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ABSTRACT

BIOMATERIAL APPLICATIONS OF CROSS-LINKED POROUS PROTEIN

MICROCRYSTALS

Porous protein crystals represent a promising but underexplored class of biomaterials for
therapeutic delivery, molecular capture, and biofunctional scaffolding. This dissertation
investigates the synthesis, stabilization, and biomedical applications of cross-linked porous protein
microcrystals derived from a putative polyisoprenoid-binding protein from Campylobacter jejuni
(“CJ”). These crystals possess a highly ordered P622 lattice with large solvent channels and can
be reproducibly generated as microcrystals through batch crystallization and stabilized via
chemical cross-linking.

Chapter 1 provides a review of the broader landscape of large-pore protein crystals, including
methods of synthesis, stabilization, validation, and emerging applications in catalysis, delivery,
and functional materials. In chapter 2, I demonstrate that CJ microcrystals can adsorb and retain
diverse nucleic acid cargos, including single-stranded DNA, RNA, and plasmid DNA. Guest
loading is rapid, dependent on pH and guest size, and can be partially reversed by exposure to high
ATP concentrations, indicating specific but heterogeneous interactions between nucleic acids and
the crystal scaffold. Because unmodified pores remain accessible to nucleases, I further show that
a hexameric protein complex derived from the D2 domain of N-ethylmaleimide sensitive factor
can function as a physical pore cap, significantly reducing nuclease-mediated degradation of guest

nucleic acids.
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In chapter 3, I extend the CJ platform toward selective capture of virus-sized particles by
engineering SpyTag-bearing “SpyCrystals” that covalently host SpyCatcher fusion proteins.
Functionalized crystals displaying SARS-CoV-2 spike binders selectively adsorb virions in vitro
and can be integrated into a pump-driven filtration workflow for capture from wastewater. In
chapter 4, I also evaluate ex vivo biocompatibility in precision-cut lung slices, showing that
unloaded CJ crystals do not measurably impair tissue health or alter B-cell abundance, while
lipopolysaccharide-loaded crystals elicit a moderated biological response consistent with guest
release. Finally, in chapter 5, I investigate in vivo biodistribution using bioluminescent CJ
microcrystals and find evidence consistent with rapid pulmonary exposure followed by partial
retention in skeletal muscle microvasculature.

Collectively, this dissertation establishes cross-linked porous protein microcrystals as
structurally precise, modular biomaterials with potential applications in nucleic acid delivery,

pathogen capture, localized depot formation, and engineered therapeutic scaffolding.
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CHAPTER 1: Applications of Porous Protein Crystals

1.1 Overview

Proteins are well-suited as a substrate for biomaterial applications, due to their
biocompatibility,! and structural diversity.2 A variety of mesostructures emerge as a
property of their constitutive nanostructures; these include protein nanoparticles,?
nanocages,*> hydrogels,® plate-like crystals and sheets,”® and porous scaffolds.*1!

Porous materials, with their ability to host and transport guest molecules within their
frameworks, have been explored in recent years for diverse scientific and industrial
applications. Among these, large-pore protein crystals (LPCs) represent a distinctive class
of crystalline materials characterized by a three-dimensional network of interconnected
voids and channels. Large-pore protein crystals exhibit remarkable structural diversity
compared with traditional nanomaterials, owing to the diversity of protein sequences
found in nature. A typical bacterial protein sequence of 300 amino acids,!? could have
20°% distinct amino acid sequences; assuming ~8 conformational degrees of freedom per
residue,'®1* the number of possible conformations extends to ~1.72 x 10%¢! theoretical
conformations, effectively an infinite landscape of structural diversity. While most of
these hypothetical structures would be unstable and any plausible structure would be
restricted to narrowly defined minima within this energy landscape, the number of stable
structures is nevertheless vast. The ability of proteins to undergo genetic selection, along

with the wholesale shuffling and recombination of entire protein domains'® enables a

realistic sampling of this landscape. The enormous diversity of protein structures (and



functions) has sparked a growing interest in their potential applications as biomimetic
scaffolds.

