein nanoparticles for therapeutic delivery *...................9
Table 1. Selected examples of non-viral protein nanoparticle platforms.................... 15
Table 2. Key variables influencing the potential outcomes and applications of
self-assembling protein nanoparticles......................................................................... 22
Table 3. Examples of self-assembling protein nanoparticles in the clinic.................. 26
Table 4. Platform requirements for therapeutic applications of protein nanoparticles....
33

Chapter 2. In vivo selection of synthetic nucleocapsids for tissue targeting.........................................50
Table S1. DNA sequences from T7 promoter to T7 terminator in pet29b(+) plasmid
in FASTA format and IUPAC nucleotide code............................................................90
Table S2. Miniprotein sequences of interest................................................................94
Table S3. Values from two phase, non-linear decay fit of serum circulation half-lives
of AF680-labeled variants of interest in healthy mice (from Fig. S9)........................ 95
Table S4. Endotoxin values......................................................................................... 96

Chapter 3. Modular reprogramming of designed protein nanoparticles to selectively target solid
tumors..........................................................................................................................................................97

Table S1. Endotoxin values....................................................................................... 120
Table S2. Statistics from Figure 3: Kruskal-Wallis test with Dunn’s correction for
multiple comparisons.................................................................................................121
Table S3. MMAD-Nanoparticle conjugation efficiencies and related values........... 123
Table S4. Rank order EC50 at 72 hours from Figure 5............................................. 124
Table S5. Values from Figure 6 toxicity study.......................................................... 125

Chapter 4. Proposed future directions................................................................................................... 126

3



Acknowledgements

First and foremost, I would like to thank my advisors Suzie Pun and Neil King. I could not imagine a

more synergistic and dynamic duo to guide me through an enjoyable and rewarding graduate school

experience!

I am also very grateful for my committee members (David Baker, Xiaohu Gao, and my GSR Aude

Chapuis), Barry Stoddard for leading the training grant program in which I participated in 2018-2020, my

incredible collaborators (Halli Benasutti and Jeff Chamberlain here at UW and a team led by Adnan

Abu-Yousif at Takeda), and my official and unofficial mentors in the Baker, King, IPD, and Pun Labs

(Gabe Butterfield, Marc Lajoie, Heather Gustafson, Meilyn Sylvestre, Ian Cardle, Nataly Kacherovsky,

Drew Sellers, Karla Luise-Herpoldt, John Wang, Dan Ellis).

I am thankful for my numerous other lab mates and colleagues at UW, past and present, who’ve

consistently been an important part in a fun and extremely supportive research environment. I am so lucky

to have worked with all of you–and there are so many of you that I may have unintentionally left you out!

(If so, apologies). I’d like to thank my Pun Lab colleagues (Brynn Olden, Bob Lamm, Gary Liu, David

Peeler, Dan Lee, Albert Yen, Emmeline Cheng, Alex Prossnitz, Dan Lee, Jai Raman, Lucy Yang, Yunshi

Zhou, Clinton Heinze, Trey Pichon, Kefan Song, Ben Nguyen, Melissa Ling, Abe Wu, Kairui Jiang,

Ethan Michelson), IPD colleagues (WiS leaders, Lauren Carter, Brooke Fiala, Anindya Roy, Jake Kraft,

Xinru Wang, Erin Yang, Lance Stewart, Sharon Ke, Gargi Kher, Quinton Dowling, Dan Humphrys,

Andrew Borst, Alena Khmelinskaia, Aaron Sciore, Stefanie Baker, Yoann Aldon, Masa Somiya, Adam

Wargacki, Dane Zambrano, Marti Tooley, Sam Tipps, Marc Langowski, Elias Kinfu, Naveen Jasti, Geoff

Hutchinson, Grace Hendricks, Sydney Funk, Helen Eisenach, Annie Dosey, Cameron Criswell, Chloe

Adams, Jung-Ho Chun, Cara Chao, Sanela Rankovic, Chelsea Fries, Kate DaPron, Neil Gerstenmaier,

Cassie Ogohara, Isaac Sappington, Sam Wrenn, Rashmi Ravichandran, Xinting Li, Stacey Gerbin,

Rebecca Cole, Kandise van Wormer, Ratika Krishnamurty, Zari Magness, Courtney Young, Kristina

4



Herrera), PCR-IO team (Meerit Said, Hugh Haddox, and Ashley Vater and Ryan Caster of the Siegel Lab

at UC Davis), Nathaniel Peters from the Keck Institute, my UW 2017 BioE PhD Cohort (Caitlin, Ciana,

Elisa, Samantha, Michael, Ian, Saffie, Colleen, Sarah, Qin, and all others), and former UW BioE grad

students who helped me navigate through the process of beginning grad school.

I am deeply grateful to Jenny Roberts, Tim Dwyer, Kevin Turner, Penny Chisholm, Andres

Cubillos-Ruiz, Allison Coe, Julie Miller, Natalie Kuldell, Carissa Perez Olsen, Robin Dreschler, Sha-Wen

Chen, Jennifer Anderson, Cyr de Imus, and Semih Tareen for supporting me at the first stages of my

scientific career. I appreciate how impactful positive introductory experiences and superstar mentors are

in science, and my gratitude for you all continues to grow.

I’d like to give a shout out to my family, all of my “second families,” and my incredible teachers from

growing up–I wouldn’t be here without all of you (Darren, Sheila, Gma, Gpa, Grandfather, Christine,

Jack, and my extended Brogan and Olshefsky family; the Richardson-Grundahl family, the Balises; the

MacYoungs; the Franklins; the Eshelmans; the Nielsens/Thorntons; the Roberts; los Marinos, los Fabbri,

and many other families; MIT Kappa Alpha Theta; as well as all of my teachers and coaches from FHES,

FHMS, FHHS, Dante Alighieri Escuela Bilingua de La Rioja, MIT, and extracurriculars). I feel extremely

fortunate to have been supported by such strong communities throughout my life so far.

Last but definitely not least, I’d like to thank my favorite coworker, Christian Richardson, for sharing

with me his steady support, whimsical creativity, wise analyses, and quality humor both inside and

outside of the lab.

5



Table of Contents

Chapter 1. Engineering self-assembling protein nanoparticles for therapeutic delivery *.... 9
Abstract............................................................................................................................................. 9
Introduction.....................................................................................................................................10

Part 1: Designable features of protein nanoparticles............................................................................. 12
Introduction.....................................................................................................................................12
Protein nanoparticle scaffold design............................................................................................... 12
Nanoparticle architecture and geometry......................................................................................... 16
Interface design and modifications................................................................................................. 17
Interior modifications......................................................................................................................18
Exterior modifications.....................................................................................................................19
Manufacturing protein nanoparticles.............................................................................................. 20
Part 1 summary............................................................................................................................... 21

Part 2: Therapeutic applications of protein nanoparticles..................................................................... 23
Introduction.....................................................................................................................................23
Vaccine delivery..............................................................................................................................25
Small molecule delivery..................................................................................................................27
Extracellular biologics delivery...................................................................................................... 29
Intracellular biologics delivery....................................................................................................... 31
Theranostics.................................................................................................................................... 32

Remaining challenges and opportunities for protein-based nanotherapeutics...................................... 34
Declaration of interests..........................................................................................................................35
Acknowledgments................................................................................................................................. 35
References............................................................................................................................................. 37

Chapter 2. In vivo selection of synthetic nucleocapsids for tissue targeting.......................... 50
Abstract..................................................................................................................................................50
Introduction........................................................................................................................................... 51
Results................................................................................................................................................... 53

In vivo library selection of I53-50-v4 surface mutant library.........................................................54
In vivo selection of an I53-50-v4 miniprotein display library........................................................ 56

Discussion..............................................................................................................................................63
Materials and Methods.......................................................................................................................... 66
Acknowledgements............................................................................................................................... 71
References............................................................................................................................................. 73
Supporting Information......................................................................................................................... 77

Chapter 3. Modular reprogramming of designed protein nanoparticles to selectively target solid
tumors..........................................................................................................................................................97

Abstract..................................................................................................................................................97
Introduction........................................................................................................................................... 98
Results................................................................................................................................................. 100

6



The structural integrity of synthetic nucleocapsids is retained upon surface and cargo
modifications.................................................................................................................................100
Targeted nanoparticles selectively associate with target receptor-expressing tumor cell
populations regardless of cargo.....................................................................................................102
AF680-labeled nanoparticles show target receptor-dependent accumulation in mice with human
xenograft tumors........................................................................................................................... 104
In vitro-assembled nanoparticles retain stability and cell target selectivity upon conjugation to
small molecules.............................................................................................................................106

Discussion............................................................................................................................................109
Brief Materials and Methods............................................................................................................... 111
Acknowledgments............................................................................................................................... 112
References............................................................................................................................................113
Supporting information.......................................................................................................................116

Chapter 4. Proposed future directions................................................................................................... 126
Identification of insulin receptor minibinders and brain-targeting sequences by in vivo library
selection based on synthetic nucleocapsids.................................................................................. 126
In vivo selection of protein nanoparticles for functional delivery and genetic-based readouts....128
Overcoming the manufacturing difficulties of I53-50-v4v0-Cys_MMAE...................................129

References........................................................................................................................................... 131

7



Dedication

To my dad, who taught me obstacles are things you see when you lose sight of your goals.

To my mom, who taught me balance.

To my grandparents, who have shown our families how to make the most of this life.

And to my sister, who encouraged me to be strong and independent.

I love you all, very much.

8



Chapter 1. Engineering self-assembling protein nanoparticles for therapeutic
delivery *

Audrey Ellen Olshefsky, Christian Richardson, Suzie H. Pun & Neil P. King

Abstract

Despite remarkable advances over the past several decades, many therapeutic nanomaterials fail to
overcome major in vivo delivery barriers. Controlling immunogenicity, optimizing biodistribution, and
engineering environmental responsiveness are key outstanding delivery problems for most
nanotherapeutics. However, notable exceptions exist including some lipid and polymeric nanoparticles,
some virus-based nanoparticles, and nanoparticle vaccines where immunogenicity is desired.
Self-assembling protein nanoparticles offer a powerful blend of modularity and precise designability to
the field, and have the potential to solve many of the major barriers to delivery. In this review, we provide
a brief overview of key designable features of protein nanoparticles and their implications for therapeutic
delivery applications. We anticipate that protein nanoparticles will rapidly grow in their prevalence and
impact as clinically-relevant delivery platforms.

* This chapter is reprinted with permission from: Olshefsky, Richardson, Pun, King. Engineering

Self-Assembling Protein Nanoparticles for Therapeutic Delivery. Bioconjug Chem. 2022 Nov

16;33(11):2018-2034.
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Introduction

Over the past 30 years, tremendous advances in nanoparticle platforms for therapeutic applications have

been achieved.1,2 In 1995, the first cancer-treating nanoparticle was approved by the FDA: Doxil, a

liposomal formulation of doxorubicin that significantly decreased cardiomyopathy caused by free

doxorubicin.3,4 Less than three decades later, the first two mRNA vaccines were approved by the FDA:

Pfizer-BioNtech’s Comirnaty and Moderna’s Spikevax, advanced lipid nanoparticle formulations that

deliver synthetic mRNA to elicit highly protective immune responses against SARS-CoV-2.5,6 Despite

these and many other advances, it is widely believed that nanotherapeutics have yet to achieve their full

potential due to the inconsistent translation from in vitro results in cell culture to in vivo results in animal

models, and preclinical results in animal models to clinical efficacy in humans.1,7,8 The clinical translation

of nanotherapeutics is fundamentally limited by several biological barriers to delivery, manifesting as a

much lower than expected clinical trial success rate (Fig. 1).9 Successful therapeutic delivery systems

must (1) efficiently localize to the body compartment or organ of interest (e.g., tumor), (2) localize to the

cell type of interest (e.g., cancer cells), and (3) engage with the target cells in a therapeutic manner (e.g.,

kill cancer cells). Overcoming these sequential biological barriers requires precise engineering to endow

nanoparticles with functionalities suited to their therapeutic application. Self-assembling protein

nanoparticles are an emerging class of delivery vehicles with the potential to satisfy these requirements

through directed evolution or rational design.
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Figure 1. Barriers to in vivo nanoparticle delivery following intravascular administration.
For nanoparticles to successfully reach their targets, they must pass several barriers. This example uses intravascular
administration as a case study; other routes of administration are reviewed elsewhere.10–17 Unless immune responses
are specifically desired, the nanoparticles must evade recognition by the innate and adaptive immune system during
circulation (e.g., the complement system, the mononuclear phagocytic system (MPS), and B cells). Once near the
target organ, they must travel past endothelial cells and tight junctions, which line blood vessels. Then the
nanoparticles must travel through extracellular matrices within the target tissue, and once they reach the target cells,
must access their intended subcellular compartment for therapeutic payload delivery. Reprinted from Cell, Vol. 181,
Issue 1, Zongmin Zhao, Anvay Ukidve, Jayoung Kim, Samir Mitragotri, Targeting Strategies for Tissue-Specific
Drug Delivery, Pages 151-167, Copyright 2020, with permission from Elsevier.8

Here, we define self-assembling protein nanoparticles as atomically precise, bounded assemblies

composed of symmetric protein oligomers forming three-dimensional shells with hollow interiors. The

term “protein nanoparticles” refers to these assemblies unless otherwise noted. As discussed further in

“Nanoparticle architecture and geometry,” these assemblies have rotational symmetry axes projected into

all three dimensions. Examples of such assemblies include computationally designed protein

nanoparticles, and natural, non-viral protein nanocontainers like ferritin.18–21 Although albumin and silk

fibroin nanoparticles are also composed of proteins, they do not form atomically precise nanoparticles

with defined symmetries.22,23 Viral vector and virus-derived particle engineering is also outside the scope
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of this review due to their distinct complexity. However, we will draw comparisons between many viral

and non-viral protein assemblies, as virus-derived delivery systems are a major source of inspiration.

Therapeutic applications of these other protein-based nanotherapeutics are thoroughly reviewed

elsewhere.24–30

Part 1: Designable features of protein nanoparticles

Introduction

Proteins are arguably the most information-rich molecules in the known universe. The information

encoded in their amino acid sequences enables proteins to perform a remarkable variety of sophisticated

functions that largely constitute the molecular basis of life. The greater the ability to harness this

information for precise design, the more sophisticated and diverse the encodable structures can be.31,32

Computational protein design has become a widely used technique that helps manage the complexity of

protein structures and energetics and, in conjunction with complementary approaches, can be used to

develop functionalities that can be integrated into protein nanoparticles.33–36 The main features engineered

for delivery purposes are physicochemical properties, environmental responsiveness, scaffold

functionalization, and cargo encapsulation.37 In the following sections, we discuss how these features can

be tuned and detail considerations for producing these materials at sufficient scale for clinical application.

Protein nanoparticle scaffold design

To date, three primary approaches to designing and modifying protein nanoparticles have been explored

in delivery applications: top-down modification of natural protein nanocontainers, bottom-up design of

novel protein nanoparticles, and directed evolution of nanoparticle scaffolds to confer specific functions.

Currently, the most straightforward nanoparticle design method is top-down adaptation of an existing,

naturally evolved viral capsid or cellular protein nanocontainer.38,39 Natural protein nanoparticles like
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ferritins, encapsulins, and lumazine synthases evolved over billions of years to serve highly specialized

biological functions in specific environments, with many functionalities that would be virtually

impossible to design using current methods.(Table 1).33,40–42 Natural protein nanoparticles can also be

mutated or modified through the fusion of functional protein domains to confer additional properties. For

example, Seo, Yoo, and Kim et al reported a ferritin nanoparticle with a fused fibrinolytic domain to

improve tumor accumulation of coadministered anticancer drugs.33 However, even modified natural

protein nanocontainers are largely confined to a design space that is close to their initial states, making it

challenging but not impossible to alter their fundamental structural and biochemical properties. Directed

evolution, discussed below, has become a particularly powerful tool for modifying some of these

underlying properties.

Recent advances in protein engineering have enabled the bottom-up design of purpose-built protein

nanoparticles, drastically expanding the protein nanoparticle design space. These methods typically apply

principles of symmetry to arrange natural or de novo designed cyclic oligomers into protein nanoparticles

through interface design or rigid genetic fusion, reviewed in Khmelinskaia, Wargacki, and King

(2021).43–49 Padilla, Colovos, and Yeates et al (2001) reported an early example of a self-assembling

protein nanoparticle constructed using the rigid fusion of several oligomeric domains.48 Recently

computational protein design has been applied to interface and rigid fusion methods enabling the design

of increasingly complex protein nanoparticles with improving success rates.19,50,51 King and Baker et al

(2012) reported self-assembling protein nanoparticles with a variety of symmetries using computational

protein interface design to arrange existing cyclic oligomers into the desired assemblies (Figure 2B).19

Many computational protein design methods currently require specific technical expertise and access to

substantial computational resources. However, advances in machine learning are rapidly simplifying the

protein design process and reducing the computational burden.52 This promises to make computational

protein design a more widely accessible technique.
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Directed evolution is a powerful tool for refining existing protein nanoparticles.53 This method has been

used for a variety of modifications ranging from improving nanoparticle biodistribution, packaging and

protection of nucleic acid, and the sequestration of toxic enzymes.54–56 Notably, Tetter, Terasaka, and

Steinauer et al recently reported the design and directed evolution of an icosahedral nanocontainer into a

self-mRNA encapsidating nanoparticle with a diameter almost twice as large as the native structure.56,57

Directed evolution experiments require both a selection assay that will drive designs exclusively towards

a desired function and an initial protein nanoparticle that is reasonably evolutionarily close to that

function. Choosing a selection assay and initial protein nanoparticle is a nuanced process that requires

careful consideration, and these experiments can be labor intensive. On the other hand, a well-designed

directed evolution experiment is a powerful tool that can be used to select for poorly understood features

that would currently be impossible with rational design alone.55,56 As demonstrated in many viral vector

gene delivery studies, a good selection assay can refine thousands to millions of highly diverse protein

variants in a single experiment, making this a powerful complement to computational protein nanoparticle

design.58–61
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Table 1. Selected examples of non-viral protein nanoparticle platforms.

Name Model62 Global
Symmetry

Number of Chains and
Oligomers in Assembly

Diameter PDB/
EMDB

Ref.

H. pylori ferritin Octahedral 24 monomers arranged as
12 dimers 12 nm 1FHA 63

T. maritima
encapsulin Icosahedral 60 monomers arranged as

12 pentamers 24 nm 3DKT 64

A. aeolicus
lumazine synthase

(AaLS)
Icosahedral 60 monomers arranged as

12 pentamers 15 nm 1HQK 65

Evolved lumazine
synthase NC-4 Icosahedral

240 monomers arranged
as 12 pseudopentamers

and 20 trimers
30 nm 7A4J 56

Computationally
designed

two-component
nanoparticle

Icosahedral
120 monomers arranged

as 60 trimers and 60
pentamers

27 nm
EMD-
0350

18,55

Computationally
designed antibody

nanoparticle
Icosahedral

36 monomers arranged as
12 de novo trimers and 12

Fc dimers
25 nm In Ref. 21

Nanoparticle models were made using UCSF ChimeraX.62
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Nanoparticle architecture and geometry

Nanoparticle geometry describes the arrangement of subunits composing a protein nanoparticle. All

protein nanoparticles are constructed from many copies of an asymmetric unit that are arranged in a

symmetric manner such that they form a closed, three-dimensional structure (Fig. 2A-C). Tetrahedral,

octahedral, icosahedral, and some dihedral symmetries are most often used to generate these closed

structures.39,66,67 Cyclic homo-oligomers that can be incorporated into a protein nanoparticle usually need

to be on a matched axis of symmetry. For example, a cyclic tetramer must be on the axis of four-fold

symmetry in an octahedrally symmetric nanoparticle and is not easily incorporated into tetrahedral and

icosahedral nanoparticles. The symmetry group also determines the number of asymmetric units in a

complete nanoparticle, and thus the valency of any ligands displayed on the surface of the nanoparticle.

Though possible in other symmetry groups, icosahedral architectures are typically more easily designed to

have large interior cavities and non-porous shells that can aid in cargo packaging and protection; the

myriad naturally existing, icosahedral nanocontainers benefit from these advantages.42,64,68 While protein

nanoparticle subunit size can vary widely, symmetry groups with larger numbers of asymmetric units will

yield larger nanoparticles for a subunit of a given size.

The asymmetric unit is composed of one or more protein chains and at least two protein-protein interfaces

oriented about axes of cyclic symmetry.69 An asymmetric unit may be made up of a single chain with two

interfaces or have several chains with internal non-symmetric protein-protein interfaces.18,70 As discussed

further in “Manufacturing protein nanoparticles,” if an asymmetric unit is composed of two or more

chains, the nanoparticle can in principle be assembled in vitro. The number of protein chains and their

arrangement within the asymmetric unit determines how many unique fusion points (N and C termini) are

available on the interior and exterior of the protein nanoparticle for the addition of functional domains.
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Figure 2. Designable features of nanoparticle scaffolds.
Two main considerations when designing protein nanoparticle delivery systems are scaffold source and scaffold
modifications. (A-C) Protein nanoparticle geometries commonly used for delivery applications have icosahedral,
octahedral, tetrahedral, or dihedral symmetry.18,19,71 Notably, the octahedral nanoparticle in (B) is composed of eight
identical trimer subunits, which are colored differently to help visually distinguish individual subunits in the context
of the global structure. (D-F) Additional functional elements are designed into the nanoparticle through subunit
interface, interior, and exterior modifications.25 (D) Interfaces between the trimer subunits (slate) and pentamer
subunits (gray) were computationally designed. (E) Interior residues were mutated to hold a net positive charge,
leading to electrostatic association of mRNA. (F) Additional protein domains can be displayed on the surface of
existing nanoparticles. A, D: Reprinted with permission pending.18 B: Reprinted with permission pending.19 C:
Reprinted with permission from Springer Nature, Accurate design of co-assembling multi-component protein
nanomaterials, Neil P. King et al, Copyright 2014.71

Interface design and modifications

The high degree of cooperativity in protein nanoparticle assembly requires special consideration when

designing protein nanoparticle interfaces.72–74 As with most protein-protein interface design, protein

nanoparticle interface design has to date generally relied on hydrophobic packing of interface residues.43

However, protein nanoparticles assemble with a high degree of cooperativity, which results in efficient

assembly of subunits with relatively weak interfaces but can result in kinetic trapping of partial or
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off-target assemblies if the inter-subunit interface is too strong.75 Large hydrophobic interfaces between

protein nanoparticle subunits can also interfere with soluble expression. Designing hydrophilic interfaces,

as seen in many natural protein nanocontainers, could be one way to overcome this limitation.65

Protein nanoparticle interface design can be leveraged to encode environmental responsiveness and

nanoparticle functionalization. Protein nanoparticle interfaces can be either scavenged from existing

protein-protein interfaces and rigidly fused to a nanoparticle subunit or computationally designed from

scratch. This flexibility can enable protein nanoparticles to directly scaffold natural proteins such as

antibodies, thus functionalizing the nanoparticle.21 Additionally, protein nanoparticle interfaces can be

selected or designed to allow for controlled assembly and disassembly of the protein nanoparticle under

specific environmental conditions. Ionic strength, pH, and metal-dependent protein nanoparticles have

been investigated for applications in both packaging and selective drug delivery.45,76,77

Interior modifications

In addition to modifying protein subunit interfaces, useful features can be engineered into both the interior

and exterior surfaces of nanoparticles through rational design or library selection.42,55–57 Interior

modification approaches are largely inspired by viruses and virus-like particles.24,78,79 Three main

strategies have been used to genetically modify protein nanoparticle interior and exterior surfaces: point

mutation, genetic fusion, and loop insertion. Due to the symmetry and repetitive nature of self-assembling

protein nanoparticles, small modifications are often unlikely to destabilize protein subunits, but can cause

significant functional changes. Genetic modifications often enable chemical conjugations and

post-translational modifications, providing opportunities for functionalization that benefit from years of

research and development in both academia and industry.80–82

The interior nanoparticle surface is commonly modified to encapsulate specific materials (Fig. 2E). It has

been widely demonstrated that mutating interior-facing surface residues to hold a net charge facilitates
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electrostatic-mediated cargo encapsulation (e.g., encapsulation of super-charged fluorescent proteins or

nucleic acids) (Fig. 2E).18,55,83 Interior surface residues can also be mutated to include side chains capable

of specific chemical reactions like copper-free click chemistry.84 Alternatively, larger domains like affinity

peptides can be seamlessly integrated into the protein nanoparticle interior through genetic fusion.

Genetically fusing functional domains to the nanoparticle interior surface can either be bioactive

themselves or enable specific cargo encapsulation such as mRNA and siRNA sequences.55,57,83,85

Exterior modifications

Interactions between nanoparticles and their surrounding environments are primarily mediated by the

exterior surfaces of the nanoparticles (Fig. 2F).86,87 Two common goals of exterior modifications are (1) to

alter the physicochemical properties of the scaffold surface and (2) to display a molecular recognition

domain (e.g., a pathogen-derived antigen or receptor targeting domain). Similar to interior modification

strategies, surface point mutations, chemical conjugations, genetic fusion, and loop insertions are

commonly used to modify exterior surfaces.33,55,88–92 These methods have been used to increase in vivo

circulation half-life and to incorporate post-translational modifications like glycosylation, which has been

reported to increase germinal center delivery for vaccine applications.86,93 Surface modifications also have

important implications for immunogenicity. “Stealth” coatings like poly-ethylene glycol (PEG) are often

conjugated to nanoparticle surfaces to increase circulation time and reduce immunogenicity, but this

strategy is clinically limited since many humans are sensitized to PEG.94

Displaying functional domains on nanoparticle surfaces controls specific biological interactions like

targeted delivery to tumor vasculature or immune responses to pathogen-derived antigens in the context

of nanoparticle vaccine delivery. As described above, the display of such domains is fundamentally linked

to the symmetry and stoichiometry of the nanoparticle platform. Monomeric domains like tumor-targeting

DARPins are symmetry-agnostic, while the display of multimeric antigens like influenza hemagglutinin

usually requires fusion to a symmetry-matched nanoparticle component and sometimes facilitates antigen
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stabilization.41,95–98 A recent counterexample demonstrated the symmetry-agnostic display of influenza

antigens on the surface of a VLP through SpyCatcher-SpyTag conjugation, an alternative to the genetic

fusion approach, which has proven to be another robust and versatile technology for modifying

nanoparticle exteriors.99

Manufacturing protein nanoparticles

Protein production efficiency impacts the cost and market distribution of a therapeutic, thereby

determining its commercial viability.100,101 The main considerations in protein nanoparticle manufacturing

are the dose, protein production, nanoparticle assembly, and purification. Vaccines typically require much

smaller doses than other protein-based therapeutics such as monoclonal antibodies (micrograms vs.

hundreds of milligrams), making it easier to achieve commercially viable production efficiency.102–104

However, most of the clinical production of protein nanoparticle immunogens has occurred only in the

past few years and there is still much to learn (e.g., National Clinical Trials (NTC) 05007951, 04896086,

03186781, 03814720, 04579250, 04784767, 04645147, 05001373, and 03547245 reported at

clinicaltrials.gov).

Process development for manufacturing large-scale protein nanoparticle therapeutics must adhere to

production efficiency requirements and current good manufacturing process (cGMP) standards.105,106

Fortunately, the ability to perform in vitro nanoparticle assembly offers several advantages for

manufacturing multi-component protein nanoparticles. In vitro assembly enables two (or more) standard

recombinant biologics to be separately purified before nanoparticle assembly, benefiting from decades of

research and development in manufacturing recombinant protein biologics like monoclonal

antibodies.106,107 Assembling protein nanoparticles in vitro increases sample purity and gives engineers

precise control over subunit composition and cargo encapsulation. While simple protein nanoparticle

components can be successfully produced and purified in E. coli, many components require mammalian

post-translational modifications and must be produced in eukaryotic cells.108,109 In vitro assembly also
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enables the generation of mosaic nanoparticles simply by mixing different component-antigen fusions

together such that different antigens are co-displayed on the same nanoparticle scaffold. Phase I clinical

trials are currently underway for mosaic influenza vaccines.96 Notably, SpyCatcher/SpyTag conjugation of

antigens to nanoparticle scaffolds offers an alternative approach to in vitro mosaic assembly; mosaics

generated using this method are anticipated to reach the clinic soon.110 While each therapeutic application

will likely require unique process development, improving the manufacturing capabilities of protein

nanoparticle immunogens will provide useful information to the entire field.

A distinguishing characteristic of protein nanoparticles is their complete genetic encodability. With the

recent emergence of clinically validated techniques for delivering genetic information in vivo, this feature

opens up a unique opportunity to deploy certain nanoparticle therapeutics and vaccines as nucleic

acids.111–115 In concept, genetic delivery would streamline manufacturing and allow rapid

prototyping/iteration in vivo. However, the inability to control or purify the translated protein(s) in vivo

emphasizes the importance of optimizing the sequence of the nanoparticle therapeutic during design, as

this will determine critical functional features such as expression level, monodispersity, and stability.

Part 1 summary

The key design variables for engineering self-assembling protein nanoparticles as therapeutics are

summarized in Table 2. While computational design enables control over protein nanoparticle structure,

purification and in vitro assembly methods enable control over the exact nanoparticle composition. As

further discussed in “Therapeutic applications of protein nanoparticles,” the nanoparticle characteristics

combined with the delivery method critically influence the pharmacokinetics, biodistribution, and efficacy

of the protein nanoparticle therapeutic.
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Table 2. Key variables influencing the potential outcomes and applications of self-assembling protein

nanoparticles.

Property Variable Considerations, applications, and outcomes

Scaffold source ● Design strategy ● Modification of a natural scaffold
○ Simple and expedient source of protein

nanoparticles
○ Have relatively fixed structural

properties
● Rational design

○ High degree of control over features of
the nanoparticle

○ Requires a fundamental understanding
of the features being designed

○ Can choose or design subunits that are
more robust to modification, making
the system more modular and
alleviating manufacturing challenges

● Evolution
○ Allows selecting for incompletely

understood behavior
○ Powerful complement to rational

design
○ Labor-intensive
○ Selection strategies can be nuanced

● Source species ● Recombinant proteins with similarities to the
patient’s proteins may elicit autoimmune
responses

Scaffold
architecture

● Nanoparticle
symmetry group
(geometry)

● Types of cyclic oligomers that can be displayed
● Valency of displayed ligands
● Interior cavity size and porosity

● Subunits in
asymmetric unit

● Number of unique ligands that can be displayed
● Whether or not in vitro assembly is possible

Interior and
exterior
modifications

● Genetically encoded
interior or exterior
modifications

● Surface amino acid mutations
● Post-translational modifications
● Protein display (e.g., antigen, binding domain,

enzyme)

● Chemical
modifications

● Chemical conjugation: Maleimide conjugation
to cysteines, NHS ester conjugation to lysines,
etc.

● Surface display or cargo loading: Conjugation
to polymers, PEG, small molecule drugs, etc.

● Choice of subunit(s) to
modify

● Modular modification, e.g., co-display of two
different protein domains (one on each subunit)

Interface Design &
Modification

● Strength of interface ● Nanoparticle assembly efficiency and
monodispersity
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● Hydrogen bond
networks -& Metal
Chelation

● Responsiveness to environmental factors (e.g.
pH)

Nanoparticle
Subunit Choice

● Physicochemical
properties

● Hydrophobicity, charge, isoelectric point, and
zeta potential affect colloidal stability in buffer
solutions and biological fluids

● Hydrophobicity and positive charge may
increase unwanted cell and tissue accumulation

● Intrinsic subunit
features

● Complex environmental sensing & interaction
● Sophisticated functions (e.g., molecular

recognition or catalysis)

Manufacturing ● Protein expression
host organism

● Expression of components in mammalian cells
enables low endotoxin and native
post-translational modifications

● Assembly strategy ● In vivo assembly upon expression inside E. coli
allows for encapsulation of biomolecules like
self-mRNA

● In vitro assembly enables high sample purity
and precise control over subunit composition
and encapsulated cargo

Part 2: Therapeutic applications of protein nanoparticles

Introduction

In this section, we discuss five common applications of protein nanotherapeutics, the key design criteria

that must be considered for each, and their development status. We summarize this information in Tables

3 and 4.

While many design criteria are unique to each application, several criteria are shared amongst all in vivo

therapeutic applications. These criteria generally affect nanoparticle pharmacokinetics and biodistribution,

which have been extensively studied using inorganic and polymeric nanoparticle platforms.10–17,116 The

key physicochemical properties influencing these phenomena are shape, size, charge, hydrophobicity,

rigidity, and specific molecular interactions. For reference, the physicochemical properties of protein
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nanoparticles are extremely diverse but are generally spherical, 10-30 nm in diameter, hold a net negative

surface charge at physiological pH, have hydrophilic surfaces, and can be designed to include or exclude

specific molecular interactions (e.g., display a binding domain to target a specific receptor). Regardless of

delivery route, nanoparticles that are too hydrophobic, too positively charged, too large, or too small face

significant delivery barriers such as aggregation, nonspecific cell uptake, liver and spleen accumulation,

and kidney clearance (Fig. 3). Nanoparticles ~10-150 nm more efficiently travel from the delivery site to

the target tissue (e.g., through blood, extracellular matrix, lymphatic system, or mucous membranes).

Still, protein corona formation, immunogenicity, and clearance by the mononuclear phagocytic system

(MPS) are critical barriers to most delivery systems.17,117,118 While certain overarching biodistribution

phenomena like MPS clearance appear to be consistent between inorganic, polymeric, and protein

nanoparticles, the surface chemistries of such nanoparticles are distinct. It is necessary to consider if, and

how, findings in one class of materials (e.g., PLGA-based nanoparticles) translate to other classes of

materials (e.g., self-assembling protein nanoparticles). Designing successful nanotherapeutic platforms is

a balancing act between the design criteria, platform features, and fundamental delivery barriers.

Figure 3. Qualitative impacts of nanoparticle size, shape, and surface charge on biodistribution.
The general effects of surface physicochemical properties on biodistribution were comprehensively reviewed by
Blanco, Shen & Ferrari and qualitatively graphed as relative accumulation in major mouse organs.10 This figure
includes data from gold nanoparticles, liposomes, polymer micelles, zwitterionic nanoparticles, hydrogel
nanoparticles, and more. (A) Nanoparticles greater than about 150 nm in diameter show increased accumulation in
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Figure 3 continued.
the lungs, liver, and spleen, while nanoparticles less than 5 nm in diameter show rapid renal clearance. (B) Spherical
nanoparticles tend to have the least uptake by major clearance organs compared to cylindrical and discoidal
nanoparticles. (C) Nanoparticles with positively charged surfaces show much higher nonspecific uptake than
nanoparticles with negatively charged or neutral surfaces. Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Nature Biotechnology, Principles of nanoparticle design for overcoming
biological barriers to drug delivery, Elvin Blanco et al, Copyright 2015.10

Vaccine delivery

The goal of vaccines is to safely educate the immune system how to protect against infection or disease

upon subsequent encounter with a pathogen. While traditional vaccines derived from whole pathogens

provide effective prevention against many diseases, these are inappropriate or have fallen short for several

diseases due to factors including safety considerations, insufficient immune stimulation, poor antigen

stability, or engineering and manufacturing limitations.119 Protein nanoparticle immunogens, which

deliver antigen in a repetitive array by genetic fusion or chemical or protein-peptide conjugation to

nanoparticle scaffolds, aim to address many of these limitations and have been shown to elicit protective

immune responses (Fig. 4).97,98,110,120–126 This approach taps into multiple features of the immune system

that have evolved to detect “particulate” pathogens featuring repetitive antigenic determinants. First, upon

intramuscular injection, protein nanoparticles are the ideal shape and size to be taken up by peripheral or

lymph node dendritic cells (spherical, ~20-150 nm in diameter).11 Additionally, multivalent antigen

display facilitates detection of pathogen-associated molecular patterns: protein nanoparticle-mediated B

cell receptor cross-linking has been demonstrated to cause stronger immune responses than those elicited

by soluble antigens.117,127,128 Although live-attenuated and inactivated vaccines also benefit from these

immunological phenomena, self-assembling protein nanoparticles are widely considered safer since there

is no infectious agent. Protein nanoparticles also allow the use of antigens that are engineered in ways that

may be incompatible with viral or bacterial growth, such as prefusion-stabilized RSV F (Fig. 4A).129,130

The engineered protein nanoparticle immunogen may possess, for example, increased stability, increasing

immune exposure to the antigenic conformation or epitope against which an immune response is

desired.98,131–133 Like VLP-based vaccines, the natural fit between the properties of self-assembling protein

nanoparticles and vaccine delivery criteria is likely responsible for vaccines being the only application of
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protein nanoparticles that has advanced to the clinic to date – the delivery efficiency of vaccines is less

fundamentally limited by immunogenicity compared to other therapeutic applications (Table

3).96,98,122,134–137 However, additional data on the development of antibody responses against nanoparticle

scaffolds and their effects is needed.

Figure 4. The DS-Cav1-I53-50 nanoparticle immunogen.
(A) A vaccine against respiratory syncytial virus (RSV) was engineered by outwardly displaying a trimeric RSV
antigen (DS-Cav1) on the trimeric subunit of a computationally designed nanoparticle (I53-50). (B) Negative stain
electron microscopy of I53-50 and DS-Cav1-I53-50 nanoparticles. Left: representative micrographs. Right: averages
of nanoparticle micrographs. (C-D) Antibody binding titers of DS-Cav-1-specific antibodies (C) or serum
neutralizing antibodies (D) from mice immunized with bare nanoparticle (I53-50), free immunogen (DS-Cav1), or
nanoparticle immunogens (DS-Cav1-I53-50) at valencies of 33%, 67%, or 100%. Each point represents and
individual animal, geometric means are represented by horizontal lines and indicated at the bottom of the plots, and
statistical significance is indicated: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001. See original publication
for more details. Reprinted by permission under the terms of the Creative Commons CC-BY licence, Cell, Vol. 176,
Issue 6, Marcandalli J & Fiala B et al, Induction of Potent Neutralizing Antibody Responses by a Designed Protein
Nanoparticle Vaccine for Respiratory Syncytial Virus, Pages 1420-1431.e17, Copyright 2019.98

Table 3. Examples of self-assembling protein nanoparticles in the clinic.

Scaffold Example application Clinical status

I53_dn5 (computationally designed
nanoparticle)

Influenza vaccine 96 Phase 1 clinical trial
(NTC04896086)

I53-50 (computationally designed
nanoparticle)

SARS-CoV-2 vaccine 122 Phase 3 clinical trial
(NCT05007951)

eOD-GT8 60-mer (engineered
envelope glycoprotein (Env))

HIV vaccine 124 Phase 1 clinical trials
(NCT05001373, NCT03547245)

Ferritin (modified natural protein
nanoparticle)

Epstein-Barr virus (EBV) vaccine
121

Phase 1 clinical trial
(NCT04645147)
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Current vaccine delivery research with protein nanoparticle immunogens is focused on understanding the

mechanisms that underlie their interactions with the immune system and developing new technological

features that expand their capabilities.86,93,96,110,128,138–145 The modularity of self-assembling protein

nanoparticles and increasingly precise methods for designing them are beginning to allow systematic

testing of important features including nanoparticle architecture (e.g., icosahedral vs. tetrahedral scaffolds

that present antigen in distinct geometries), antigen identities and combinations (e.g., mosaic nanoparticle

immunogens for broadly protective vaccines), post-translational modifications (e.g., glycosylation to

increase germinal center accumulation), and surface modifications to tune immunogenicity or focus the

immune response to specific sites of interest (e.g., molecular or steric shielding).51,86,93,96,110,124,146

Small molecule delivery

The hydrophobic nature of many small molecule drugs often results in poor solubility or nonspecific

accumulation throughout the body, reducing therapeutic bioavailability and increasing unwanted

toxicities.147 Loading small molecules onto a carrier such as an antibody is an effective way to improve

their biodistribution.148 However, the hydrophobic small molecule is often chemically conjugated to the

surface of non-nanoparticle carriers, limiting drug loading capacity while also requiring careful

optimization of drug-carrier ratio to maintain stability and desired biodistribution.149 Protein nanoparticle

carriers possess an interior cavity for encapsulation of hydrophobic small molecules (Fig. 3E). For

example, ferritin nanoparticles have been engineered to encapsulate doxorubicin, cisplatin, and other

small molecule therapeutics.20,41,88,150–155 Drug-loaded ferritin nanoparticles have not yet been clinically

approved due to complexity in manufacturing and specific tissue targeting, but promising advancements

are underway.
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Recently, a ferritin nanoparticle was engineered to display a fibrinolytic domain that can dissolve blood

clots in tumors. The coadministration of this ferritin nanocage (FNC) and doxorubicin lowered the risk of

adverse blood clot-related events and increased doxorubicin tumor penetration in mice (Fig. 5).33 The

synergy between these two delivery systems enabled small molecule delivery (by doxorubicin) and

extracellular biologics delivery (by fibrinolytic activity), highlighting the potential of combination

therapies.