The unique architecture of protein crystals arises from the self-assembly of protein
molecules into ordered, crystalline structures. Protein crystals typically contain a high
surface area to volume ratio'® with a well-defined lattice of interconnected pores. Pore
diameters typically range from tens of Angstroms to greater than 10 nm, with
corresponding wide-ranging solvent content between 27% and 65%.1117-2! These solvent
channels enable the accommodation of a wide array of guest molecules, from small ions
to large biomolecules such as peptides, nucleic acids, and other proteins. Possessing
solvent channels of sufficient size for guest macromolecule transport would be one
characteristic of the LPC subset of protein crystals. The Matthews coefficient (Vm),
defined as the fraction of crystal volume per unit of protein molecular weight (A3/Da), is
a useful parameter for specifying solvent content. More recent estimates on the
distribution of Vm, based on reported crystallographic data, suggest that Vim of reported
protein crystals is quite broad, from extremely high density (just over 1 A%/Da,

approximating tightly-packed spheres) to extremely low density in the case of LPCs (just



below 10 A3/Da).2223

10 nm

Fi%ure 1.1: Lattice structures for Protein Database depositions (A) 4QCC, (B) 2INY, (C) 5W17, and (D)
210U, illustrating the diversity of porous nanostructures found in protein crystals. Pore diameters range
from ~10 nm (2INY), up to ~30 nm (2I0U). Scale bar = 100 A.

Understanding the formation mechanisms of LPCs is pivotal for their controlled
synthesis. Crystallization of biomolecules is notably distinct from crystallizing small
molecules, owing primarily to their increased molecular weight and complexity. The
crystallization process involves an interplay of many factors, including protein
concentration, pH, temperature, ionic strength, and the presence of precipitants and
nucleating agents.?* Proteins have additional considerations such as susceptibility to
misfolding and ease of expression and purification. Recent advances in protein
engineering and biophysical techniques have facilitated the rational design and

optimization of LPCs.



Notably, while LPC growth is similar to the growth of other less porous protein
crystals, one qualitative difference is that sufficiently large pores could allow building
blocks throughout the crystal to exchange with solution. A candidate quantitative
threshold for LPCs, therefore, would be any protein crystal with solvent channels of
sufficient diameter to allow transport of the constituent crystal building blocks. Precise
nanopore sizes within a crystal lead to a sharp cutoff on transport depending on guest
size. Accordingly, biomolecular crystals have been explored as molecular sieves for
selective adsorption and separation of biomolecules.?® The confined environment within
LPCs also provides a unique platform for enzyme immobilization and colocalization,
enhancing catalytic efficiency and stability.?6-28 Specific applications for LPCs that have
been investigated include catalysis, templating of nanostructures, and targeted therapeutic
delivery of bioactive compounds, which will be broadly described in this chapter.

1.1.1 Common synthesis methods

Historically, protein crystallization has been most often used for the specific purpose of
generating large, uniform crystals that are ideal for X-ray diffraction.?’ Due to their
irregular shape and complex interactions with each other and the surrounding solvent,
many proteins have a tendency to crystallize into structures which feature sizable solvent-
filled cavities and pores. Multiple synthesis routes have been described for generating
nanoporous scaffolds from proteins. The most commonly reported approach involves first
growing the crystal using conventional methods, such as sitting- or hanging-drop vapor
diffusion or batch crystallization. Vapor diffusion methods generally result in larger,
fewer crystals, and are more suited towards generating crystals for X-ray diffraction. One

common approach involves mixing concentrated protein stock with a high-ionic strength



precipitant buffer (e.g. a buffered high-salt solution, such as sodium chloride or
ammonium sulphate). The wells also contain a reservoir containing the undiluted
precipitant solution. The wells are subsequently sealed, and water molecules diffuse
through the vapor phase between the well solution and the droplet containing protein. Due
to the lower salt concentration within the protein droplet, equilibrium between the droplet
and the well results in a gradual net decrease in volume in the protein droplet. The
resulting gradual increase in protein and salt concentration occurs slowly enough that
nucleation proceeds very slowly, and metastable growth of crystals can begin
immediately after nucleation.

Batch crystallization is distinct from vapor diffusion in that both the protein and
precipitant are mixed in a single volume, without any vapor-phase equilibration. At
sufficiently high protein and precipitant concentrations, nucleation proceeds very rapidly,
resulting in many smaller crystals. This approach is well-suited for generating a large
number of small crystals, although it requires optimization to avoid issues such as excess
protein aggregation. The “CJ” crystals described in this dissertation are grown from a
putative polyisoprenoid-binding protein from Campylobacter jejuni have been shown to
possess very large solvent channels (> 13 nm diameter), via X-ray diffraction® and atomic

force microscopy.?® We have frequently relied on batch crystallization to generate large



quantities of small porous microcrystals for a variety of applications.