Figure 5. Coadministration of doxorubicin with ferritin co-displaying clot-targeting and fibrinolytic domains.
(A) The ferritin monomer was engineered to display a clot-targeting peptide (CLT) and fibrinolytic domain (µP),
resulting in surface display on ferritin nanoparticles. (B) Fibrinolytic nanocages (FNC) coadministered with Doxil
show increased tumor cell accumulation and decreased fibrin signal compared to saline or Doxil controls. (C-D)
When delivered to tumor-bearing mice at the indicated dosing schedule (C), Doxil-FNC coadministration show
increased tumor volume reduction (purple) compared to mice treated with Doxil alone (red) and other controls (D).
Reprinted by permission under the terms of the Creative Commons Attribution 4.0 International License,
Experimental & Molecular Medicine, Volume 53, Pages 1592–1601, Seo J et al, Fibrinolytic nanocages dissolve
clots in the tumor microenvironment, improving the distribution and therapeutic efficacy of anticancer drugs,
Copyright 2021.33

Extracellular biologics delivery

Targeted stimulation or inhibition of cell signaling receptors is the key mechanism of many therapeutics

ranging from receptor tyrosine kinase inhibitors to bispecific antibodies. Clinical translation of many such
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therapeutics is hindered by challenges with ligand stability, pharmacokinetics, biodistribution, and

hepatotoxicity.156–158 Displaying receptor agonists or antagonists on protein nanoparticles offers several

opportunities to address these challenges: the (ant)agonist can be stabilized by scaffolding on a solid

foundation, the signaling magnitude can be tuned through altering display valency and nanoparticle

architecture, and the biodistribution profile can be improved through optimizing the physicochemical

features of the nanoparticle.21,38,159–161 Inspired by receptor signaling applications based on VLPs, ferritin

and computationally designed nanoparticles have recently been engineered to display a variety of

therapeutic receptor signaling domains. Examples include interleukin-4 receptor (IL-4R)-targeting

peptides to ameliorate asthma symptoms, anti-mesenchymal epithelial transition (MET) peptide

pharmacophores to stimulate hepatocyte growth factor receptor, death receptor ligands (TRAIL) to kill

tumor cells, and angiopoietin-agonizing antibodies to promote angiogenesis (Fig. 6).21,38,159,162,163 These

modular platforms offer exciting opportunities for research and development through systematically

varying the nanoparticle features to interrogate and optimize biological responses.
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Figure 6. Computationally designed antibody cages (AbCs) activate apoptosis and angiogenic signaling
pathways.
(A and B) Caspase-3/7 is activated by AbCs formed with α-DR5 antibody (A), but not the free antibody, in RCC4
renal cancer cells (B). (C and D) α-DR5 AbCs (C), but not Fc AbC controls (D), reduce cell viability 4 days after
treatment. (E) α-DR5 AbCs reduce viability 6 days after treatment. (F and G) o42.1 α-DR5 AbCs enhance PARP
cleavage, a marker of apoptotic signaling; (G) is a quantification of (F) relative to PBS control. (H) The F-domain
from angiopoietin-1 was fused to Fc (A1F-Fc) and assembled into octahedral (o42.1) and icosahedral (i52.3) AbCs.
(I) Representative Western blots show that A1F-Fc AbCs, but not controls, increase pAKT and pERK1/2 signals. (J)
Quantification of (I): pAKT quantification is normalized to o42.1 A1F-Fc signaling (no pAKT signal in the PBS
control); pERK1/2 is normalized to PBS. (K) A1F-Fc AbCs increase vascular stability after 72 hours. (Left)
Quantification of vascular stability compared with PBS. (Right) Representative images; scale bars, 100 μm. All error
bars represent means ± SEM; means were compared using analysis of variance and Dunnett post-hoc tests (tables S8
and S9). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. Reprinted by permission from American Association
for the Advancement of Science, Science, Volume 372, Issue 6537, eabd9994, Divine R et al, Designed proteins
assemble antibodies into modular nanocages, Copyright 2021.21
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Intracellular biologics delivery

The goal of intracellular biologics delivery is to package macromolecular drugs, target specific cell types,

and deliver these membrane-impermeable molecules to specific subcellular locations for therapeutic

effect. Viral vectors, virus-like particles, and lipid nanoparticles have been extensively developed for

these applications, seeing clinical use as genetic vaccines, ex vivo gene editing for CAR-T therapies, and

in vivo gene therapies.111–115,164,165 However, expansion of these technologies to new clinical applications is

challenging due to MPS clearance and neutralizing antibody responses.17,117,118

Designed protein nanoparticles are a comparatively nascent technology but have the potential to greatly

expand the intracellular biologics delivery design space. Protein nanoparticles that deliver biologics such

as siRNA to cultured cells through the endolysosomal pathway have been reported (Fig. 7).166 Protein

nanoparticles have also been reported with modifications that improve circulation half-life and target the

nanoparticles to specific cells.55,167 For systemic, in vivo delivery, protein nanoparticles need to

incorporate design features that provide stability during circulation with the ability to recognize, enter,

and traffic within target cells. Viruses, VLPs, and some designed delivery vehicles achieve this by

responding to the endosomal environment and switching states, satisfying the opposing needs of

extracellular and endosomal activity.111,168–170 An exciting new space to explore with protein nanoparticles

is engineering environmental responsive mechanisms, inspired by virus-derived particles.

31

https://paperpile.com/c/j2Tjsp/m6cOg+2RTbc+NlnqL+1ohAq+xJX8D+T6Iss+GIupe
https://paperpile.com/c/j2Tjsp/GAVJa+oxan2+mtCZE
https://paperpile.com/c/j2Tjsp/WsO50
https://paperpile.com/c/j2Tjsp/eRtGs+8W4BC
https://paperpile.com/c/j2Tjsp/T6Iss+T56KX+oIbME+UnqMs


Figure 7. Computationally designed nanoparticle O3-33 was redesigned for siRNA delivery.
The computationally designed octahedral protein nanoparticle O3-33 (porous protein cage) containing 144
hexahistidine tags on its surface was redesigned to have a positively charged interior to electrostatically associate
with nucleic acid in vitro (positively charged capsule loaded with nucleic acid).19,166 The authors reported nuclease
protection, uptake of the nanoparticles by HeLa cells, and subsequent cargo release leading to knockdown of
intracellular GFP mRNA. The authors attributed successful endosomal escape to the hexahistidine tags. Reprinted
by permission from the American Chemical Society, Journal of the American Chemical Society,
140(33):10439–10442, Edwardson TGW et al, Rational Engineering of a Designed Protein Cage for siRNA
Delivery, Copyright 2018.166

Theranostics

Combining minimally invasive diagnostic techniques with therapeutic delivery, “theranostics”

conveniently synergizes the strengths of two medical procedures.26,83,171–173 Non-invasive imaging

techniques like magnetic resonance imaging (MRI) are vital for diagnosing and treating disease, yet have

low resolution at the cellular and molecular level. Protein nanoparticles can provide alternative optical

properties and could be engineered to inform researchers or physicians about real-time cellular and

molecular processes through environmental responsiveness.174,175 However, knowledge on protein

nanoparticle pharmacokinetics and biodistribution is often lacking.176 The ability to switch between

“imaging mode” (e.g., encapsulating gadolinium) and “therapeutic mode” (e.g., encapsulating a small

molecule drug), or to simultaneously operate in both modes, offers an opportunity to more deeply probe

the in vivo behavior of protein nanoparticles. Ferritin was recently used in this manner to deliver a

cytotoxic peptide to tumors while simultaneously displaying green fluorescent protein (GFP) (Fig.

8A-C).83 The option to operate in imaging mode, therapeutic mode, or both also offers a potential strategy
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for screening patients for therapeutic response before treatment.171 Theranostics could be especially

impactful in the field of solid tumor delivery, where the heterogeneity within and between tumor types

remains a medical challenge.177–179 However, like most other delivery applications, clinical translation of

protein nanoparticle theranostics is still fundamentally limited by scaffold immunogenicity.

Figure 8. Example of ferritin engineered as a theranostic by displaying a fluorescent protein and
encapsulating a cytotoxic peptide.
(A) Schematic for genetically fusing a cytotoxic peptide (chamber 1) and a fluorescent protein (chamber 2) to
ferritin. (B) Electron micrographs of ferritin, ferritin displaying GFP, and ferritin fused to both GFP and a cytotoxic
peptide (“KLAK” repeats). (C) Tumor cryosections from mice treated with a saline control, cytotoxic peptide
(KLAK), ferritin-GFP and cytotoxic peptide (sFt-GFP + KLAK), or ferritin fused to both cytotoxic peptide and GFP
(KLAK-sFt-GFP). Scale bars are 40 µm. Reprinted by permission from American Chemical Society,
Biomacromolecules, 17(1):12-9, Kim S et al, Double-Chambered Ferritin Platform: Dual-Function Payloads of
Cytotoxic Peptides and Fluorescent Protein, Copyright 2016.83

Table 4. Platform requirements for therapeutic applications of protein nanoparticles.

Application Translational status Platform requirements

Vaccine delivery Clinical trials ● Stable display of antigens
● Drains to lymph nodes
● Internalized by APCs
● Compatible with adjuvant
● Does not elicit autoimmune responses against

patients

Receptor signaling Preclinical ● Stable display of receptor agonist or antagonist
● Localizes to target receptors

Small molecule delivery Preclinical ● Stable encapsulation of small molecules
● Accumulates in target organ or cell type
● Mechanism exists for small molecule release

○ Carrier degradation
○ Controlled release

Biologics delivery Preclinical ● Capacity to encapsulate biologic of interest
● Accumulates in target organ or cell type
● Endocytosis by target cells
● Endosomal escape
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● Controlled release of biologic

Theranostics Preclinical ● Stably encapsulates contrast agent
● Accumulates in tissue(s) of interest
● Contrast agent signal is detectable in specific

environment of interest
● Performs desired function in specific

environment (e.g., drug release)

Remaining challenges and opportunities for protein-based nanotherapeutics

Adaptive and innate immune responses are perhaps the largest challenge for the broad application of

protein nanoparticle therapeutics.180,181 Preclinical and clinical experience with therapeutics and vaccines

based on viral vectors has clearly established vector-neutralizing antibodies as a significant limitation.

Antibody responses against the nanoparticle surface and MPS clearance would likely reduce therapeutic

efficacy by preventing cargo delivery to the target tissues or cells.17,117,118 Altering physicochemical

surface properties like lipid envelopes or glycosylation could significantly reduce such antibody

responses. Although preliminary studies suggest that structural features such as aspect ratio and display of

phagocytosis-preventing signaling molecules could reduce MPS clearance, new concepts and strategies

will be needed to minimize the impact of immune responses against protein nanoparticle

therapeutics.13–15,182 The growing body of data on protein nanoparticle vaccines—where immune

responses are desirable instead of problematic—provides a valuable opportunity to learn how protein

nanoparticles are perceived by the immune system.183,184 Lessons learned from these studies could be used

to develop techniques for engineering immune evasion into protein nanoparticles.

Challenges in design and manufacturing hinder the development of efficacious protein nanotherapeutics.

Although computational advances are broadening the accessibility of protein design, repurposing

naturally existing protein nanocontainers and designing novel nanomaterials still require significant

expertise and effort. Successfully designed protein nanotherapeutics must be manufactured from nucleic
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acid templates in biological systems, posing a challenge to meeting the demands of clinical production

efficiency but offering opportunities for genetic delivery. Fortunately, molecular analysis and quality

control of protein nanoparticles benefits greatly from the abundance of nanoscale analytical techniques.

The monodisperse and atomically precise nature of protein nanoparticles enables straightforward and

reliable use of analytical techniques, allowing for rapid design-build-test cycles.

There are many opportunities for meaningful advancement in the near future of protein nanoparticle

engineering. Naturally occurring proteins and protein nanoparticles present innumerable examples of the

sensitive and precise environmental responsiveness proteins can achieve; learning how to harness and

engineer these kinds of responsiveness into protein nanoparticle therapeutics is a major opportunity for

the field.111,170 Engineers are now able to selectively design and evolve nanoparticles with features such as

larger interior cavities, non-spherical scaffolds, and specific responses to environmental cues of

interest.33,46,56 Engineering and clinically translating self-assembling protein nanoparticles promises to be

an exciting and abundant area of research over the next several years.
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Abstract

Controlling the biodistribution of protein- and nanoparticle-based therapeutic formulations remains
challenging. In vivo library selection is an effective method for identifying constructs that exhibit desired
distribution behavior; library variants can be selected based on their ability to localize to the tissue or
compartment of interest despite complex physiological challenges. Here, we describe further development of
an in vivo library selection platform based on self-assembling protein nanoparticles encapsulating their
own mRNA genomes (synthetic nucleocapsids or synNCs). We show that libraries composed of
mutations on the surface of synNCs are likely insufficient to identify therapeutically relevant
biodistribution shifts beyond increased circulation half-life in blood, while libraries of synNCs displaying
miniproteins with binder-like properties can successfully be utilized to identify variants that shift
accumulation towards lungs, muscles, or tumors in just two rounds of in vivo selection. Our approach
should contribute to achieving specific tissue homing patterns and identifying targeting ligands for
diseases of interest.
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Introduction

The emerging drug class of biologics with intracellular targets (e.g., mRNA, siRNA, ribonucleoproteins)

is currently limited in clinical translation by a lack of effective systemic delivery systems (1, 2). These

biologics often require packaging into delivery systems such as viral vectors or lipid nanoparticles (LNPs)

that improve drug stability and mediate cellular entry. However, the default biodistribution of most

nanoparticles when delivered systemically skews toward uptake by the mononuclear phagocytic system

(MPS) and accumulation in liver and spleen (3). In vivo library selection is a powerful method to identify

delivery vehicles possessing both physicochemical characteristics and molecular ligands that enable organ

targeting. For example, in vivo library selection has been successfully employed to alter the vascular

targeting profile of lipid nanoparticles (LNPs) by identifying specific surface chemistries that enable

therapeutically-relevant mRNA delivery to bone marrow, lungs, spleen, liver, and tumor (4–8). In vivo

library selection is also amenable to the discovery of targeting ligand moieties, wherein millions of

potential ligands are simultaneously screened for desired biodistribution behaviors (9). Unlike in vitro

library selection, in vivo library selection accounts for both known and unknown physiological

complexity and can utilize established animal models that recapitulate disease physiology. Although

several in vivo library selection platforms exist, every platform has limitations. Current state-of-the-art

library selection platforms are limited by large particle sizes that prevent tissue penetration (e.g., M13

phage display), low stability (e.g., ribosome display and one-bead one-compound display),

incompatibility with in vivo selection (one-bead one-compound display), and sensitivity to surface display

modifications (e.g., adeno-associated virus display) (9–11). Additional library selection platforms that

better represent nanoparticle delivery systems and are amenable to in vivo selection will further enable the

discovery of novel targeting ligands for specific cell and tissue types.

In prior work, our group engineered a virus-sized, self-assembling protein nanoparticle that encapsulates

its own mRNA genome, I53-50-v4 (12). I53-50-v4 was derived from I53-50, a computationally designed,

51

https://paperpile.com/c/Fd6IIo/FdPq+DhTT
https://paperpile.com/c/Fd6IIo/4zUk
https://paperpile.com/c/Fd6IIo/Ka0j+STD6+bfR8+iSe1+SEBu
https://paperpile.com/c/Fd6IIo/hM26
https://paperpile.com/c/Fd6IIo/hM26+S7HCG+0IRQh
https://paperpile.com/c/Fd6IIo/PMSL


two-component self-assembling protein nanoparticle with icosahedral symmetry (13). This

mRNA-encapsulating version of I53-50, termed a "synthetic nucleocapsid" (synNC), links genotype and

phenotype to enable the evolution of new and improved functional properties through diversification and

selection. After four stages of evolution, synNC stability in blood was increased by almost 20-fold and in

vivo circulation half-life was increased from less than 5 minutes to about 4.5 hours. We named the

resulting synNC “I53-50-v4” or simply “v4,” for the fourth evolved version of I53-50. However, we did

not observe specific or preferential association of I53-50-v4 with any major organs. Samples collected

either 5 minutes or 4 hours after I53-50-v4 administration showed the majority of I53-50-v4 mRNA

remained in the blood, while we detected an order of magnitude less I53-50-v4 mRNA in the kidneys,

lungs, heart, brain, spleen, or liver compared to the blood. This led us to hypothesize that a modified

selection strategy that enriches library variants in specific tissues would yield novel targeting moieties.

We sought to address two main questions: First, can the same library with which circulation half-life was

evolved (12) also be used to enrich tissue targeting behavior of the synthetic nucleocapsid itself? Second,

can the synthetic nucleocapsids be used in a similar manner as phage display, in which binding domains

are displayed on the surface of the particles and tested for accumulation in specific tissues? Our approach

is similar to the state-of-the-art M13 phage display platform (14). However, since synNCs are an order of

magnitude smaller than M13 phage, they might be better able to access different physiological

compartments such as tumor microenvironments. Additionally, computationally designed protein

nanoparticles can be engineered modularly to display or encapsulate a wide variety of cargoes (13, 15,

16); and can be manufactured at scale (17), so any promising library variant could be directly formulated

for applications in therapeutic delivery.

Here, we utilize murine models to evolve two separate synNC libraries towards altered tissue

biodistribution. We tested two different libraries in BALB/c mice: a surface library in which point

mutations are made on the surface of the synNCs (12), and a miniprotein display library in which the

synNCs display a semi-random library of designed miniproteins on their surface. We show that specific

52

https://paperpile.com/c/Fd6IIo/D5rP
https://paperpile.com/c/Fd6IIo/PMSL
https://paperpile.com/c/Fd6IIo/JDN8U
https://paperpile.com/c/Fd6IIo/D5rP+954h+qE1i
https://paperpile.com/c/Fd6IIo/D5rP+954h+qE1i
https://paperpile.com/c/Fd6IIo/rI5T
https://paperpile.com/c/Fd6IIo/PMSL


tissue targeting is not likely to be achieved by simple synNC surface modifications, while miniproteins

can shift synNC biodistribution patterns towards selected tissues, e.g., lung, muscle, or tumor.

Results

Synthetic nucleocapsid libraries can be constructed in a variety of ways. Here, we constructed surface

libraries where surface residues were mutated (Fig. 1A, top, yellow point mutations), and miniprotein

display libraries where designed miniproteins were displayed on the surface of the nucleocapsids via

genetic fusion (Fig. 1A, bottom, orange miniproteins). Following the delivery of library plasmids into E.

coli, the transgene is transcribed and translated into synthetic nucleocapsid (synNC) protein subunits.

Since transgene expression is driven by the strong T7 promoter, there is an abundance of self-mRNA

inside the E. coli cells and synNCs can encapsulate their own mRNA genomes through electrostatic

interactions (12). For both the surface library and miniprotein library, we injected the libraries into healthy

mice or 4T1 tumor-bearing mice, allowed the libraries to circulate for the desired amount of time (e.g., 30

minutes), and extracted RNA from the desired tissues (Fig. 1B). After specifically reverse-transcribing

and amplifying synNC mRNA by RT-qPCR, we sequenced the samples and cloned a new library for the

next round of selection. We visualized enrichments of specific sequences in the collected organs using

hierarchically clustered heatmaps, from which we identified variants of interest (Fig. 1C).
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Figure 1. Experimental process for in vivo library selection based on synthetic nucleocapsids.
(A) Library production and self-assembly inside E. coli. Top: surface library with yellow point mutations. Bottom:
Miniprotein library with orange miniproteins. (B) In vivo selection scheme. (C) Example heatmap format used to
identify variants of interest.

In vivo library selection of I53-50-v4 surface mutant library

In an attempt to modulate the biodistribution of I53-50-v4, we first used the same surface library that was

used to evolve longer circulation half-life in our previous work (Fig. 1, Fig. 2A) (12). This library

contained roughly 10,000 unique, single-residue amino acid mutations which altered the charge or

hydrophobicity of surface residues spanning both subunits of I53-50 (trimer positions 223, 226, 243, 246,

249, 251 relative to the published I53-50-v4 design model; pentamer positions 1, 4, 15, 34, 38, 39, 65,

100 relative to the published I53-50-v4 design model) (Fig. 2B, Tab. S1) (12). Instead of selecting for

variants with longer circulation half-lives in blood, we enriched synNC RNA recovered from major

organs (brain, heart, kidneys, liver, lungs, and spleen) over two rounds of selection. We primarily detected

synNC library mRNA in the blood, liver, and spleen (Fig. S1, Fig. 2C-D). After sequencing the synNC

mRNA from each collected tissue and calculating log10(enrichment) scores for each sequence compared to

v4, we identified two variants of interest (Eq. 1 in Materials and Methods, Fig. 2E). The selected variants

were representative of two different biodistribution patterns. First, v4_D100K, a negative-to-positive

mutation on the pentamer subunit, exhibited positive enrichment in major organs and negative enrichment

in blood (Fig. 2B (left structure), Fig. 2E (left graph)). Second, v4_E243D, a negative-to-negative

mutation on the trimer subunit, exhibited positive enrichment in the blood and major organs, albeit low in

magnitude (Fig. 2B (right structure), Fig. 2E (right graph)).
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Figure 2. In vivo library selection and biodistribution of I53-50-v4 surface library.
(A) Experimental trajectory of surface library selection and fluorescence biodistribution studies. SynNC library
mRNA was obtained from organs (brain, heart, kidneys, liver, lungs, spleen) and amplified for in vivo selection
round 2. SynNC mRNA-seq was used to identify two variants of interest (v4_D100K and v4_E243D) that were
produced as individual synNCs and fluorescently labeled for biodistribution studies. (B) Cartoon of locations of
variants of interest (left and right) selected from the I53-50-v4 surface library (middle). The D100K mutation resides
near the small central pore of the pentamer and the E243D mutation resides near the three-fold axis of the trimer. (C)
Bulk biodistribution of the i.v.-injected surface library from in vivo selection round 2 after 20 or 40 minutes of
circulation (left) and the vehicle control (right), measured by RT-qPCR. The majority of library mRNA was detected
in the blood at 20 minutes, and in the blood, liver, and spleen at 40 minutes. (D) Enrichment of the two variants of
interest compared to v4 (Eq. 1). v4_D100K shows positive enrichment in all tissues except blood and brain.
v4_E243D shows slight positive enrichment in all tissues. (E) SynNC-Alexa Fluor 680 signal in the whole organs of
mice injected with library variants of interest or vehicle control shows statistically insignificant increase in organ
accumulation by v4_D100K compared to v4 and v4_E243D, and similar tissue accumulation of v4 and v4_E243D.
Radiant efficiency color scale: min = 2.8×107, max = 5.5×108. (F) BCA-fluorescence assay on homogenized organs
from (E) to measure the AF680 fluorescence per µg organ protein in major organs of interest. B: n=2 mice per
group; error bars depict standard error of the mean. C: n=1 mouse per group. G: n=3 mice per group; error bars
depict standard deviations. No statistically significant differences were observed in (F) by one-way ANOVA in each
different organ.

We next evaluated the biodistribution of fluorescently labeled v4_D100K and v4_E243D as an orthogonal

method to mRNA sequencing (Fig. 2B, E-F). Instead of administering self-mRNA-encapsulating synNCs

to mice, we administered synNCs in which the exterior residues were conserved but the interior residues

were mutated to both ablate nucleic acid encapsulation and introduce a unique cysteine handle for

conjugation to Alexa Fluor 680 C2-maleimide (AF680) (Fig. S2). These modified synNCs are herein

referred to as protein nanoparticles, as they do not encapsulate their mRNA genomes, and denoted

55



“v4v0-Cys-AF680,” which stands for v4 exterior (version 4: surface evolved for increased circulation

half-life), v0 interior (version 0: non-mRNA-encapsulating), and a unique internal cysteine (Cys) on the

trimer component to which Alexa Fluor 680-C2-Maleimide was conjugated (AF680)). After injecting 1

nanomole (nmole) of asymmetric unit of each sample into mice (the asymmetric unit comprises one

subunit from the pentamer and one subunit from the trimer, with 60 asymmetric units per nanoparticle,

organized into 12 pentamers and 20 trimers), including a non-targeted v4v0-Cys-AF680 control and a

vehicle control, we performed a PBS perfusion, imaged the whole organs for qualitative analysis, and

performed a BCA-fluorescence assay on homogenized organs to quantitatively examine the AF680

fluorescence per microgram (µg) protein in each organ sample (Fig. 2E-F). We observed similar overall

biodistribution patterns in the original v4v0-Cys-AF680 synNC and v4v0-Cys-AF680_E243D and

increased but nonspecific tissue accumulation by v4v0-Cys-AF680_D100K. We did not observe any

statistically significant differences in organ accumulation but note the congruence between enrichment

values (Fig. 2D) and fluorescence signal per µg protein (Fig. 2F). While we did not identify any variants

that shifted biodistribution in a therapeutically relevant manner, this experiment validated our platform for

organ enrichment and laid the groundwork for our miniprotein display library.

In vivo selection of an I53-50-v4 miniprotein display library

After observing only minor enrichment of the I53-50-v4 surface library variants in major organs, we

hypothesized that displaying miniproteins on the surface of the synNC could better enable specific organ

accumulation. The Baker group had previously designed millions of miniproteins intended to fold into

stable structures and bind specific target proteins. For our purposes, we viewed these miniproteins as

simply small, stable domains with surface patches that have physicochemical properties typical of

protein-protein interfaces (18). To make a large miniprotein display library based on synNCs, we

genetically fused a random subset of designed miniprotein libraries to either the N terminus of the v4

trimer subunit at 100% display valency or the C terminus of the v4 pentamer subunit at about 20-40%

valency by using a programmed ribosomal frameshifting B sequence (prfB), herein denoted v4-trimer
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display library or v4-pentamer display library, respectively (Figure 3A-C). The prfB sequence shifts the

open reading frame +1 to avoid a stop codon and instead introduce a flexible polypeptide linker leading

into the subsequent encoded miniprotein (19, 20). The v4-trimer display library resulted in very low

synNC yield and significant aggregation by dynamic light scattering (DLS), while the v4-pentamer

display library exhibited high yield, mRNA encapsulation and protection, and monodisperse nanoparticle

sizes by DLS and negative stain transmission electron microscopy (nsEM) (Fig. 3D-G). We noted that the

exact molecular weights of the library display subunits were difficult to determine by SDS-PAGE (Fig.

3D), likely due to the range of sizes of miniproteins being displayed, as observed by Illumina sequencing

analysis (~10-120 amino acids (aa) long with a mode of 44 aa). DLS confirmed a larger hydrodynamic

radius of the v4-pentamer display library compared to v4 alone (Fig. 3F), and purification of individual

library clones confirmed the presence of miniproteins fused to the pentamers at reduced valency (Fig. S3).

We also observed increased susceptibility to RNase degradation of encapsulated mRNA by the

v4-pentamer library compared to the original I53-50-v4 synthetic nucleocapsid (“v4”), but encapsulation

and protection were efficient enough to sequence the mRNA (Fig. 3E, S2). The resulting synthetic

nucleocapsid (synNC) library, the v4-pentamer display library, comprised ~1.7×107 different synNC

variants that each displayed a different miniprotein fused to the surface via the pentamer (Fig. 3C).
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Figure 3. Biochemical characterization of synthetic nucleocapsid miniprotein display library.
(A-C) Cartoon of genetic constructs of base nanoparticle (A) and the nanoparticle displaying miniproteins on the N
terminus of the trimer (B, v4-trimer display library) or C terminus of the pentamer (C, v4-pentamer display library).
(D) Reducing SDS-PAGE of libraries compared to unmodified synNC (v4) shows lack of trimer-miniprotein fusions
(“M-T”) but presence of pentamer-miniprotein fusions (“P-M”) at a variety of sizes as demonstrated by the smeared
P-M band. The reduced valency of fused miniproteins is evident by the ratio of P-myc-tag band intensity to P-M
smear intensity. These data agree with the individual library variant characterization in Fig. S3. (E) Evaluation of
nuclease resistance. SynNC libraries were incubated in the presence or absence of RNase H and then analyzed for
nucleic acid and protein migration on the same native agarose gel (SYBR gold nucleic acid stain, top; Coomassie
Blue protein stain, bottom). All three proteins co-migrate with mRNA in the presence and absence of RNase A,
suggesting mRNA encapsulation and protection. However, the v4-trimer display library shows qualitatively lighter
bands after RNase A treatment, suggesting instability. (F) The hydrodynamic radii of the synthetic nucleocapsids
were analyzed by dynamic light scattering (DLS) (I53-50-v4: gray, v4-trimer display library: dotted orange line,
v4-pentamer display library: solid orange line). The v4-pentamer display library exhibited a slightly larger
hydrodynamic radius than v4 alone, as expected. The v4-trimer display library exhibited aggregation, further
pointing to instability of this library format. (G) Representative negative stain transmission electron micrograph of
v4-pentamer display library shows nanoparticles of expected sizes and shapes. Scale bar: 50 nm.

In a nearly identical manner as described in the surface library section, we tested the miniprotein display

library in BALB/c mice (Fig. 1). However, this time we utilized both healthy (wild-type) mice, and 4T1

tumor-bearing mice (21, 22). 4T1 tumors are a murine model for triple-negative breast cancer. Here, we

were especially interested in miniprotein enrichment in tumors, lungs, and muscles, as these tissues are

important targets for cancer therapeutics, respiratory illness therapeutics, and muscular dystrophy gene

therapies, respectively. We performed three stages of library selection (rounds 1A, 1B, and 2), reducing

the library size at each step from 1.7×107 unique variants to 2.4×105 to 1×104, ultimately selecting 8

variants of interest with unique organ enrichment patterns (Fig. 4A). Previous work in our group

demonstrated that synNCs displaying miniproteins that target specific receptors are rapidly endocytosed

58

https://paperpile.com/c/Fd6IIo/HunR2+or5gZ


and most synNC mRNA is degraded within 1-2 hours (data not shown). To ensure the integrity of

encapsulated synNC mRNA, we elected to collect mouse organs after allowing the library to circulate for

either 5 or 30 minutes. We observed similar synNC mRNA yields at both time points, and thus used 30

minute circulation times in all following in vivo studies (Fig. S4A-C). We performed RT-qPCR on the

bulk synNC library genomes collected from major tissues at each round of selection, and detected lower

blood accumulation and higher liver and spleen accumulation compared to the surface library (Fig. 4B-C,

Fig. S4A-F). This was expected, as the display of targeting domains on the surface of synNCs shields part

of the protein nanoparticle surface that was previously evolved for a longer circulation half-life (12).

Additionally, we estimated a shorter circulation half-life for the bulk miniprotein display library compared

to I53-50-v4 by RT-qPCR (about 44 minutes compared to 4.5 hours, respectively) (Fig. S4D).

Figure 4. Biodistribution and sequencing analysis of miniprotein display library.
(A) Experimental trajectory of library selection and fluorescence biodistribution studies. SynNCs produced in E. coli
were used in two rounds of in vivo library selection. In round 1A, the entire library was used. In round 1B, a smaller
(“bottleneck”) library was injected to achieve even higher sequencing coverage. After rounds 1A and 1B, enriched
miniprotein sequences (n = 10,000) in the heart or tumor were selected and synthesized as a new library solely
containing these sequences. After in vivo selection round 2, eight variants of interest with preferential enrichment in
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Figure 4 continued.
the lungs, heart, heart and muscles, or tumor were selected for individual biodistribution assessment. (B-C)
Biodistribution of bulk synNC mRNA recovered from major organs by RT-qPCR for the library (B) and vehicle
control (C), reported as picomolar (pM) nucleocapsid (NC) genome per mg of tissue. (D-E) Enrichment of
sequences of interest in tissues of interest (heart only, heart and all other muscles tested (Muscles), lungs, tumor) in
healthy mice (D) and tumor-bearing mice (E). (F) Phylogenetic tree from MUltiple Sequence Comparison by
Log-Expectation (MUSCLE) of miniproteins identified in D, E. (G) Superimposition of miniprotein structures
predicted by ColabFold shows distinct conformations, despite similar protein sequences. The color scale matches the
phylogenetic tree labels in (F). B: n=2 mice per group; error bars depict standard error of the mean. C: n=1 mouse
per group. “n.d.”: no data.

We next sequenced the synNC RNA recovered from the blood, heart, lungs, liver, kidneys, and spleen

from all healthy mice and tumors isolated from tumor-bearing mice. We calculated the log10 enrichment

values of sequences identified from these organs compared to the input library that was administered to

the mice, and selected 10,000 sequences that were preferentially enriched in heart or tumor (Eq. 2 in

Materials and Methods).

We re-synthesized a library containing these 10,000 variants for the third round of in vivo selection, after

which we performed mRNA-Seq on all aforementioned organs in addition to major muscle groups

(diaphragm, gastrocnemius, soleus, and tibialis anterior) and selected two variants enriched in each target

organ or organ group for further characterization: heart only, heart and major muscle groups, lungs, or

4T1 tumors from tumor-bearing mice (Fig. 4D-E, Eq. 1). Although some of the eight selected

miniproteins have homologous sequences, AlphaFold2 predictions revealed unique 3D conformations,

surface hydrophobic networks, and surface charge distributions (Fig. 4F-G, Fig. 5, Tab. S2) (23, 24). We

were encouraged to see that each of the eight variants, with the exception of the second tumor-enriched

miniprotein (Fig. 5I), featured hydrophobic surface patches that are characteristic of high-affinity

minibinders (25).

60

https://paperpile.com/c/Fd6IIo/ncqG+nvI6
https://paperpile.com/c/Fd6IIo/mb8Y


Figure 5. Enriched miniproteins have distinct topologies, surface hydrophobic networks and surface charge
distributions.
(A) Key. (B-I) AlphaFold2 predictions (23) of eight selected miniprotein structures enriched in lungs, heart,
muscles, or tumor. The secondary structure, surface hydrophobicity, and surface electrostatic potentials of each
miniprotein were visualized in UCSF ChimeraX (24).

We then tested the biodistribution of fluorescently labeled nanoparticles displaying each of the eight

selected miniproteins. Using the same method as for the surface library variants of interest (Fig. 1F-G),

we individually produced and purified the protein nanoparticles, as well as a bare nanoparticle (i.e.,

non-targeted) control, each with AF680 covalently conjugated to the interior surface of the nanoparticle

(Fig. S2, Fig. S5). We also produced two fluorescent nanoparticles displaying miniprotein sequences that

were enriched in the spleen, but found that the observed spleen enrichment was likely the result of free

mRNA escaping unstable synNC variants (Fig. S5N-O, Fig. S5S-T, Fig. S6). As with the surface library

variants, we examined fluorescence biodistribution by both qualitative whole organ IVIS imaging (Fig.

S7) and a quantitative BCA-fluorescence assay on homogenized organs (Fig. 6 and Fig. S8). We

measured the AF680 fluorescence per µg organ protein in each sample and normalized to the summed

values across all analyzed tissues in each mouse to enable relative comparisons between samples. The
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same data are plotted as raw values in Fig. S8. In the non-muscle organs, we observed 5.7- and 4.8-fold

higher relative normalized accumulation of the Lungs 1 and Lungs 2 variants in the lungs compared to the

non-targeted control, respectively (p ≤ 0.01) (Fig. 6C); 5.7-fold and 3.0-fold higher relative accumulation

of the Muscles 1 and Muscles 2 variants in heart tissue compared to the non-targeted control, respectively

(p ≤ 0.01) (Fig. 6E); and did not observe statistically significant relative accumulation of any other

variant. We suspected the minor increased relative accumulation of Tumor 1 in 4T1 tumors could have

been due to nonspecific accumulation enabled by the large, positively charged patch on the surface of the

miniprotein (Fig. 6H). Additionally, since in vivo phage display often yields targeting domains that bind

tumor vasculature (26, 27), we suspected Tumor 1 could have bound tumor vasculature instead of the 4T1

tumor cells. However, we did not observe binding of Tumor 1 to 4T1 tumor cells or to murine brain

endothelial (BEND3) cells in vitro (Fig. S9). To examine distribution- and elimination-related effects on

organ accumulation, we measured the serum circulation half-lives of non-targeted NP-AF680, L1-AF680,

M1-AF680, and T1-AF680 (Fig. S10, Tab. S3). Based on a two-compartment pharmacokinetic model, all

samples exhibited distribution half-lives less than 30 minutes except M1-AF680, which exhibited a

distribution half-life of 1.26 hours. We also noted increased relative target organ accumulation by

fluorescent nanoparticles displaying organ-matched miniproteins compared to nanoparticles displaying

non-organ-matched miniproteins. For example, the Lungs 1 and Lungs 2 samples were the only samples

to exhibit significantly increased accumulation in the lungs, and Muscles 1 and Muscles 2 samples were

the only samples to exhibit significantly increased relative accumulation in heart tissue (Fig. 6). Lastly,

we observed a slight positive correlation between enrichment score and fold-change of both non-relative

and relative organ accumulation compared to non-targeted nanoparticles (Fig. S11).
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Figure 6. Normalized fluorescence biodistribution of variants of interest.
Each graph shows the normalized fluorescence signal per μg homogenized organ protein from mice injected with
AF680-labeled nanoparticles (% total fluorescence per μg organ protein). In other words, each organ's proportion of
the total signal from each mouse is plotted. (A) Non-targeted nanoparticle in healthy mice; (B-C) Lungs 1 and 2
library variants in all organs (D) and compared to non-targeted nanoparticle in healthy mice in the lungs only (E);
(D-E) Heart 1, Heart 2, Muscles 1, and Muscles 2 library variants in all organs (D) and compared to non-targeted
nanoparticle in healthy mice in the heart only (E); (F) Non-targeted nanoparticle-AF680 in 4T1 tumor-bearing mice;
(G-H) Tumor 1 and 2 library variants in all organs (G) and compared to non-targeted nanoparticle in the tumor only
(H). Circles depict individual values from healthy mice. Triangles depict individual values from 4T1 tumor-bearing
mice. n=3 mice per group. Error bars depict standard deviations. Statistics: Ordinary one-way ANOVA with Tukey’s
correction for multiple comparisons. **: p ≤ 0.01; ns: not statistically significant. Only statistically significant
comparisons are indicated in C, E.

Discussion

Here, we employ in vivo library selection of synthetic nucleocapsids to identify variants with altered

tissue biodistribution and to select for specific tissue accumulation. In vivo library selection is a powerful

method for targeting domain identification because millions of candidates can be simultaneously injected

and evaluated in vivo, and those exhibiting the desired behavior can be identified by linking genotype to
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phenotype (e.g., biodistribution). Unlike in vitro library selection approaches, which are typically based

on a subset of the functional requirements required to achieve a desired outcome (e.g., receptor binding),

in vivo library selection subjects the libraries to the complete set of known and unknown functional

requirements and physiological barriers. We are still unable to comprehensively recapitulate and account

for these physiological barriers during in silico design or in vitro testing.

The stringency of in vivo selection together with the semi-rational library design (i.e., randomly selected

miniproteins that were computationally designed to fold into binder-like structures) enabled the

identification of well-performing variants in just two rounds of selection. Other in vivo library selection

techniques like peptide phage display have also been shown to yield promising results in just 2-3 rounds

of in vivo selection (28, 29). In comparison, in vitro selection techniques like SELEX, in which random

oligonucleotide libraries are screened against a target, typically require 5-10 rounds of selection to

identify aptamers that bind specific cell populations or 10-15 rounds of selection to identify aptamers that

bind specific proteins (30–32). Notably, incorporating more rational design into both library design and in

vivo selection strategy could further decrease the number of rounds of selection needed to achieve a

desired result and further improve the quality of the molecules identified. For example, designing

high-quality libraries of miniprotein binders against specific targets is now possible using cutting-edge

machine learning-based design methods, and would enable the in vivo library selection strategy to be

tailored to those targets (33, 34).

The ability to sequence library mRNA from multiple tissues enabled simultaneous positive selection for

accumulation in tissues of interest and negative selection for accumulation in off-target tissues. However,

this selection scheme is not immune to the pervasive hurdle of distinguishing false positives from true

positives that recognize the target through a specific molecular interaction. Four of the eight selected

variants exhibited statistically significant shifts in biodistribution and target organ accumulation compared

to non-targeted nanoparticles (Lungs 1, Lungs 2, Muscles 1, Muscles 2), and one library variant showed a

64

https://paperpile.com/c/Fd6IIo/jvjs+u37H
https://paperpile.com/c/Fd6IIo/LqD4+ClfQ+5vY8
https://paperpile.com/c/Fd6IIo/psX4+5xUd


minor, non-statistically significant increase in relative 4T1 tumor accumulation compared to non-targeted

nanoparticles (Tumor 1). Consistent with previous results (12), none of the variants with

log10(enrichment) scores below 1.0 exhibited a statistically significant increase in fluorescent nanoparticle

accumulation in the target tissue(s), while three of the four variants with log10(enrichment) scores greater

than 1.0 did (Fig. S9). However, we have yet to demonstrate whether these shifts in biodistribution are

caused by specific receptor-ligand interactions; other undesired or nonspecific phenomena could be

responsible. Additionally, during sequencing analysis and structure prediction, we observed several

miniprotein sequences with unpaired, surface exposed cysteines enriched in the tumor (data not shown). It

has previously been demonstrated that the incorporation of free cysteines in peptides increases tumor

accumulation by forming disulfide bonds to serum albumin rather than a specific receptor-ligand

interaction; therefore, we did not select these sequences for individual testing (35). Further experiments

such as organ cryosectioning and immunofluorescence imaging are needed to identify where in the target

tissues our selected nanoparticles are accumulating and to what molecular targets the miniproteins might

be binding.

Importantly, the ability to detect congruence between separate readouts may have helped avoid the

selection of false positives in some cases. Both of the variants that were selected for preferential

enrichment in all five of the muscles—heart, diaphragm, gastrocnemius, soleus, and tibialis

anterior—were mutually corroborating (Muscles 1 and Muscles 2, Fig. 4D). Indeed, both of these variants

successfully showed increased accumulation in the target tissues by fluorescence biodistribution (Fig.

6D-E, Fig. S8D-I). Additionally, the ability to rapidly predict the 3D conformation of miniproteins of

interest with reasonably high confidence, confirming they were likely folding into tertiary protein

structures with binder-like properties, aided our selection of variants to further examine (Fig. 5) (23, 36).

Our results support the growing body of research highlighting the power of in vivo library selection for

identifying nanoparticles with desired physiological and functional properties (4, 5, 12). Not only could
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miniprotein binders of interest from this study be modularly applied to other delivery platforms to

potentially confer altered tissue tropism (e.g., the Muscles 2 miniprotein could be displayed on lentivirus

or AAV via SpyCatcher-SpyTag (37, 38)), synNCs displaying miniproteins of interest could also be

formulated as delivery vehicles themselves by encapsulating therapeutic molecules instead of self-mRNA

or fluorophores (39). Alternatively, miniproteins could be optimized for desired in vivo behaviors using

this platform, then extracted and used on their own in a manner similar to antibody-based therapeutics

(40). These methods could also be applied to virus-like particles or protein nanoparticles of different

sizes, shapes, and surface chemistries that could be better-suited to specific delivery applications (34,

41–46). In conclusion, the synthetic nucleocapsid library selection platform described in this work can be

implemented in various ways to advance the discovery and optimization of protein-based therapeutics.

Materials and Methods

Equations

Equation 1. Log10(enrichment) score of synNC surface library variant sequence s in tissue t
compared to v4 sequence v from tissue t containing up to x unique sequences.

log10(enrichment)s,o = [ (representation of s in t) / (representation of s in i) ]

= [ ( reads / reads ) / ( reads / reads ) ]
𝑠

𝑡

∑  
0−𝑥

𝑡

∑
𝑣

𝑡

∑
0−𝑥

𝑡

∑

= [ ( reads ) / ( reads) ]
𝑠

𝑡

∑  
𝑣

𝑡

∑

Equation 2. Log10(enrichment) score of miniprotein sequence m in tissue t containing up to x unique
sequences compared to input library dose i containing up to y unique sequences.

log10(enrichment)m,t = [ (representation of m in t) / (representation of m in i) ]

= [ ( reads / reads ) / ( reads / reads ) ]
𝑚

𝑡

∑  
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Equation 3. AF680 signal per μg tissue protein normalized to the sum of each organ for each
individual mouse.