(Precipitation)

(Nucleation)

Protein concentration

(Metastability)

(Undersaturation)

Precipitant concentration

Figure 1.2: Phase diagram showing the trajectory, over time, of protein and precipitant concentration for
vapour diffusion (blue gradient) and batch crystallization (red gradient).

Methods for generating porous protein structures include growth of complete structures
from constituent monomers (“bottom-up”), or crystal growth followed by disassembly
into sub-structures, such as protein nanotubes or cages. While the CJ crystals described in
this dissertation are synthesized using a bottom-up approach, a number of approaches that
instead use the crystal form as a template have been described. For instance, Ueno and
coworkers constructed a supramolecular nanotube assembly, by mutating a key interface

residue (I1149C) in RuBisCO from Thermococcus kodakaraensis.3' After growth, the



crystals were cross-linked in an oxidizing buffer for 24 hours; following cross-linking, the
crystals were dissolved into their constituent nanotubes by soaking in an alkaline solution,
and subsequently characterized via transmission electron microscopy.3! Proposed
applications of such tubular assemblies include templating of nanomaterials, as
confinement within the tube enables size-restricted growth of inorganic materials like
nanorods. Similar top-down strategies for synthesizing porous protein structures,
specifically protein cages, have been employed by the Care group3? and Hilvert group.’
1.1.2 Control of size and morphology

For most of the downstream applications described in this dissertation, it is favourable
to generate monodisperse crystals of very small sizes (ideally less than 5 pm in diameter).
For this reason, many methods have been explored for generating nano- and microcrystals
in large batches. Crystal size, as well as crystallization efficiency (defined as the ratio of
crystallized protein to total protein) is influenced most heavily by protein concentration,
followed by precipitant concentration, temperature, pH, and the presence of nucleating
agents.33

The canonical methods for growing protein crystals include batch crystallization,
microdialysis, and sitting- and hanging-drop vapor diffusion. While vapor diffusion is a
preferred method for growing large crystals, droplet handling is typically impractical for
generating many small crystals. Nevertheless, it can be useful in the context of studying
the behaviour of LPCs at a visible scale. Within our group, thanks to the conserved

nanostructure of both large and small crystals, we routinely predict the behaviour of



smaller porous microcrystals from X-ray diffraction and fluorescence microscopy of
larger crystals, which are easier to manipulate and observe. 113435
1.1.3 Methods for enhancing crystal stability

Most crystals derived from biomolecules are susceptible to dissolution when
transferred outside of their mother liquor. Therefore, it is often necessary to chemically
cross-link the crystals following growth and washing, to ensure that they retain their
structural integrity following solvent exchange. Some rare protein crystals, such as
crystals derived from the insecticidal, Bacillus thuringiensis-derived Cry toxins3%37 do not
require additional downstream cross-linking. S-layer proteins, which confer structural
rigidity to the outer membrane of certain prokaryotic species, have also been shown to
form highly stable two-dimensional porous crystals on the surface of living cells.3%40

Commonly reported methods for stabilizing protein crystals include chemical methods
such as formaldehyde,*! glutaraldehyde,*** 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide,**5 and glyoxal.46#7 Oxidation of proximal cysteines to promote the
formation of disulfide bonds within LPCs is another well-established strategy.4%-5° While

sortases®53 and SpyCatcher/SpyTag®* have been well studied in the context of enzyme

immobilization and installation of guests within or on scaffolds, these systems have been



less characterized for their use in stabilizing the scaffold itself.
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Figure 1.3: An overview of the various reported methods for cross-linking PPCs, or stabilizing guest-
crystal interactions, via covalent bonds.

Solution exchange and downstream handling are potential challenges when cross-
linking LPCs. In an ideal scenario, the crystals should be stabilized within their mother
liquor immediately following or during growth, as downstream handling and washing
steps and solution exchanges can result in mishandling and damaging of the crystals.
Ultraviolet photo-cross-linking is an alternative strategy for LPC stabilization that
remains largely unexplored. UV excitation of tyrosine-rich proteins in the presence of
strong oxidizers, such as Ru(Il) complexes, results in the formation of reactive radical
species which can subsequently form covalent bonds with neighbouring tyrosines.™
Similar chemistries are believed to contribute to the mechanical strength of insect wings>®

and fibroin and keratin structures in Tussah silk.3” Dityrosine cross-linking has been



employed for other structure determination-based methods such as mass spectrometry>%%
and NMR,% and has seen some use as a method for stabilizing protein films and
nanoparticles.’! At the same time, it should be noted that radical chemistry can result in
multiple off-target effects; UV photo-cross-linking is a common method for sterilization
and inactivating enzymes in vitro.%? For biochemically inert scaffolds however, the
reduced handling and transfer steps may make UV-induced cross-linking an attractive
strategy for stabilizing LPCs. All of the crystals described throughout this dissertation
have been stabilized via chemical cross-linking.
1.1.4 Methods for validating size, structure, and functionality