% total AF680 signal per μg tissue protein t from mouse m with x number of tissues =

[ (AF680 RFU in xt) / (μg protein in xt) ] / [ (AF680 RFU) / (μg protein)
0−𝑥

𝑚

∑  

Cloning synthetic nucleocapsid libraries.

The I53-50-v4 synthetic nucleocapsid (synNC) genome was PCR-amplified as previously described (12).

Randomly chosen (double-blind) libraries of miniprotein designs were obtained from the Baker Lab

oligonucleotide chip stocks, synthesized by Twist, IDT, CustomArray, or Agilent. Miniprotein sequences

were qPCR-amplified by primers that included overlap sites with the synNC genome (Tab. S1). Assembly

PCR was performed to genetically fuse the miniproteins to the synthetic nucleocapsids. Assemblies were

cloned into pet29b(+) protein production vectors via Gibson Assembly (NEB E2611L), electroporated

into DH10beta cells (NEB C3019H), and grown at 37°C on agar-kanamycin plates overnight. Plates were

scraped, plasmid DNA was isolated, plasmid DNA was electroporated into BL21 Star (DE3)

(ThermoFisher C601003) or Lemo21(DE3) (NEB C2528J) producer cells, and cells were grown at 37°C

on agar-kanamycin plates overnight. Fresh chemically competent cells were expanded and prepared for

electroporation per manufacturer’s instructions in Milli-Q water. Bacterial lawns were collected from the

plates and used to inoculate large producer cultures for protein production. At both plating steps, bacteria

were serially diluted and spotted onto separate agar plates to calculate the approximate library size and

coverage. Library coverages of 10- to 100-fold were obtained in all selection steps except miniprotein

library selection round 1A.

Protein production and fluorescent labeling.

Proteins were produced and purified as previously described (12). Briefly, proteins were expressed in E.

coli via IPTG induction or autoinduction (47), cell pellets were homogenized and microfluidized, and the
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supernatant was subjected to immobilized metal affinity chromatography (IMAC) at pH 8.0. Triton X-114

(Sigma Aldrich X114-500ML, CAS 9036-19-5) was used to remove lipopolysaccharides (endotoxin).

Samples were incubated with 10 µg/mL RNase H (ThermoFisher 18021071) for 10 minutes at room

temperature to remove free RNA. Immediately following RNase treatment, size exclusion

chromatography (SEC) was performed on a Superose 6 Increase 10/300 GL column (Cytiva 29-0915-96)

on a GE AKTA Pure with PBS or HEPES buffer at pH 7.4. Samples were stored at 4°C and sterile filtered

before use. For fluorescent labeling, samples were labeled with 5- to 10-fold molar excess of Alexa Fluor

488 C5 maleimide (ThermoFisher A10254) or Alexa Fluor 680 C2 maleimide (ThermoFisher A20344) at

4°C overnight or at room temperature for 2 hours prior to dialysis to remove free fluorophore, quenching

with 10-fold molar excess dithiothreitol (DTT, ThermoFisher P2325), purification on a PD-10 desalting

column (Cytiva 17085101), and purification by SEC.

Biochemical characterization.

Proteins were characterized as previously described (12). Briefly, molecular weight was analyzed by

SDS-PAGE, nucleic acid and protein co-migration and RNase resistance was analyzed by native agarose

gel electrophoresis, and polydispersity and size were measured by dynamic light scattering (DLS) and

negative stain transmission electron microscopy (nsEM). Protein concentrations were measured by either

Qubit (Invitrogen Q33212), UV-Vis spectroscopy, or Bradford assay (Thermo Scientific 23200).

Molecular protein masses were measured by intact mass spectra obtained via reverse-phase LC/MS on an

Agilent G6230B TOF on an AdvanceBio RP-Desalting column, and deconvoluted with Bioconfirm using

a total entropy algorithm. Endotoxin was measured (Charles River Endosafe LAL Endotoxin Cartridges,

PTS201F) (Tab. S4).

In vivo library circulation, fluorescence biodistribution, and organ recovery.
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BALB/c mice (BALB/cAnNCrl, Inbred, strain code 028) were purchased from Charles River

Laboratories at 6-8 weeks of age. 9-10-week old tumor-bearing mice groups were injected with 1-2

million 4T1 cells 1-2 weeks before the study and monitored per an approved IACUC protocol. Mice were

intravenously (retro-orbitally) injected with 150 µL of sample (0.5 - 4 nanomoles protein nanoparticle

asymmetric unit). After the designated circulation time, mice were euthanized with Avertin overdose and

cardiac puncture. Blood was collected from the vena cava into EDTA-lined tubes. PBS perfusions through

the left ventricle were performed. Organs were collected and immediately snap-frozen. For fluorescent

imaging, organs were imaged with Xenogen IVIS before snap-freezing.

RNA isolation from frozen tissues was performed within one week of the in vivo study. Frozen tissues

were ground in liquid nitrogen with a mortar and pestle over dry ice to remain frozen. A subset of the

ground tissue was weighed, dissolved in TRIzol, sonicated with a Sonic Dismembrator 60 (Fisher

Scientific), and stored at -80°C until RNA extraction. We experienced great difficulty homogenizing the

muscles with the hand-held homogenizer. Snap-freezing and grinding the frozen muscles with a mortar

and pestle, as we did to recover RNA from muscles and organs during the selection steps, could be a more

reliable method to measure accumulation in muscles moving forward.

To measure AF680 fluorescence per μg tissue protein, tissues were thawed and suspended in RIPA buffer

(Thermo 89901) supplemented with DNase (Thermo 90083) before homogenizing with Omni Tissue

Homogenizer (TH). Homogenized tissues were spun down and lysate relative fluorescence units at 679

nm were read on a plate reader (infinite M200PRO plate reader, Tecan). In parallel, Pierce BCA Protein

Assay Kits were utilized according to the manufacturer’s instructions to quantify the amount of tissue

protein per sample (ThermoFisher 23225). AF680 signal per μg organ (or tissue) protein was calculated

by dividing the AF680 RFU by the μg organ protein calculated by the BCA assay. These values were then

normalized (Eq. 3 in Materials and Methods).
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To measure serum circulation half-lives, 0.5 nmoles of AF680-labeled nanoparticle ASU was I.V.

R.O.I.-injected into healthy BALB/c mice. Each sample was administered to two groups of mice (n = 3

mice per group). Blood was collected from group A at 5 minutes, 2 hours, and 24 hours. Blood was

collected from group B at 30 minutes, 6 hours, and 24 hours. Blood was immediately centrifuged, serum

was aspirated, and samples were frozen on dry ice. Samples were stored at -80°C for up to 4 days prior to

measuring fluorescence with an infinite M200PRO plate reader (Tecan). Two-phase exponential decay

was performed in GraphPad Prism 9.

All animal experiments were following approved IACUC protocol methods meeting OAW standards.

RNA extraction, reverse transcription, quantitative PCR, and Illumina sequencing.

Samples were stored in TRIzol (Invitrogen 15596026) at -80°C. RNA was purified from samples using

RNeasy Kits (Qiagen 74104 or 74106) according to the manufacturer’s instructions. RNA and DNA

concentrations were measured with NanoDrop or Qubit (Invitrogen Q32852, Q32854). Reverse

transcription (PrimeScript 1st strand cDNA Synthesis Kit, Takara 6110A), quantitative PCR (KAPA HiFi

HotStart Ready Mix, Roche; SYBR Green, Invitrogen S7563), and sequencing on the Illumina MiSeq

(Illumina MiSeq Reagent Kit v3, MS-102-3003; 5% PhiX Control v3, FC-110-3001) were performed as

previously described and/or according to manufacturer’s instructions unless otherwise noted (12).

The skpp-132-R reverse primer was used for reverse transcription instead of the primers and 6mers

provided by the Takara PrimeScript 1st strand cDNA Synthesis Kit

(5’-CATACTGTTGGTTGCTAGGC-3’). The skpp-132-F forward primer was used to amplify synNC

genomes with qPCR (5’-TAGGATTACTGCTCGGTGAC-3’). The skpp-offset-R reverse primer was used

to amplify synNC genomes and to later amplify miniprotein sequences out of synNC genomes with qPCR

(5’-GTTGCTAGGCTCAGTGATGG-3’). A separate forward primer was used in combination with

skpp-132-R to amplify the miniprotein sequences out of synNC genomes for sequencing (forward primer

named c_lib_fwd, 5’-GTATCTTTGACGGCTCCGGT-3’).
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Sequencing analysis.

Sequencing analysis was performed by aligning the MiSeq output files with PEAR (a fast and accurate

Illumina Paired-End reAd mergeR) and using custom Python scripts (48). Scripts are available upon

request.

Flow cytometry binding study.

4T1 and BEND3 cells were separately cultured in RPMI 1640 with 10% FBS (Gibco 11875093) at 37°C

at 5% CO2. Cells were dissociated with StemPro Accutase (Gibco A1110501). Cells were stained with

ZombieViolet viability stain (Biolegend 423113) in HEPES buffer (20 mM HEPES, 150 mM NaCl, pH

7.4). Fluorescent nanoparticles were incubated with cells in HEPES buffer with 1% w/v BSA for 30

minutes on ice. Cells were washed three times with HEPES-1% BSA prior to examination on an Attune

NxT Flow Cytometer (Invitrogen). Data were analyzed using FlowJo.

Figures and statistical analysis.

Figures were made using Inkscape, GraphPad Prism, PyMOL, UCSF ChimeraX, Biorender, Python, and

FlowJo. Statistical analysis was performed using GraphPad Prism 9.
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Supporting Information

Figure S1. Biodistribution of I53-50-v4 surface library after the first round of selection.
(A) Biodistribution of the I.V.-injected surface library from selection round 1 after 20 minutes of circulation,
measured by RT-qPCR and reported as picomolar (pM) of nucleocapsid (NC) genome per milligram (mg) of tissue.
n=3 mice per group; error bars depict standard deviation.
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Figure S2. Maleimide conjugation scheme.
Protein nanoparticle half-shells show the interior cavity of the nanoparticle. (A) Unique cysteines (red) were
engineered into the internal cavity of “I53-50-v4v0-Cys” (I53-50 nanoparticle, v4 evolved exterior, v0 non-mRNA
encapsulating interior, with unique internal cysteines). The pores of the nanoparticle are small enough for
maleimide-functionalized fluorophores to migrate in and react with the free sulfhydryls. (B) Depiction of
I53-50-v4v0-Cys encapsulating covalently conjugated fluorophores.
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Figure S3. Miniprotein library individual mutant characterization.
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Figure S3 Continued. (A-E) SEC of synNCs displaying one of five unique miniproteins on the N terminus of the
trimer (A1-A5). Arrows on x axes at 11-12 mL denote the fractions collected for downstream analysis. The expected
retention volume of the nanoparticles is 10-13 mL, and the expected retention volume of salts is 20-22 mL
(conductivity peak). (F-G) Dynamic light scattering (DLS) of the SEC fractions collected in (A-E). (K-O) SEC of
synNCs displaying one of five unique miniproteins on the C terminus of the pentamer at reduced valency (B1-B5).
Arrows on x axes denote the fraction collected for downstream analysis. (P-T) DLS of the SEC fractions collected
in (A-E). (U) SEC of I53-50-v4. (V) DLS of I53-50-v4. (W) Observed masses of samples v4, A2, B1-B5 by mass
spectrometry. (X) Key for expected component masses. (Y) Native agarose gel of v4, an internal control, and B1-B5
with or without RNase A treatment prior to loading in the gel. The same gels are stained for nucleic acid (top) or
protein (bottom). (Z) RT-qPCR of mRNA extracted from B1-B5 and v4.
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Figure S4. Miniprotein library biodistribution and presence in blood over time measured from Round 1A and
Round 1B.
(A-B) Biodistribution of the I.V.-injected miniprotein library (A) or vehicle control (B) from selection round 1A
after 5 or 30 minutes of circulation, measured by RT-qPCR and reported as picomolar (pM) nucleocapsid (NC)
genome per milligram (mg) of tissue. n=2 mice per group in (A), n=1 mouse per group in (B); error bars depict
standard error of the mean. (C) Symbol key. Squares: healthy mice - 5 min. circulation time, Circles: healthy mice -
30 min. circulation time, Triangles pointing down: 4T1 tumor-bearing mice - 5 min. circulation time, Triangles
pointing up: 4T1 tumor-bearing mice - 30 min. circulation time. (D) Proportion of synNC RNA measured in blood
samples over the total amount of RNA in the blood samples over time. The line plotted represents a nonlinear decay
best fit. (E) Biodistribution of the I.V.-injected miniprotein library (E) or vehicle control (F) from selection round 1B
after 30 minutes of circulation, measured by RT-qPCR and reported as picomolar (pM) nucleocapsid (NC) genome
per milligram (mg) of tissue. n=2 mice per group in (E), n=1 mouse per group in (F); error bars depict standard error
of the mean.
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Figure S5. Biochemical characterization of AF680-labeled nanoparticles post-freeze/thaw.

Figure S5 Continued. (A-E) DLS of AF680-labeled nanoparticles H1, H2, M1, M2, and L1. (F-J) Negative stain
electron microscopy of the same nanoparticles from (A-E), respectively. (K-O) DLS of AF680-labeled nanoparticles
L2, T1, T2, S1, and S2. (P-T) Negative stain electron microscopy of the same nanoparticles from (K-O),
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respectively. (U) DLS of AF680-labeled non-targeted nanoparticles (NT). (V) Negative stain electron microscopy of
the same nanoparticles from (U). (W) UV-Vis spectroscopy of AF680-labeled nanoparticles from (A-V). (X)
Reducing SDS-PAGE of nanoparticles from (A-V).
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Figure S6. Library variants of interest in the spleen.
(A) Enrichment of sequences of interest in organs from healthy mice. (B) Key for C-F. (C-F) The raw (C-D) and
normalized (E-F) AF680 signal per μg homogenized organ protein from mice IV-ROI-injected with AF680-labeled
nanoparticles Spleen 1 (dark blue) and Spleen 2 (light blue) (% total Alexa Fluor 680 signal per μg organ protein)
(C, E) and compared to non-targeted nanoparticle in the spleen only (gray, D, F). n=3 mice per group. Error bars
depict standard deviations. Statistics were calculated using ordinary one-way ANOVA with Tukey’s correction for
multiple comparisons. **: p ≤ 0.01, ns: not significant. Only statistically significant comparisons are indicated. (G)
Key for H-I. (H-I) AlphaFold2 predictions of miniprotein structures (23). The secondary structure, surface
hydrophobicity, and surface electrostatic potentials of each miniprotein structure were visualized in UCSF
ChimeraX (24).

84

https://paperpile.com/c/Fd6IIo/ncqG
https://paperpile.com/c/Fd6IIo/nvI6


Figure S7. IVIS images of organs utilized in Figures 6 and S6.
(A-M) Organs from healthy mice I.V.-R.O.I.-injected with vehicle control (B) or AF680-labeled nanoparticles (C-G,
J-M). (A, I) Organ keys. (H) Epi-fluorescence scale bar. Minimum: 6.8×107. Maximum: 1.56×109. (N-S) Organs
from 4T1 tumor-bearing mice I.V.-R.O.I.-injected with vehicle control (O) or AF680-labeled nanoparticles (P-R).
(N) Organ key. (S) Epi-fluorescence scale bar. Minimum: 2.4×107. Maximum: 1.14×109.
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Figure S8. Fluorescence biodistribution of variants of interest (non-normalized).
Each graph shows the raw, non-normalized fluorescence signal per μg homogenized organ protein from mice
injected with AF680-labeled nanoparticles (fluorescence per μg organ protein). (A) Non-targeted nanoparticle in
healthy mice; (B-C) Lungs 1 and 2 library variants in all organs (D) and compared to non-targeted nanoparticle in
healthy mice in the lungs only (E); (D-E) Heart 1, Heart 2, Muscles 1, and Muscles 2 library variants in all organs
(D) and compared to non-targeted nanoparticle in healthy mice in the heart only (E); (F-I) Heart 1, Heart 2, Muscles
1, and Muscles 2 library variants compared to non-targeted in diaphragm (F), gastrocnemius (G), soleus (H), or
tibialis anterior (I); (J) Non-targeted nanoparticle-AF680 in 4T1 tumor-bearing mice; (K-L) Tumor 1 and 2 library
variants in all organs (K) and compared to non-targeted nanoparticle in the tumor only (L).. Circles depict individual
values from healthy mice. Triangles depict individual values from 4T1 tumor-bearing mice. n=3 mice per group.
Error bars depict standard deviations. Statistics: Ordinary one-way ANOVA with Tukey’s correction for multiple
comparisons. ***: p ≤ 0.001; **: ; p ≤ 0.01; *: p ≤ 0.05; ns: not statistically significant. Only statistically significant
comparisons are indicated in C, E-I, L unless otherwise noted.
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Figure S9. Flow cytometry of non-targeted or Tumor 1 AF680-labeled nanoparticles with 4T1 or BEND3
cells.
(A) Gating strategy for 4T1 cells (top) or BEND3 cells (bottom). (B) Titration of AF680-labeled nanoparticles
incubated with 4T1 cells (top) or BEND3 cells (bottom) shows lack of binding to either cell type.
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Figure S10. Serum circulation half-lives of AF680-labeled variants of interest in healthy mice.
(A) AF680 signal (relative fluorescence units, RFU) in serum over time of AF680-labeled nanoparticles
(Non-targeted, Lungs 1, Muscles 1, and Tumor 1). (B) Zoomed in view of Lungs 1, Muscles 1, and Tumor 1 from
(A). Corresponding values are in Tab. S3.
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Figure S11. Correlation between enrichment score and relative organ accumulation fold-change compared to
non-targeted nanoparticles.
(A-B) Log10(enrichment) of specific sequence in target organ from mRNA-Seq (Fig. 4D-E, Eq. 2) versus
fold-change non-normalized (A) and normalized (B) accumulation in target organs over non-targeted nanoparticles
by fluorescence biodistribution show positive correlation (fluorescence biodistribution data from Fig. S8 and Fig. 6,
respectively). The dashed line is a linear fit to the data.
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Table S1. DNA sequences from T7 promoter to T7 terminator in pet29b(+) plasmid in FASTA format and

IUPAC nucleotide code.

Key:
Trimer
Trimer helical extension
Pentamer
Miniprotein adapters
--- Miniprotein placeholder
prfB
Bolded: Surface library mutation sites (encoding E243D or D100K)

>I53-50-v4_library_with_surface_variants
CCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGATAGGATTACTGCTCGGTG
ACAAGAAGGAGATATACATATGACGATGGAGGAGCTATTCAAGCGCCACACGATAGTGGCAGTGCTGAGGGCGAATAGC
GTGGAGGAAGCGATTGAGAAGGCCGTGGCCGTGTTCGCCGGTGGCGTTCATCTGATTGAAATTACCTTTACCGTGCCGG
ATGCGGATACCGTGATTAAGGCGCTGAGTGTGTTAAAAGAGGATGGCGCGATTATTGGTGCGGGCACCGTTACCAGTGT
GVWACAGTGCVWAAAAGCGGTGGAAAGTGGCGCCGAATTTATCGTTAGCCCGCATCTGGATGAAVWAATTAGCVWATTC
TGCVWAGAAVWAGGCGTGTTCTATATGCCAGGCGTTATGACCCCAACGGAACTGGTTAAAGCGATGAAGCTGGGCCATG
ATATCCTGAAGTTATTTCCAGGTGAAGTGGTTGGTCCGCAGTTTGTGAAAGCCATGAAGGGCCCGTTCCCGAATGTGAA
GTTCGTGCCAACCGGCGGTGTTAACCTGGATAATGTGTGCAAATGGTTTAAAGCCGGCGTGCTGGCGGTGGGCGTGGGC
AACGCCTTAGTTAAGGGCAACCCGGACAAAGTGCGTGAAAAAGCGAAAAAGTTTGTTAAGAAGATCCGTGGCTGCACCG
AAGGTTCTTAAAGAAGGAGATATCATATGAACCAGCACAGTMAYAAGGACMAYGAAACGGTAAGAATAGCGGTAGTGCG
TGCGSRRTGGCATGCGTTTATTGTGGACGCCTGTGTGAGTGCGTTTGAAGCCGCGATGCGTRANATTGGCGGCRANSRR
TTTGCCGTGGATGTGTTTGATGTGCCGGGTGCGTACGAAATTCCACTGCATGCGCGTACCCTGGCGAAAACCGGCSAAT
ATGGCGCGGTGTTAGGCACCGCCTTTGTGGTGAATGGTGGCATTTATCGTCACGAATTTGTGGCGAGCGCGGTTATTGA
TGGCATGATGAATGTGCAGCTGMAAACGGGCGTGCCAGTGTTAAGTGCCGTGCTGACCCCACACAACTACGACAAGAGC
AACGCCAAAACCCTGCTGTTCTTAGCGCTGTTTGCGGTGAAAGGCATGGAAGCGGCGCGTGCCTGCGTGGAGATTTTAG
CGGCCCGTGAAAAGATTGCGGCGGGTTCTCTCGAGCACCATCATCACCATCACTGAGCCTAGCAACCAACAGTATGGAT
CCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGG
CCTCTAAACGGGTCTTGAGGGGTTTTTTG

>I53-50-v4v0-Cys
CCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGATAGGATTACTGCTCGGTG
ACAAGAAGGAGATATACAT​​ATGAAGATGGAAGAGCTGTTTAAGAAGCATAAAATAGTGGCAGTGCTGAGGGCGAATAGC
GTGGAGGAAGCGATTGAGAAGGCCGTGGCCGTGTTCGCCGGTGGCGTTCATCTGATTGAAATTACCTTTACCGTGCCGG
ATGCGGATACCGTGATTAAGGCGCTGAGTGTGTTAAAAGAGAAAGGCGCGATTATTGGTGCGGGCACCGTTACCAGTGT
GGATCAGGCCCGTAAAGCGGTGGAAAGTGGCGCCGAATTTATCGTTAGCCCGCATCTGGATGAAGAAATTAGCCAGTTC
GCCAAGGAAAAAGGCGTGTTCTATATGCCAGGCGTTATGACCCCAACGGAACTGGTTAAAGCGATGAAGCTGGGCCATG
ATATCCTGAAGTTATTTCCAGGTGAAGTGGTTGGTCCGCAGTTTGTGAAAGCCATGAAGGGCCCGTTCCCGAATGTGAA
GTTCGTGCCAACCGGCGGTGTTTGCCTGGATAATGTGGCCGAGTGGTTTAAAGCCGGCGTGCTGGCGGTGGGCGTGGGC
AGCGCCTTAGTTAAGGGCACCCCGGACGAGGTGCGTGAAAAAGCGAAAGCGTTTGTTGAGAAGATCCGTGGCGCCACCG
AAGGTTCTTAAAGAAGGAGATATCATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGG
CAGCGAACAAAAACTTATAAGTGAAGAGGACTTAGGCAGCAACCAGCACAGTCAGAAGGACCAGGAAACGGTAAGAATA
GCGGTAGTGCGTGCGCGCTGGCATGCGGAGATTGTGGACGCCGCTGTGAGTGCGTTTGAAGCCGCGATGCGTAAAATTG
GCGGCGAACGTTTTGCCGTGGATGTGTTTGATGTGCCGGGTGCGTACGAAATTCCACTGCATGCGCGTACCCTGGCGAA
AACCGGCCGTTATGGCGCGGTGTTAGGCACCGCCTTTGTGGTGAATGGTGGCATTTATCGTCACGAATTTGTGGCGAGC
GCGGTTATTGATGGCATGATGAATGTGCAGCTGGATACGGGCGTGCCAGTGTTAAGTGCCGTGCTGACCCCACACAACT
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ACGACGATAGCGATGCCCATACCCTGCTGTTCTTAGCGCTGTTTGCGGTGAAAGGCATGGAAGCGGCGCGTGCCGCGGT
GGAGATTTTAGCGGCCCGTGAAAAGATTGCGGCGGGTTCTTGAGCCAATCTCGAGCACCATCATCACCATCACTGAGCC

TAGCAACCAACAGTATGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAA
TAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

>I53-50-v4v0-Cys_E243D
CCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGATAGGATTACTGCTCGGTG
ACAAGAAGGAGATATACAT​​ATGAAGATGGAAGAGCTGTTTAAGAAGCATAAAATAGTGGCAGTGCTGAGGGCGAATAGC
GTGGAGGAAGCGATTGAGAAGGCCGTGGCCGTGTTCGCCGGTGGCGTTCATCTGATTGAAATTACCTTTACCGTGCCGG
ATGCGGATACCGTGATTAAGGCGCTGAGTGTGTTAAAAGAGAAAGGCGCGATTATTGGTGCGGGCACCGTTACCAGTGT
GGATCAGGCCCGTAAAGCGGTGGAAAGTGGCGCCGAATTTATCGTTAGCCCGCATCTGGATGAAGATATTAGCCAGTTC
GCCAAGGAAAAAGGCGTGTTCTATATGCCAGGCGTTATGACCCCAACGGAACTGGTTAAAGCGATGAAGCTGGGCCATG
ATATCCTGAAGTTATTTCCAGGTGAAGTGGTTGGTCCGCAGTTTGTGAAAGCCATGAAGGGCCCGTTCCCGAATGTGAA
GTTCGTGCCAACCGGCGGTGTTTGCCTGGATAATGTGGCCGAGTGGTTTAAAGCCGGCGTGCTGGCGGTGGGCGTGGGC
AGCGCCTTAGTTAAGGGCACCCCGGACGAGGTGCGTGAAAAAGCGAAAGCGTTTGTTGAGAAGATCCGTGGCGCCACCG
AAGGTTCTTAAAGAAGGAGATATCATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGG
CAGCGAACAAAAACTTATAAGTGAAGAGGACTTAGGCAGCAACCAGCACAGTCAGAAGGACCAGGAAACGGTAAGAATA
GCGGTAGTGCGTGCGCGCTGGCATGCGGAGATTGTGGACGCCGCTGTGAGTGCGTTTGAAGCCGCGATGCGTAAAATTG
GCGGCGAACGTTTTGCCGTGGATGTGTTTGATGTGCCGGGTGCGTACGAAATTCCACTGCATGCGCGTACCCTGGCGAA
AACCGGCCGTTATGGCGCGGTGTTAGGCACCGCCTTTGTGGTGAATGGTGGCATTTATCGTCACGAATTTGTGGCGAGC
GCGGTTATTGATGGCATGATGAATGTGCAGCTGGATACGGGCGTGCCAGTGTTAAGTGCCGTGCTGACCCCACACAACT
ACGACGATAGCGATGCCCATACCCTGCTGTTCTTAGCGCTGTTTGCGGTGAAAGGCATGGAAGCGGCGCGTGCCGCGGT
GGAGATTTTAGCGGCCCGTGAAAAGATTGCGGCGGGTTCTTGAGCCAATCTCGAGCACCATCATCACCATCACTGAGCC
TAGCAACCAACAGTATGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATA
ACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

>I53-50-v4v0-Cys_D100K
CCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGATAGGATTACTGCTCGGTG
ACAAGAAGGAGATATACAT​​ATGAAGATGGAAGAGCTGTTTAAGAAGCATAAAATAGTGGCAGTGCTGAGGGCGAATAGC
GTGGAGGAAGCGATTGAGAAGGCCGTGGCCGTGTTCGCCGGTGGCGTTCATCTGATTGAAATTACCTTTACCGTGCCGG
ATGCGGATACCGTGATTAAGGCGCTGAGTGTGTTAAAAGAGAAAGGCGCGATTATTGGTGCGGGCACCGTTACCAGTGT
GGATCAGGCCCGTAAAGCGGTGGAAAGTGGCGCCGAATTTATCGTTAGCCCGCATCTGGATGAAGAAATTAGCCAGTTC
GCCAAGGAAAAAGGCGTGTTCTATATGCCAGGCGTTATGACCCCAACGGAACTGGTTAAAGCGATGAAGCTGGGCCATG
ATATCCTGAAGTTATTTCCAGGTGAAGTGGTTGGTCCGCAGTTTGTGAAAGCCATGAAGGGCCCGTTCCCGAATGTGAA
GTTCGTGCCAACCGGCGGTGTTTGCCTGGATAATGTGGCCGAGTGGTTTAAAGCCGGCGTGCTGGCGGTGGGCGTGGGC
AGCGCCTTAGTTAAGGGCACCCCGGACGAGGTGCGTGAAAAAGCGAAAGCGTTTGTTGAGAAGATCCGTGGCGCCACCG
AAGGTTCTTAAAGAAGGAGATATCATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGG
CAGCGAACAAAAACTTATAAGTGAAGAGGACTTAGGCAGCAACCAGCACAGTCAGAAGGACCAGGAAACGGTAAGAATA
GCGGTAGTGCGTGCGCGCTGGCATGCGGAGATTGTGGACGCCGCTGTGAGTGCGTTTGAAGCCGCGATGCGTAAAATTG
GCGGCGAACGTTTTGCCGTGGATGTGTTTGATGTGCCGGGTGCGTACGAAATTCCACTGCATGCGCGTACCCTGGCGAA
AACCGGCCGTTATGGCGCGGTGAAAGGCACCGCCTTTGTGGTGAATGGTGGCATTTATCGTCACGAATTTGTGGCGAGC
GCGGTTATTGATGGCATGATGAATGTGCAGCTGGATACGGGCGTGCCAGTGTTAAGTGCCGTGCTGACCCCACACAACT
ACGACGATAGCGATGCCCATACCCTGCTGTTCTTAGCGCTGTTTGCGGTGAAAGGCATGGAAGCGGCGCGTGCCGCGGT
GGAGATTTTAGCGGCCCGTGAAAAGATTGCGGCGGGTTCTTGAGCCAATCTCGAGCACCATCATCACCATCACTGAGCC
TAGCAACCAACAGTATGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATA
ACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

>I53-50-v4_trimer_miniprotein_display
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CCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGATAGGATTACTGCTCGGTG
ACAAGAAGGAGATATACATGGCGGAGGGTCGGCTTCGCATATG---CTCGAGGGTGGAGGTTCCGAACAAAAGgaaaag
gcggcgaaagcggaggaagcagcgcgtATGACGATGGAGGAGCTATTCAAGCGCCACACGATAGTGGCAGTGCTGAGGG
CGAATAGCGTGGAGGAAGCGATTGAGAAGGCCGTGGCCGTGTTCGCCGGTGGCGTTCATCTGATTGAAATTACCTTTAC
CGTGCCGGATGCGGATACCGTGATTAAGGCGCTGAGTGTGTTAAAAGAGGATGGCGCGATTATTGGTGCGGGCACCGTT
ACCAGTGTGGATCAGTGCCGTAAAGCGGTGGAAAGTGGCGCCGAATTTATCGTTAGCCCGCATCTGGATGAAGAAATTA
GCCAGTTCTGCAAGGAAAAAGGCGTGTTCTATATGCCAGGCGTTATGACCCCAACGGAACTGGTTAAAGCGATGAAGCT
GGGCCATGATATCCTGAAGTTATTTCCAGGTGAAGTGGTTGGTCCGCAGTTTGTGAAAGCCATGAAGGGCCCGTTCCCG
AATGTGAAGTTCGTGCCAACCGGCGGTGTTAACCTGGATAATGTGTGCAAATGGTTTAAAGCCGGCGTGCTGGCGGTGG
GCGTGGGCAACGCCTTAGTTAAGGGCAACCCGGACAAAGTGCGTGAAAAAGCGAAAAAGTTTGTTAAGAAGATCCGTGG
CTGCACCGAAGGTTCTTGGTCTCATCCACAGTTCGAAAAGTAAAGAAGGAGATATCATATGGGCAGCAGCCATCATCAT
CATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCAACCAGCACAGTCARAAGGACCARGAAACGGTAAGAATAGCGG
TAGTGCGTGCGCGCTGGCATGCGTTTATTGTGGACGCCTGTGTGAGTGCGTTTGAAGCCGCGATGCGTAAAATTGGCGG
CGAACGTTTTGCCGTGGATGTGTTTGATGTGCCGGGTGCGTACGAAATTCCACTGCATGCGCGTACCCTGGCGAAAACC
GGCCGCTATGGCGCGGTGTTAGGCACCGCCTTTGTGGTGAATGGTGGCATTTATCGTCACGAATTTGTGGCGAGCGCGG
TTATTGATGGCATGATGAATGTGCAGCTGGATACGGGCGTGCCAGTGTTAAGTGCCGTGCTGACCCCACACAACTACGA
CAAGAGCAACGCCAAAACCCTGCTGTTCTTAGCGCTGTTTGCGGTGAAAGGCATGGAAGCGGCGCGTGCCTGCGTGGAG
ATTTTAGCGGCCCGTGAAAAGATTGCGGCGGGTTCTTGAGCCAATCTCGAGCACCATCATCACCATCACTGAGCCTAGC
AACCAACAGTATGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTA
GCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

>I53-50-v4_prfB_pentamer_miniprotein_display
CCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGATAGGATTACTGCTCGGTG
ACAAGAAGGAGATATACATATGACGATGGAGGAGCTATTCAAGCGCCACACGATAGTGGCAGTGCTGAGGGCGAATAGC
GTGGAGGAAGCGATTGAGAAGGCCGTGGCCGTGTTCGCCGGTGGCGTTCATCTGATTGAAATTACCTTTACCGTGCCGG
ATGCGGATACCGTGATTAAGGCGCTGAGTGTGTTAAAAGAGGATGGCGCGATTATTGGTGCGGGCACCGTTACCAGTGT
GGATCAGTGCCGTAAAGCGGTGGAAAGTGGCGCCGAATTTATCGTTAGCCCGCATCTGGATGAAGAAATTAGCCAGTTC
TGCAAGGAAAAAGGCGTGTTCTATATGCCAGGCGTTATGACCCCAACGGAACTGGTTAAAGCGATGAAGCTGGGCCATG
ATATCCTGAAGTTATTTCCAGGTGAAGTGGTTGGTCCGCAGTTTGTGAAAGCCATGAAGGGCCCGTTCCCGAATGTGAA
GTTCGTGCCAACCGGCGGTGTTAACCTGGATAATGTGTGCAAATGGTTTAAAGCCGGCGTGCTGGCGGTGGGCGTGGGC
AACGCCTTAGTTAAGGGCAACCCGGACAAAGTGCGTGAAAAAGCGAAAAAGTTTGTTAAGAAGATCCGTGGCTGCACCG
AAGGTTCTTAAAGAAGGAGATATCATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGG
CAGCGAACAAAAACTTATAAGTGAAGAGGACTTAGGCAGCAACCAGCACAGTCAGAAGGACCAGGAAACGGTAAGAATA
GCGGTAGTGCGTGCGCGCTGGCATGCGTTTATTGTGGACGCCTGTGTGAGTGCGTTTGAAGCCGCGATGCGTAAAATTG
GCGGCGAACGTTTTGCCGTGGATGTGTTTGATGTGCCGGGTGCGTACGAAATTCCACTGCATGCGCGTACCCTGGCGAA
AACCGGCCGCTATGGCGCGGTGTTAGGCACCGCCTTTGTGGTGAATGGTGGCATTTATCGTCACGAATTTGTGGCGAGC
GCGGTTATTGATGGCATGATGAATGTGCAGCTGGATACGGGCGTGCCAGTGTTAAGTGCCGTGCTGACCCCACACAACT
ACGACAAGAGCAACGCCAAAACCCTGCTGTTCTTAGCGCTGTTTGCGGTGAAAGGCATGGAAGCGGCGCGTGCCTGCGT
GGAGATTTTAGCTGCCCGTGAAAAGATTGCGGCGGGTTCTCTcGAGGGTTCTAGGGGGTATCTTTGACGGCTCCGGTTC
CGGTTCTGGCGGAGGGTCGGCTTCGCATATG---CTCGAGGGTGGAGGTTCCGAACAAAAGTAACTCGAGCACCATCAT
CACCATCACTGAGCCTAGCAACCAACAGTATGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGC
CACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

>I53-50-v4v0-Cys_prfB_pentamer_miniprotein_display
CCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGATAGGATTACTGCTCGGTG
ACAAGAAGGAGATATACATATGACGATGGAGGAGCTATTCAAGCGCCACACGATAGTGGCAGTGCTGAGGGCGAATAGC
GTGGAGGAAGCGATTGAGAAGGCCGTGGCCGTGTTCGCCGGTGGCGTTCATCTGATTGAAATTACCTTTACCGTGCCGG
ATGCGGATACCGTGATTAAGGCGCTGAGTGTGTTAAAAGAGGATGGCGCGATTATTGGTGCGGGCACCGTTACCAGTGT
GGATCAGTGCCGTAAAGCGGTGGAAAGTGGCGCCGAATTTATCGTTAGCCCGCATCTGGATGAAGAAATTAGCCAGTTC

92



TGCAAGGAAAAAGGCGTGTTCTATATGCCAGGCGTTATGACCCCAACGGAACTGGTTAAAGCGATGAAGCTGGGCCATG
ATATCCTGAAGTTATTTCCAGGTGAAGTGGTTGGTCCGCAGTTTGTGAAAGCCATGAAGGGCCCGTTCCCGAATGTGAA
GTTCGTGCCAACCGGCGGTGTTAACCTGGATAATGTGTGCAAATGGTTTAAAGCCGGCGTGCTGGCGGTGGGCGTGGGC
AACGCCTTAGTTAAGGGCAACCCGGACAAAGTGCGTGAAAAAGCGAAAAAGTTTGTTAAGAAGATCCGTGGCTGCACCG
AAGGTTCTTAAAGAAGGAGATATCATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGG
CAGCGAACAAAAACTTATAAGTGAAGAGGACTTAGGCAGCAACCAGCACAGTCAGAAGGACCAGGAAACGGTAAGAATA
GCGGTAGTGCGTGCGCGCTGGCATGCGTTTATTGTGGACGCCTGTGTGAGTGCGTTTGAAGCCGCGATGCGTAAAATTG
GCGGCGAACGTTTTGCCGTGGATGTGTTTGATGTGCCGGGTGCGTACGAAATTCCACTGCATGCGCGTACCCTGGCGAA
AACCGGCCGCTATGGCGCGGTGTTAGGCACCGCCTTTGTGGTGAATGGTGGCATTTATCGTCACGAATTTGTGGCGAGC
GCGGTTATTGATGGCATGATGAATGTGCAGCTGGATACGGGCGTGCCAGTGTTAAGTGCCGTGCTGACCCCACACAACT
ACGACAAGAGCAACGCCAAAACCCTGCTGTTCTTAGCGCTGTTTGCGGTGAAAGGCATGGAAGCGGCGCGTGCCTGCGT
GGAGATTTTAGCTGCCCGTGAAAAGATTGCGGCGGGTTCTCTcGAGGGTTCTAGGGGGTATCTTTGACGGCTCCGGTTC
CGGTTCTGGCGGAGGGTCGGCTTCGCATATG---CTCGAGGGTGGAGGTTCCGAACAAAAGTAACTCGAGCACCATCAT
CACCATCACTGAGCCTAGCAACCAACAGTATGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGC
CACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG
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Table S2. Miniprotein sequences of interest

Miniprotein of interest Amino acid sequence (excluding adapters from Tab. S1)

Lungs 1 PLIARLIAKTLLDLGFSEDQISEDLKRAGIDESEIRDALRYAR

Lungs 2 AKEVAVRLALAAIRFGDERFVQDAAQAANISPEELKKLARQVE

Heart 1 TLFQEDAIDFIRLLGYSEEEARRILKKANGNPLLAHEIAHRIG

Heart 2 PAADLAFYAWFADANGDRKTAKELLEKAGYSPEEAEQIIKDIE

Muscles 1 TDDQELAIFLIRGLGYSEEEARRILKKANGNPYLAREIADRIG

Muscles 2 TVDQEVAIVFIRHLGYSEEEARRILKKANGNPYLADEIARRIG

Tumor 1 TRFQELAIRRIRVLGYSEEEARRILKKANGNPDLAGEIAYRIG

Tumor 2 DKDSVEAAIELLLAAGDEDSAREAAKEAGLTEEDLRRLKKRVS

Spleen 1 RQEDAKKEAERAIRSGNDTKAFEILWHAGFDAFEALVIAEKLK

Spleen 2 TDEELKEAAKKLASAGNEEAAKLALLAAGLSPQQVEEWLQKFH
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Table S3. Values from two phase, non-linear decay fit of serum circulation half-lives of AF680-labeled

variants of interest in healthy mice (from Fig. S9).

Two phase
decay Parameter

Non-targeted
NP-AF680 M1-AF680 L1-AF680 T1-AF680

Best-fit values

Half Life
(Slow, Elimination) 4.518 h 239.6 h 9.869 h 214.5 h

Half Life
(Fast, Distribution) 0.2859 h 1.263 h 0.04086 h 0.3739 h

95%
confidence
interval

Half Life
(Slow, Elimination) 1.512 to ? h 2.743 to ? h 2.256 to ? h 1.627 to ? h

Half Life
(Fast, Distribution) ? to 0.9638 h ? to 16.78 h ? to 5.193 h ? h

Goodness of
Fit R squared 0.962 0.8991 0.8394 0.7649
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Table S4. Endotoxin values.

Sample EU per mg EU per dose

Surflib round 1 library

Exact values were not recorded. <1000 EU
per mg was required at the time.

Surflib round 2 library

I53-50-v4v0-Cys-D100K_AF680

I53-50-v4v0-Cys-E243D_AF680

I53-50-v4v0-Cys_AF680

Miniprotein library 1A 602.8 60.28

Miniprotein library 1B <1000 <100

Miniprotein library 2 783.4 117.5

I53-50-v4v0-Cys-prfB-heart1_AF680 133.9 10.7

I53-50-v4v0-Cys-prfB-heart2_AF680 285.4 22.8

I53-50-v4v0-Cys-prfB-muscles1_AF680 110.3 8.8

I53-50-v4v0-Cys-prfB-muscles2_AF680 341.2 27.3

I53-50-v4v0-Cys-prfB-spleen1_AF680 673.8 53.9

I53-50-v4v0-Cys-prfB-spleen2_AF680 254.6 20.4

I53-50-v4v0-Cys-prfB-tumor1_AF680 387.9 31.0

I53-50-v4v0-Cys-prfB-tumor2_AF680 302.2 24.2

I53-50-v4v0-Cys-prfB-lungs1_AF680 256.6 20.5

I53-50-v4v0-Cys-prfB-lungs2_AF680 578.4 46.3

I53-50-v4v0-Cys_AF680 (non-targeted) 332.2 26.6
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* Co-first authors.