While this chapter has described some of the methods for generating LPCs, as well as
stabilizing them outside of their mother liquor, it is worth noting that the methods for
characterizing LPCs themselves are similarly diverse, and these depend in large part on
the nature of the crystals themselves. Properties of interest include crystal size, porosity,
dimensionality, and tolerance to desiccation. Many of the methods for studying the
morphology and behaviour of LPCs overlap significantly with established techniques
used in materials engineering, and structural and cell biology.

For small crystals, scanning electron microscopy (SEM) is often used to validate
both the size and correct habit of porous microcrystals. For tiny crystals (< 1 um
diameter), dynamic light scattering (DLS) is another technique used for size validation
and has the additional benefit of being able to measure the surface zeta potential. The
latter property is critical for ensuring that crystals are monodisperse in solution. The Chan
group has routinely used SEM and DLS on Cry3Aa crystals to validate their morphology

and size.!?
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Throughout this dissertation, SEM was used to determine the size and shape of LPC
microcrystals, and atomic force microscopy (AFM) for characterizing the pore surface of
macroscopic crystals. Some advantages of AFM over TEM include its non-destructive
nature, ease of sample preparation, and the ability to monitor guest-crystal interactions in
situ.3%%3 Tunable resistive pulse sensing (TRPS) (commonly employed for quantifying
extracellular vesicles and nanoparticles)® was also used for microcrystal batches to obtain
size distributions and concentrations of microcrystal batches.

1.2 Specific Applications
1.2.1 Enzymatic scaffolds

The controlled confinement within crystal pores offers a unique platform for enzyme
immobilization, luminescence trace-labeling, and biocatalysis. By harnessing the ordered
structure and tailored pore sizes of LPCs, enzymes can be selectively encapsulated,
resulting in enhanced stability and catalytic efficiency.®% The integration of enzymes
within LPCs not only expands the scope of biocatalytic processes but also may enable
sustainable industrial applications due to increased reusability.

Kowalski et al. from our group previously characterized enzymatic activity in CJ
crystals.3* CJ crystallizes to form P622 crystals with large pores (~13 nm) along their
hexagonal face, along with smaller flanking pores (~3 nm). Because CJ crystals typically
have a hexahistidine tag at the C-terminus, the resulting tags project into the major pore.
As a result, guest proteins which also have a polyhistidine tag are able to interact with the
histidine tag inside of the crystal via shared metal affinity,% resulting in non-covalent
“tethering” of the protein guest. In this study, CJ crystals were grown to large sizes (> 0.1

mm) using sitting-drop vapor diffusion, and subsequently cross-linked using glyoxal. The
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resulting scaffolds remained resistant to dissolution after transferring outside their mother
liquor. After cross-linking, the crystals were soaked in a basic buffer containing nickel, in
order to saturate the histidine tags in the crystal with nickel ions. Co-loading of both GOX
and HRP within the same crystal resulted in visible HRP activity throughout the crystal
over a 2-minute period, following substrate addition. It was additionally observed that the
crystal could be reused up to at least 5 recycles. These results demonstrated the feasibility
of using protein crystals as a multi-enzyme scaffold, although this approach remained
limited insofar as guest loading was non-covalent, and pH and metal dependent as a result
of histidine tag tethering.

Recyclability of the scaffold in an industrial context is additionally a vital
consideration. Heater et al. from the Chan group previously characterized the use of
Cry3Aa crystals as a catalytic scaffold for the production of biodiesel from waste cooking
0il.%® Following their investigations of Cry3Aa structures, which revealed the presence of
large pores (~50 A x 50 A), Heater et al. managed to confer lipase activity on crystals
comprised of Cry3Aa-lipase fusion protein; the resulting crystals contained a lipase
enzyme fused to the C-terminus of Cry3Aa, projecting into the pore space of conventional
Cry3Aa crystals.®® The Cry3Aa-lipase fusion was subsequently screened (while the
crystals were still encapsulated within cells) for improved activity via directed evolution.
Optimized crystals displayed slightly higher K, values, and greatly reduced kcac values.
When the crystals were purified in vitro, they demonstrated fatty acid transesterification
to fatty acid methyl esters (FAME) in a variety of harsh solvent conditions and following
prolonged exposure to increased temperatures. The same crystals were capable of an