Abstract

Targeting specific cell populations in vivo is a critical capability of any delivery platform and remains

challenging for both synthetic and viral delivery systems. Our groups previously evolved a protein

nanoparticle that encapsulates its own mRNA genome (i.e., synthetic nucleocapsid) to exhibit a similar in

vivo circulation time and genome packaging efficiency as viruses, while maintaining a level of modularity

resembling that of synthetic nanoparticles. Here we demonstrate synthetic nucleocapsids can be

modularly retargeted by simple genetic fusion of a binding domain targeting a cell surface receptor.

Further, the cargo can be modularly reassigned by mutation of interior surface residues to allow either

RNA packaging or chemical conjugation to small molecules. The modularity of both the cargo and the

binding domain positions synthetic nucleocapsids as a promising platform technology for targeted

delivery.
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Introduction

Targeting cells of interest based on surface markers is a fundamental feature of effective biomedical

technologies. Solving this problem in a modular and robust way is the key to therapeutics ranging from T

cells modified with chimeric antigen receptors to antibody drug conjugates, which allow straightforward

targeting of cytotoxins to tumor cells and tumor-infiltrating leukocytes (1). Viruses and nanoparticles are

particularly promising platforms for therapeutic delivery due to their amenability to engineering

characteristics of interest, such as cargo encapsulation and in vivo tissue homing (2–5). However, the

problem of targeted delivery has proven challenging for both viral vectors and lipid and polymeric

delivery systems (6). Although examples of AAV capsids modified with targeting ligands exist, most

AAV vector retargeting has still required significant effort due to the structural and functional complexity

of viruses (7, 8). Similarly, non-viral nanoparticles have relied heavily on passive targeting or local

nanoparticle delivery (e.g., intratumorally injected) rather than active targeting through a receptor-ligand

interaction (9, 10). There remains a need for nanoparticle-based delivery platforms capable of both active

targeting and drug loading in a modular, straightforward manner.

Self-assembling protein nanoparticles are a growing class of nanomaterials that possess favorable

characteristics for drug delivery applications (11, 12). Self-assembling protein nanoparticles, herein

referred to as protein nanoparticles, are built from either naturally existing or de novo designed symmetric

oligomers with protein-protein interfaces that cause the formation of atomically precise assemblies (e.g.,

ferritin, encapsulin, lumazine synthase, and computationally designed nanoparticles). These capsid-like

assemblies can be altered through either rational design or evolution to introduce functionalities to the

exterior surface or interior cavity. We recently reported the design and evolution of an I53-50-based

self-assembling protein nanoparticle that encapsulates its own mRNA genome via electrostatic

protein-mRNA interactions (13). The evolved version of this synthetic nucleocapsid (synNC),

I53-50-version 4 or -v4, efficiently protects encapsidated mRNA and exhibits an in vivo circulation
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half-life of over 4.5 hours in BALB/c mice. However, intravenously injected I53-50-v4 did not exhibit

any specific tissue accumulation, so we set out to develop a modular platform for displaying targeting

domains on synNCs that could enable specific localization to cell types and tissues of interest. We

identified 6 previously validated binders against tumor-associated markers with various topologies: a de

novo designed miniprotein binder against αvβ6 integrin (dnαvβ6), an anti-EGFR designed ankyrin repeat

protein (DARPin), and an anti-Her2 DARPin (14–16). We also developed a version of the evolved

synthetic nucleocapsid that does not encapsulate nucleic acid, but rather contains unique, internally facing

cysteines that are available to participate in maleimide conjugation to small molecules like fluorophores,

monomethyl auristatin D (MMAD), and monmethyl auristatin E (MMAE). Encapsulating fluorophores

enables visualization of cell targeting both in vitro and in vivo, while encapsulation of MMAD or MMAE

leads to the functional output of cell cytotoxicity by blocking the polymerization of tubulin in cells

(17–20).

It has been previously demonstrated that protein nanoparticle-based therapeutic delivery vehicles can be

built by fusing molecules such as EGFR binding domains to target over-expressing tumor cells and

loading cargoes such as doxorubicin to kill cancer cells (21, 22). However, these protein nanoparticle

therapeutics have yet to reach the clinic due to manufacturing or toxicity challenges. It is incompletely

explored whether different protein nanoparticle platforms could be more amenable to in vivo solid tumor

delivery of chemotherapeutics. Here, we work towards tumor-targeted MMAD or MMAE delivery using

a version of I53-50, a similar version of which is approved for use in humans for vaccine applications

(23).
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Results

The structural integrity of synthetic nucleocapsids is retained upon surface and cargo modifications

We designed targeted synNCs that display EGFR, Her2, or αvβ6 integrin targeting domains by genetic

fusion to the C-terminus of I53-50-v4B, the pentameric subunit of the two-component protein

nanoparticle (Fig. 1A) (14–16). The C-terminus of the pentamer faces outward from the synNCs,

allowing the binders to interact with their targets. We also sought to modulate display valency to reduce

potential aggregation and nonspecific binding. The C-terminal genetic fusion enables the incorporation of

a programmed ribosomal frameshifting sequence (prfB), which shifts the open reading frame +1 to avoid

a stop codon and instead introduce a flexible polypeptide linker leading into the subsequent encoded

protein (24, 25). The resulting targeted synNCs outwardly display binders at partial valency.

To enable the encapsulation of additional classes of molecules, we designed synNCs with interior surfaces

that do not associate with mRNA (v4 exterior and v0 interior, termed v4v0 synNCs) (Fig. 1B-C). We

mutated all pre-existing cysteines to alanines and introduced a unique cysteine at the C-terminus of

I53-50-v4v0A, the trimer subunit of the two-component protein nanoparticle. The resulting v4v0-Cys

synNCs contain cysteines on the interior surface that are available to participate in maleimide conjugation

to small molecules.

All proteins were produced in E. coli and purified by affinity chromatography and size-exclusion

chromatography (13). By SDS-PAGE, we observed the binding domains fused at partial valency for both

v4 and v4v0 and calculated about 40% display valency in ImageJ (Fig. 1D). By native agarose gel after

RNase treatment, all v4 synNCs appear to encapsulate and protect nucleic acids, while v4v0-Cys synNCs

do not exhibit association with nucleic acids (Fig. 2E). We also observed efficient covalent conjugation to

maleimide-functionalized AlexaFluors. All v4- and v4v0-Cys synNCs formed intact nanoparticles of the

expected sizes, as observed by electron microscopy and dynamic light scattering (Fig. 1F-G).
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Furthermore, By RT-qPCR, we measured successful encapsidation of full-length genomes in both the

presence and absence of targeting domain display, although we observed an order of magnitude decrease

in the packaging efficiency of v4-targeted synNCs compared to v4-non-targeted synNCs (Fig. 1H). These

data demonstrate the ability to modularly design and functionalize both exterior and interior synNC

surfaces. Overall, the structural integrity of the synthetic nucleocapsids appears to be retained upon

surface and cargo modifications.

Figure 1. Genetic and biochemical characterization of nanoparticles encapsulating mRNA or AlexaFluor680.
(A) To modularly retarget I53-50-v4 to specific cancer cell receptors, we fused several different binding domains to
the C-terminus of the pentamer component. We incorporated a ribosomal slip sequence, resulting in partial valency
of the targeting domains. (B-C) The nanoparticle interior can be mutated for mRNA encapsulation (B) or small
molecule encapsulation via maleimide conjugation to a unique cysteine (C). (D) The protein subunits are the
expected size as measured by SDS-PAGE for both mRNA-encapsulating nanoparticles (“v4” interior, left gel) and
AlexaFluor 680-encapsulating nanoparticles (“v4v0-Cys” interior, right gel). L: ladder, N: non-targeted nanoparticle,
A: αvβ6-targeted nanoparticle, E: EGFR-targeted nanoparticle, H: Her2-targeted nanoparticle. N, A, E, H
abbreviations used in subsequent panels. (E) Native agarose gel of mRNA-encapsulating nanoparticles (“v4”
interior, left 4 samples) and AlexaFluor 680-encapsulating nanoparticles (“v4v0-Cys” interior, right 4 samples)
stained for both nucleic acid (top) and protein (bottom). (F) Negative stain transmission electron micrographs of
mRNA-encapsulating nanoparticles (“v4” interior, left gel) and AlexaFluor 680-encapsulating nanoparticles
(“v4v0-Cys” interior, right gel) nanoparticles (scale bars = 50 nm). (G) Hydrodynamic diameters and polydispersity
of AlexaFluor 680-encapsulating nanoparticles (“v4v0-Cys” interior) measured by dynamic light scattering. (H)
Full-length self-mRNA genome packaging efficiency of nanoparticles with v4 interior, displaying no targeting
domain (dark gray), myc-tag (light gray), dnαvβ6 binder (pink), EGFR DARPin (blue), or Her2 DARPin (yellow).
n=2 experimental replicates, error bars denote standard error of the mean.
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Targeted nanoparticles selectively associate with target receptor-expressing tumor cell populations

regardless of cargo

After biochemical and structural validation, we compared the in vitro targeting behavior of targeted

synNCs and non-targeted synNCs. We mixed V4-synNCs, which encapsulate mRNA, with either

wild-type K-562 cells or K-562 cells that were genetically engineered to express an individual target and

a fluorescent reporter (αvβ6 integrin and mCherry, EGFR and iRFP, or Her2 and eGFP). After incubation

at 37°C for 30 minutes, we washed the cells three times to prevent nonspecific RNA recovery and

extracted RNA for RT-qPCR. We detected targeted synNC RNA recovered from the corresponding target

cells, while we did not measure any RNA above background in samples containing off-target cells or

non-targeted synNCs (Fig. 2A).

We next asked whether targeted synNCs could preferentially bind to target cells in mixed cell populations

composed of both target-positive and target-negative cells. After determining ligand depletion prevented

the measurement of Kd (26), we performed all flow cytometry experiments in saturating conditions (Fig

S1). We incubated fluorescently labeled v4v0-Cys-targeted nanoparticles with wild-type K-562 cells and

K-562 cells genetically modified with target receptors and fluorescent protein markers for 30 minutes at

37°C and 5% CO2 (Fig. 2B). In anticipation of in vivo tumor targeting experiments, we also examined the

targeting behavior of synNCs in pre-clinically relevant human cancer cell lines. We identified the

following cell lines with which to perform flow cytometry and microscopy experiments: A-431 (αvβ6

integrin-high, EGFR-high, Her2-low), Calu-3 (αvβ6 integrin-high, EGFR-low, Her2-high), and

HEK-293-T (αvβ6 integrin-low, EGFR-low, Her2-low). By flow cytometry, we did not observe any

significant binding above background by non-targeted synNCs to any cell type (Fig. 2B, F, I, L). All three

targeted synNCs showed preferential binding against target cell lines with minimal binding above

background against target-negative cells (Fig. 2C-N). We also observed preferential binding by the

corresponding monomeric binding domains (Fig. S1). Together with the mRNA recovery assay, these
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data provide evidence that targeted synthetic nucleocapsids are able to preferentially associate with

target-expressing cells, regardless of the type of encapsulated cargo.

Figure 2. Ligand-receptor-dependent interaction between nanoparticles and cells observed by mRNA
recovery assay and flow cytometry binding studies.
(A) Fraction of input synthetic nucleocapsid RNA recovered from K-562 cells while varying targeting moiety
displayed by the synthetic nucleocapsid (dnαvβ6 binder, EGFR-binding DARPin, Her2-binding DARPin), presence
or absence of of receptor on cell surface, and identity of receptor (αvβ6 integrin, EGFR, or Her2). The color key
located at the top right of this panel herein denotes the sample used in each plot: gray = non-targeted nanoparticle,
pink = αvβ6-targeted nanoparticle, lavender = EGFR-targeted nanoparticle, teal = Her2-targeted nanoparticle. (B-E)
Flow cytometry of adherent cells incubated with AlexaFluor-encapsulating nanoparticles. (F, G, I, J, L, M)
Representative flow cytometry contour plots of AlexaFluor-encapsulating nanoparticles incubated with mixed,
genetically engineered K-562 cell populations with fluorescent protein reporter-linked receptor expression as
denoted in (A). (H, K, N) Quantification of geometric mean intensities from (F, G, I, J, L, M) from 3 experimental
replicates. Error bars denote standard deviations. Two-way ANOVA with Tukey correction for multiple
comparisons. Only significant comparisons are shown; the remaining comparisons are not significant. ***: P ≤
0.001. ****: P ≤ 0.0001.

We next sought to examine the subcellular localization of targeted and non-targeted NPs. By confocal

microscopy, we observed that EGFR-targeted synthetic nucleocapsids are internalized by target cell lines

when incubated at 37°C, but not at 4°C (Fig. 3). We did not observe significant binding by non-targeted

nanoparticles.
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Figure 3. Targeted protein nanoparticles are internalized by receptor-expressing cancer cells.
(A-D) Confocal microscopy of EGFR-targeted nanoparticles (A-B, purple) or non-targeted nanoparticles (C-D,
gray) in A-431 cells incubated for 45 minutes at 37°C (A, C, lighter shades) or 4°C (B, D, darker shades). Boxes
with white, dashed lines in (A-D) denote the zoomed in regions shown in (E-H). Blue: NucBlue/Nucleus. Red:
CellMask Actin Red/Actin. Green: AlexaFluor488/Nanoparticle (NP). (I) Quantification of the same microscopy
samples by high-throughput fluorescence microscopy (10,000-100,000 cells per treatment from 3 experimental
replicates. Bar values denote median signal. Error bars denote the interquartile range. ****: p <= 0.0001,
Kruskal-Wallis test for non-Gaussian distributions with Dunn correction for multiple comparisons. For readability,
only the error bars comparing the first two groups are shown) (Tab. S2). Scale bars: 10 μm.

AF680-labeled nanoparticles show target receptor-dependent accumulation in mice with human

xenograft tumors

To examine the tumor targeting behavior of synNCs in vivo, we generated heterotopic, bilateral, human

xenograft tumor models in nu/nu mice. We tested in vivo targeting in two separate treatment groups to

maximize the difference in target receptor expression profiles (Fig. S2 A-B, F-G). ​​To control for potential

effects of blood flow variation on accumulation in left-side or right-side tumors, we inoculated half of the

mice in each group with the target tumor on the left side and half with the target tumor on the right side,

however, we did not observe any side-specific effects. Mice in group A were inoculated with A-431 cells

and HEK-293-T cells on opposite flanks, as A-431 cells express higher levels of αvβ6 integrin than

HEK-293-T cells. To compare the biodistribution and tumor accumulation of non-targeted and targeted

synNCs, mice in group 1 were intravenously injected with I53-50-v4v0-Cys-AF680 (non-targeted NP),

I53-50-v4v0-Cys-AF680-dnαvβ6 (targeted NP), or vehicle control (Fig. S2A-B). Mice in group 2 were
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inoculated with A-431 cells and Calu-3 cells on opposite flanks, as A-431 cells exhibit anti-EGFR

binding capacity and lower anti-Her2 binding capacity compared to Calu-3 cells. To compare the

biodistribution and tumor accumulation of two different targeted synNCs, mice in group 2 were

intravenously injected with v4v0-Cys-AF680-EGFR_DARPin, v4v0-Cys-AF680-Her2_DARPin, or

vehicle control (Fig. S2F-G)

To qualitatively examine biodistribution over time, mice were imaged at 30 minutes, 1 hour, 6 hours, and

24 hours. Mice injected with dnαvβ6-targeted NPs were the only group that showed discernable

tumor-specific accumulation out to 24 hours (Fig. S2A-B, F-G). After 24 hours, mice were euthanized,

and blood and major organs were harvested for ex vivo imaging and semi-quantitative fluorescence

measurement (Fig. S2C, E, H, I). The majority of non-targeted synNCs appeared to remain in circulation

(Fig. S2 D, E). This contributed to high radiant efficiency in all the non-perfused major organs, which

were still harboring blood. Overall, we did not observe effects based on which side the target tumor was

on in any treatment group. We observed fluorescence signals above vehicle control in the tumors, liver,

spleen as expected; in mice treated with Her2-targeted nanoparticles we also saw significant fluorescence

signal in the heart and lungs. As mice injected with the monomeric Her2-DARPin alone on show

fluorescent signal in the kidneys (as expected based on the small size and low isoelectric point of the

protein), and we did not measure any mouse cross-reactivity by the Her2-DARPin by biolayer

interferometry, we expect that the Her2 nanoparticles likely aggregated in circulation after administration

(Fig. S3). Still, in all mice except EGFR-A-4, we observed preferential accumulation of synNCs in the

target tumors. These preliminary data indicate that displaying specific tumor antigen binding domains on

the surface of synthetic nucleocapsids might be an effective strategy to bias accumulation in target tumors

in vivo.
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In vitro-assembled nanoparticles retain stability and cell target selectivity upon conjugation to small

molecules.

After qualitatively observing the most selective targeting by dnαvβ6-targeted NPs in vivo, for efficiency

and experimental feasibility, we moved forward with just this construct and the non-targeted construct.

Our first aim was to develop a process for in vitro-assembled nanoparticle production with the cys-less

pentamer and the single-cysteine trimer component. We experienced significant instability and low

soluble yield of the pentamer component upon purification of that individual component, so we performed

homology-guided redesign to introduce four core mutations that appeared to more efficiently pack the

hydrophobic core of the pentamer component (Fig. 4A-B). We did not show whether these core mutations

actually improved stability or resulted in some other phenomenon that happened to improve solubility

(e.g., lower expression levels leading to increased solubility via decreased aggregation). Nonetheless, the

cys-less pentamer with four core mutations yielded complete assemblies in the desired architectures, so

we moved forward with this component (Fig. 4C-I). We separately produced trimers and pentamers,

assembled the nanoparticles, (Fig. 4C-D), conjugated Alexa Fluor 680 (AF680) to the nanoparticle

interiors, and examined their stability upon freeze-thaw. Both nanoparticles exhibited monodisperse

populations by HPLC (Fig. 4E-F) and negative stain electron microscopy (nsEM) (Fig. 4G-I).

Additionally, the nanoparticles retained selective targeting of only target-positive cells (A-431) by

dnαvβ6-targeted NPs (Fig. 4H, J). Although we had not yet scaled up the manufacturing of the material

to the order of magnitude needed for in vivo studies, these preliminary results demonstrate the successful

production of low-endotoxin, in vitro-assembled protein nanoparticles capable of covalently

encapsulating small molecules (AF680 in this case).
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Figure 4. Following homology-guided redesign of the cys-less pentamer component, in vitro-assembled,
AF680-labeled nanoparticles retain size, monodispersity, morphology, and target selectivity.
(A-B) The core of the pentamer component (A) was redesigned to be free of cysteines and to increase hydrophobic
packing (B). The cysteine-to-alanine and core mutations were mimicked from Brucella abortus lumazine synthase
(PDB ID 1T13), a homolog of Mesorhizobium loti lumazine synthase (PDB ID 2OBX), the structure from which
this pentamer was designed for nanoparticle assembly. (C-D) In vitro assembly scheme. I53-50-based nanoparticles
are composed of 20 trimer subunits and 12 pentamer subunits. Trimers can either be bare (A) or fused to a targeting
domain (B). Trimers contain an internally-facing cysteine for maleimide conjugation to small molecules such as
AlexaFluor 680 (AF680). (E-F) High-performance liquid chromatography (HPLC) of non-targeted and targeted
nanoparticles, respectively, each show monodisperse peaks at the expected retention time. (G, I) Negative stain
electron microscopy (nsEM) of non-targeted and targeted nanoparticles, respectively, shows monodisperse
nanoparticles of the expected sizes and morphologies. (H, J) Flow cytometry of AF680-labeled non-targeted
nanoparticles (H, grays) and targeted nanoparticles (J, pinks) shows selective binding of targeted nanoparticles with
target cells (A-431, dark pink) and lack of binding in all other conditions (i.e., no binding of any nanoparticle to
293T cells (light shades) and no binding of non-targeted nanoparticle (grays) to either cell line).

107



We next sought to examine the in vitro cytotoxicity of non-targeted and targeted nanoparticles loaded with

MMAD instead of AF680. We performed these assays with two different nanoparticle lots that had

different MMAD conjugation and purification efficiencies (Tab. S3). We observed different EC50 of

MMAD depending on the quantity of free MMAD in solution (batch A in Fig. 5A versus batch B in Fig.

5B). We also observed that A-431 cells are more sensitive to free MMAD-linker

(MMAD-Val-Cit-PAB-Maleimide) than HEK293T cells (Fig. 5B-C). However, we also observed that for

both batches A and B, the rank-order EC50 of targeted nanoparticles with targeted cells is lower than any

off-target combination (targeted nanoparticles with off-target cells, non-targeted nanoparticles with either

cell line) (Tab. S4). These data suggest that targeted nanoparticles are more potent at killing the

corresponding target cell population than non-targeted nanoparticles.

Figure 5. MMAD cell killing assays in HEK293T cells and A-431 cells.
(A-B) A-341 cells (solid lines) or HEK293T cells (dashed lines) were treated with payload (free payload: black, free
linker-payload: blue) or nanoparticle-MMAD conjugates (non-targeted: gray, targeted: pink). Cell viability relative
to untreated cells was measured in an Incucyte after being treated with nanoparticle-MMAE conjugates from Batch
A (A) or Batch B (B) after 1 hour (left), 24 hours (middle), or 72 hours (right). (C) Multivariable graph of EC50 of
cells treated with free payload (MMAD, black), free linker-payload (MMAD-VC-PAB-Mal, blue), non-targeted
nanoparticle-MMAD conjugate (gray), or targeted nanoparticle-MMAD conjugate (pink). Dot size: scaled according
to the EC50 at 72 hours. 4: A-431 cells. H: HEK293T cells. (D) Legend. Error bars: standard deviation from three
technical replicates.
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With the ultimate goal of in vivo tumor reduction studies, we first performed a pilot toxicity study to

measure the maximum tolerated dose (MTD) of protein-MMAE conjugates in healthy, athymic mice (27).

We first examined the tolerability of dnαvβ6_MMAE, non-targeted NP_MMAE, and dnαvβ6-targeted

NP_MMAE at and below the known MTD of free MMAE in mice (0.5 mg/kg) (28, 29). Since MMAE is

rapidly eliminated from the systemic circulation after IV administration in tumor-bearing mice but

remains in tissues for 6-7 days before complete clearance, we measured mouse health over the course of 8

to 9 days (29). We did not observe any signs of toxicity and on average, the mice continued to increase in

weight over time (Fig. 6, Fig. S4).

Figure 6. Nanoparticle-MMAE and minibinder-MMAE are tolerated in nu/nu mice at the known maximum
tolerated dose (MTD) of free MMAE.
Percent weight change over time of nude mice treated with (A) dnαvβ6_MMAE (minibinder conjugated to MMAE)
dosed at 0.1 mg/kg MMAE, 0.25 mg/kg MMAE, or 0.5 mg/kg MMAE, or (B) non-targeted NP_MMAE or
dnαvβ6-targeted NP_MMAE at 0.1 mg/kg MMAE or 0.25 mg/kg MMAE.

Discussion

Here, we show that the cargo of I53-50 can be modularly reassigned by mutation of interior surface

residues to allow either RNA packaging (v4) or chemical conjugation to small molecules of interest for

imaging or anti-tumor activity (v4v0-Cys). We also show that nanoparticles can be loaded with MMAD to

achieve cell killing in vitro. Furthermore, we observed no toxicity of dnαvβ6_MMAE, non-targeted
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NP_MMAE, and dnαvβ6-targeted NP_MMAE at the known MTD of MMAE in mice (0.25-0.5 mg/kg).

Future studies will examine higher doses of MMAE-conjugated proteins, such as doses used by

antibody-drug conjugate and lipid nanoparticles (28, 29), and will measure the therapeutic effect of

MMAE-conjugated proteins in mouse tumor models. Overall, the modularity of both targeting domain

and payload make synthetic nucleocapsids a promising platform technology for a variety of targeted

delivery problems.
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Brief Materials and Methods

Protein production, biochemical characterization, and RNA recovery

Synthetic nucleocapsids were grown as previously described in Butterfield & Lajoie et al. (Nature, 2017)

and Olshefsky et al. (Chapter 2 here) unless otherwise noted (13). Synthetic nucleocapsids displaying the

alpha v beta 6 integrin binder were grown by autoinduction. Final protein assemblies were purified into

25 mM HEPES, 150 mM NaCl, pH 7.4.

Flow cytometry

Cells were grown until mid-growth phase in media containing 10% v/v FBS. A-431, Calu-3, HEK-293T,

and K-562 cells were grown in DMEM, EMEM, DMEM, and RPMI, respectively. Adherent cells were

lifted from growth flasks with Stem Pro Accutase. Staining for flow cytometry was performed in the

following binding buffer: 20 mM Tris, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, pH 7.4. Cells were

washed twice with binding buffer, stained with Zombie Violet viability stain according to manufacturer’s

instructions, washed twice with binding buffer 1% BSA, and incubated with 100 nM protein in binding

buffer 1% BSA for 30-60 minutes at 4 degrees C. K-562 cells were not washed before flow cytometry.

Adherent cells were washed twice before flow cytometry. Samples were analyzed on an Attune NxT Flow

Cytometer (Invitrogen).

Microscopy

Cells cultured as described above. Cells were seeded in Corning 10-well plates or ibidi µ-slide 8 well

plates and grown for 1-2 days. Cells were washed with fresh, complete media, then incubated with 10 nM

protein ASU in complete media for 45 minutes at either 37 or 4 degrees C. Cells were washed twice, fixed

in 4% paraformaldehyde, stained with NucBlue Live Cell Ready Probe and Cell Mask Actin Stain, and

washed three more times. Samples were imaged on a Leica SP8X Confocal Microscope and a GE IN Cell

Analyzer 2200.
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In vivo targeting

Tumors were injected subcutaneously on the flanks of nu/nu mice by the Takeda team. 1 nmole of

fluorescently labeled nanoparticles that were frozen in 2.5% glycerol and subsequently thawed on ice

were injected intravenously through the tail vein. Live mouse images were acquired on an IVIS system

over time. Mice were euthanized and organs and blood were extracted for ex vivo imaging. All

experiments were performed according to approved protocols by the office of animal welfare.

Alexa Fluor conjugation

Small molecules were added between 2- and 10-fold molar ratio over protein, incubated for 1-2 hours at

room temperature or overnight at 4 degrees C, and purified with dialysis and a desalting column followed

by SEC.
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Supporting information

Figure S1. Validation of cell target binding by flow cytometry.

Titrations of concentration of binder (A) or number of cells per well (B). K-562 wild-type cells were mixed with
equivalent numbers of K-562-αvβ6_mCherry, K-562-EGFR_iRFP, or K-562-Her2-eGFP cells. Mixed cell
populations were incubated with v4v0-dnαvβ6, v4v0-EGFR_DARPin, v4v0-Her2_DARPin, dnαvβ6 monomeric
binder, EGFR monomeric DARPin, Her2 monomeric DARPin, or non-targeted nanoparticle. Cells in (B) expressed
the target receptor as indicated at the top of each plot (αvβ6 integrin, EGFR, or Her2) and were incubated with
nanoparticles displaying the corresponding targeting domain.
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Figure
S2. Biodistribution of targeted and non-targeted nanoparticles in bilateral in vivo tumor models.
Mice with bilateral, heterotopic tumors were injected with 1 nmol Alexa Fluor 680-labeled nanoparticles and
imaged over time. At 24 hours, mice were euthanized, and organs were collected for imaging. Tumor identities are
indicated in the organ subfigures. (A, C) Non-targeted nanoparticle and (B, E) avb6 integrin-targeted nanoparticle in
mice with A-431 and 293T tumors. (D) Serum from mice treated with non-targeted nanoparticle (top) or targeted
nanoparticle. (F-H) EGFR-targeted nanoparticle and (G-I) Her2-targeted nanoparticle in mice with A-431 and
Calu-3 tumors, as indicated in H and I.
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Figure S3. Testing species cross-reactivity of the Her2 DARPin and I53-50 nanoparticles displaying the Her2
DARPin.
(A) 2 nmoles of AF680-labeled DARPin were injected into BALB/c mice bearing heterotopic 4T1 mammary tumors
and imaged with IVIS. (B-C) Biolayer interferometry of I53-50 nanoparticles displaying the Her2 DARPin with
murine (B) or human (C) Her2 ectodomain (ECD).
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Figure S4. Nanoparticle-MMAE conjugation and biochemical characterization.
(A) Nanoparticle-MMAE conjugation and biochemical characterization shows high conjugation efficiency by
LC-MS. (A-B) MMAE is released over time from nanoparticle-Cys:MC-Val-Cit-PAB-MMAE conjugate at room
temperature, but not upon storage at -80°C. (C) Nanoparticles retain stability and structure after storage at -80
degrees C for at least 30 days, as measured by LC-MS (B) and negative stain electron microscopy (C).
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Table S1. Endotoxin values.
Sample

(dnαvβ6-targeted unless noted) Corresponding figure(s) EU per dose

Non-targeted NP_MMAD Fig. 5A 78.95

Targeted NP_MMAD Fig. 5A 111.56

Non-targeted NP_MMAD Fig. 5B 107.05

Targeted NP_MMAD Fig. 5B 114.05

Minibinder, 0.1 mg/kg MMAE Fig. 6A 2.0

Minibinder, 0.25 mg/kg MMAE Fig. 6A 5.0

Minibinder, 0.5 mg/kg MMAE Fig. 6A 10.0

Non-targeted NP, 0.1 mg/kg MMAE Fig. 6B 7.0

Non-targeted NP, 0.25 mg/kg MMAE Fig. 6B 45.3

Targeted NP, 0.1 mg/kg MMAE Fig. 6B 19.6

Targeted NP, 0.25 mg/kg MMAE Fig. 6B 66.3

All other samples Exact values were not recorded. <1000 EU per mg was required
at the time.
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Table S2. Statistics from Figure 3: Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

Number of families 1

Number of comparisons per family 28

Alpha 0.05

Dunn's multiple comparisons test
Mean
rank diff. Significant? Summary

Adjusted P
Value

a431_targeted_37 vs. a431_targeted_4 6922 Yes **** <0.0001

a431_targeted_37 vs. a431_nontargeted_37 14400 Yes **** <0.0001

a431_targeted_37 vs. a431_nontargeted_4 16881 Yes **** <0.0001

a431_targeted_37 vs. calu3_targeted_37 13937 Yes **** <0.0001

a431_targeted_37 vs. calu3_targeted_4 12804 Yes **** <0.0001

a431_targeted_37 vs. calu3_nontargeted_37 15997 Yes **** <0.0001

a431_targeted_37 vs. calu3_nontargeted_4 20913 Yes **** <0.0001

a431_targeted_4 vs. a431_nontargeted_37 7478 Yes **** <0.0001

a431_targeted_4 vs. a431_nontargeted_4 9959 Yes **** <0.0001

a431_targeted_4 vs. calu3_targeted_37 7015 Yes **** <0.0001

a431_targeted_4 vs. calu3_targeted_4 5882 Yes **** <0.0001

a431_targeted_4 vs. calu3_nontargeted_37 9076 Yes **** <0.0001

a431_targeted_4 vs. calu3_nontargeted_4 13991 Yes **** <0.0001

a431_nontargeted_37 vs. a431_nontargeted_4 2482 Yes **** <0.0001

a431_nontargeted_37 vs. calu3_targeted_37 -462.3 No ns >0.9999

a431_nontargeted_37 vs. calu3_targeted_4 -1596 Yes *** 0.0004

a431_nontargeted_37 vs. calu3_nontargeted_37 1598 Yes *** 0.0008

a431_nontargeted_37 vs. calu3_nontargeted_4 6513 Yes **** <0.0001

a431_nontargeted_4 vs. calu3_targeted_37 -2944 Yes **** <0.0001

a431_nontargeted_4 vs. calu3_targeted_4 -4078 Yes **** <0.0001
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a431_nontargeted_4 vs. calu3_nontargeted_37 -883.7 No ns 0.581

a431_nontargeted_4 vs. calu3_nontargeted_4 4032 Yes **** <0.0001

calu3_targeted_37 vs. calu3_targeted_4 -1134 No ns 0.2277

calu3_targeted_37 vs. calu3_nontargeted_37 2060 Yes **** <0.0001

calu3_targeted_37 vs. calu3_nontargeted_4 6976 Yes **** <0.0001

calu3_targeted_4 vs. calu3_nontargeted_37 3194 Yes **** <0.0001

calu3_targeted_4 vs. calu3_nontargeted_4 8109 Yes **** <0.0001

calu3_nontargeted_37 vs. calu3_nontargeted_4 4916 Yes **** <0.0001
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Table S3. MMAD-Nanoparticle conjugation efficiencies and related values.

Batch Sample Concentration
(µM)

Concentration
(mg/mL)

Conjugation
efficiency &
“DAR”
(MMAD per
NP)

Concentration
Conjugated
MMAD

% Free
MMAD

A Non-targeted_
MMAD

3.015 0.125 100% (60) 3.02 0.27

Targeted_
MMAD

6.178 0.289 100% (60) 6.2 20.15

B Non-targeted_
MMAD

12.060 0.498 100% (60) 12.06 2.44

Targeted_
MMAD

7.061 0.331 100% (60) 7.06 0.72
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Table S4. Rank order EC50 at 72 hours from Figure 5.

Batch A Batch B

Rank
order

(lowest to
highest) Cell line Sample

EC50 at 72
hours (µM) Cell line Sample

EC50 at 72
hours (µM)

1 HEK293T Free payload 1.63E-06 HEK293T Free payload 1.63E-06

2 A-431 Free payload 9.50E-05 A-431 Free payload 9.50E-05

3 A-431 Targeted: Batch A 1.22E-03 A-431 Targeted: Batch B 1.65E-03

4 A-431 Free linker-payload 7.45E-03 A-431 Non-targeted: Batch B 3.69E-03

5 HEK293T Free linker-payload 1.53E-02 A-431 Free linker-payload 7.45E-03

6 A-431 Non-targeted: Batch A 2.70E-02 HEK293T Non-targeted: Batch B 1.28E-02

7 HEK293T Targeted: Batch A 3.29E-02 HEK293T Free linker-payload 1.53E-02

8 HEK293T Non-targeted: Batch A 9.71E-01 HEK293T Targeted: Batch B 2.11E-02
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Table S5. Values from Figure 6 toxicity study.

Protein sample mg/kg MMAE
per dose

mg/kg protein
per dose

% free MMAE
by volume

Protein-MMAE
conjugation
efficiency (%)

Minibinder

0.1 0.2 88.6 16.2

0.25 0.6 88.6 16.2

0.5 1.1 88.6 16.2

Non-targeted NP
0.1 0.4 2.0 85.0

0.25 2.6 42.0 79.0

Targeted NP
0.1 2.3 1.3 65.0

0.25 7.8 38.0 75.0
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Chapter 4. Proposed future directions

Audrey Ellen Olshefsky, Kefan Song, Xinru Wang, Christian Richardson, Neil P. King and Suzie H. Pun

There are many avenues and opportunities stemming from the work reported here that we have not yet

fully resolved, explored, or completed. I will focus on the three subjects: (1) the insulin minibinders and

other sequences of interest we discovered in the in vivo library selection project, (2) ideas for extending

this work to in vivo selection for delivery readouts (beyond biodistribution), and (3) the manufacturing

difficulties we have experienced with the MMAE delivery project.

Identification of insulin receptor minibinders and brain-targeting sequences by in vivo library

selection based on synthetic nucleocapsids

In Chapter 2, we developed a novel ligand display platform to identify miniproteins that shift nanoparticle

biodistribution. After empirically determining the cutoff for successful organ targeting to be

log10(enrichment) of 1.0 (Chapter 2, Figure S11), we re-examined our sequencing data. Notably, a

common motif enriched in the muscles and brain emerged, which turned out to be an insulin receptor

minibinder designed by Derrick Hicks (Fig. 1A-B). Surface plasmon resonance (SPR) showed that these

minibinders, when synthesized (separately from the nanoparticle), do indeed bind insulin receptor

ectodomain with micromolar affinity (Fig. 1C). These preliminary results suggest that our library

platform can be used in a similarly modular way as phage display, where minibinders identified with this

method can be utilized on other delivery vehicles to confer in vivo targeting by the receptor-ligand

specificity.
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Figure 1. Identification and surface plasmon resonance (SPR) of insulin receptor minibinders.
(A) Eight sequences that were enriched in the muscles or brain, known to be designed to bind insulin receptor, were
identified. Scale bar: log10(enrichment). (B) Representative AlphaFold2 prediction of Sample 1 (magenta) forming
hydrophobic and hydrophilic (yellow dashes) molecular interactions with insulin receptor L1 domain (blue). (C)
SPR of samples 1, 4, 5, 8 and estimated KD with insulin receptor ectodomain. Blue: data, black: fit.

In examining sequence enrichment patterns above our empirically determined cutoff, we also identified

several sequences enriched in the brain (Fig. 2). Though we do not yet know what these miniproteins

were designed for, future directions could include searching for the molecular target and examining in

vivo biodistribution of these miniproteins in a similar manner to Chapter 2, Figure 6. If successful, these

miniproteins could be examined for the delivery of therapeutic molecules to the brain.

Figure 2. Identification of sequences highly enriched in the mouse brain.
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In vivo selection of protein nanoparticles for functional delivery and genetic-based readouts

While we reported therapeutically-relevant shifts in organ targeting in Chapter 2, and identified a

validated insulin receptor minibinder, we did not show any functional delivery in this work. Additionally,

due to the unstable nature of synthetic nucleocapsid mRNA beyond about 2 hours in vivo, we were unable

to recover library mRNA from magnetically-isolated cell populations (data not shown). The ability to

both screen for functional delivery (e.g., cargo release and genetic activation) and screen for localization

to specific cell types (e.g., tumor-infiltrating leukocytes) would bring this platform technology closer to

clinical utility.

Perhaps the most promising extension of this work to screen for functional delivery would be to apply the

learnings from our colleagues in lipid nanoparticle engineering (Sago et al. 2018). Instead of

encapsulating self-mRNA, we could engineer I53-50-v4v0 to encapsulate Cre recombinase mRNA or

protein, enabling Cre-lox recombination. Cre is an enzyme that translocates to cell nuclei and interacts

with genetically engineered loxP elements in DNA, introducing a site-specific recombination between

loxP and a gene of interest (Madisen et al. 2010). Thus successful Cre-lox recombination necessitates the

release of Cre mRNA or protein from the nanoparticle interior into the cells or tissues of interest. Since

peak gene expression after Cre-lox recombination does not occur until at least 48 hours post-delivery, and

I53-50-encapsulated mRNA is degraded within 2 hours following endocytosis (data not shown), we

propose encapsulation of Cre protein for this study. To enable intracellular Cre delivery, we propose the

incorporation of pH-responsive proteins and peptides into the nanoparticle scaffold (Boyken et al. 2019;

Peeler et al. 2019). To enable the linkage between library variant and function, we propose using a liquid

chromatography tandem-mass spectrometry (LC-MS/MS) barcoding scheme to link protein sequence to

in vivo phenotype (instead of the typical DNA- or RNA-based barcoding to link genotype to phenotype).

Short peptides could be appended to the Cre enzyme, then cleaved off and identified and relatively

quantified by LC-MS/MS (by the unique fingerprint of peptide hydrophobicity and mass-to-charge ratio)

(Egloff et al. 2019). The Cre-barcoding scheme could be used to identify variants of I53-50-v4v0 that
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successfully deliver functional biomolecules to cells or tissues of interest in vivo, enabling future studies

for therapeutic delivery (Fig. 3).

Figure 3. Encapsulation of Cre in I53-50 libraries for intracellular delivery.
(A) A half-shell view into the cavity of I53-50 (gray and slate) shows encapsulated Cre recombinase enzyme (pink,
PDB ID 1NZB) with a peptide barcode (green). By co-expressing I53-50 and Cre in E. coli, analogous to Chapter 2
Figure 1, the barcode fused to Cre will correspond to the I53-50 library variant. The libraries will be screened for
intracellular release of Cre and subsequent Cre-lox recombination in cells or tissues of interest via DNA sequencing
and peptide barcode identification in parallel.

A major pitfall of the Cre-barcoding approach is insufficient Cre delivery efficiency. Though our groups

have shown 0.5% delivery efficiency of a version of I53-50 engineered with pH responsive elements

encapsulating prime editor guide RNA (data not shown), the in vivo delivery efficiency of our library

variants might not be sufficient to measure meaningful genetic differences in vivo. If delivery efficiency

remains prohibitively low, we could adapt or design from scratch a new nanoparticle with controlled

disassembly properties and the ability to display exterior targeting domains. The nanoparticle could be

scaffolded on de novo protein components or on functional enzymes themselves, like Cre or Cas9.

Overcoming the manufacturing difficulties of I53-50-v4v0-Cys_MMAE

As discussed in Chapter 1, in vitro assembly of protein nanoparticles enables precise control over

nanoparticle composition and purity. Namely, in vitro assembly enables ultra-low endotoxin levels in the

protein samples and partial display valency of targeting ligands like dnαvβ6 in Chapter 3 Figure 4D.

Unfortunately, manufacturing in vitro assembled I53-50-v4v0-Cys_MMAE has required significant

design and process development efforts over several years due to pentamer component instability. A

fundamental solution to this hurdle could be returning to a bicistronic expression system, where the
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pentamer and trimer of I53-50-v4v0-Cys are co-expressed in E. coli as in Chapter 2 Figure 1. By

modifying the trimer component to add mass filling the interior cavity, such that free internal Cysteines

are still available for MMAE conjugation, but no extra space is available in the cavity, it would be

possible to physically preclude E. coli contaminants and endotoxin from getting trapped in the

nanoparticle cavity. Enabling low-endotoxin production of bicistronic I53-50-v4v0-Cys would remove the

need for separate expression and purification of protein components, thus sidestepping the petnamer

component instability issue and alleviating manufacturing difficulties.
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