impressive 15 reuse cycles despite having been centrifuged, washed twice with hexane,
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and vacuum-dried between each cycle, with relative percent conversion remaining greater
than 77%. The greatly reduced turnover may be explained as a result of suboptimal
orientation of the immobilized enzyme. Similarly reduced catalytic efficiency was
observed by Kowalski et al. for HRP immobilized within CJ crystal pores. It is probable
that turnover and substrate binding are heavily influenced by a variety of factors that are
difficult to control, such as the orientation of the enzyme active site relative to the crystal
pore, as well as possible off-target binding between the guest enzyme and the pore wall.
An critical factor to consider with any reusable scaffold is modularity. It is self-evident
that modification of a single platform to be able to accommodate multiple alternative
guests is economically advantageous. Covalent installation of guest enzymes within a
LPC is likewise desirable, as the resulting irreversible bond is neither pH or redox
dependent, allowing the scaffold to tolerate a wider range of chemistries and solution
conditions.® Following on their work with Cry3Aa-lipase crystals, Sun et al. attempted to
introduce greater modularity in the Cry3 Aa scaffold by fusing SpyCatcher at the C-
terminus.”® “SpyCatcher” is a 12.3 kDa protein, redesigned from the immunoglobulin-like
CnaB2 domain from Streptococcus pyogenes, which is capable of reacting with a 13
amino acid peptide (“SpyTag”) to form an intermolecular, isopeptide amide bond;”!
second and third generation variants which exhibit improved second-order rate constants
have since been developed via directed evolution and rational design.” This platform has
been used in a wide variety of applications, including enzyme immobilization,”37
recombinant protein purification,’® and cyclization of protein termini to improve their
stability.””’® By introducing SpyCatcher at the Cry3Aa terminus within the crystals, the

Cry3Aa scaffolds were able to accommodate multiple different guest enzymes in a
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modular fashion, thereby enabling the confinement of an entire metabolic pathway inside
a single crystal scaffold.”® The main limitation of this system is the narrowness of the
crystal pores necessitates sequential guest loading on the basis of molecular weight/size.
Crystals with larger diameter pores, such as those grown from CJ, could allow larger
domain guests to load without steric occlusion of the solvent channels.

1.2.2 Therapeutic delivery

Previously well-characterized platforms for therapeutic delivery of DNA, RNA,
proteins, and small molecules include gold nanoparticles,” 3! mesoporous silica
particles,?3 liposomes, 3% and polymer-based scaffolds such as chitosan®” and agarose-
based hydrogels.®® While each of these platforms are traditionally treated as independent
frontiers in medical research, and the methods of synthesis can vary substantially, there is
a considerable degree of overlap in terms of their experimental and analytical methods.
Alongside these existing platforms, LPCs represent an emerging frontier.

Porous micro- and nanocrystals are particularly amenable to delivery applications, as
larger protein crystals localized to the bloodstream could result in capillary occlusion.®’
Additionally, morphology and aspect ratio of particles, which can be difficult to control
for certain protein crystals, has been shown to greatly influence circulation time and
organ and tissue localization.’® As a result, there have been few reported accounts testing
delivery in vivo using LPCs. The Chan lab tested in vivo delivery of antimicrobial
peptides housed in 1 um-diameter Cry3 Aa crystals in BALB/c mice via intravenous
injection, and observed consistent localization of Cry3 Aa crystals to the liver, lungs, and
kidneys, up to 24 hours post-injection.!® A more recent study by Yang et al. from the

same group demonstrated delivery of p53 protein to mammalian cells in vitro using a
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modified version of Cry3Aa (dubbed Pos3Aa), which contained multiple lysine
substitutions to increase the surface charge of the crystals. The Cry protein used to grow
these crystals was fused to either mCherry fluorescent protein, or the p53 tumour-
suppressing protein.’! An additional justification for these mutations was based on ample
evidence that uptake and endosomal escape are heavily dependent on the presence of
numerous positively charged residues, such as lysine and arginine.”>”*” Independent
staining of endosomes and crystals revealed that while cellular uptake occurred for both
versions of Cry3Aa, endosomal escape into the cytoplasm was only observed for Pos3Aa
crystals. Using different endocytic inhibitors, it was further observed that uptake was not
receptor mediated, but instead occurred via macropinocytosis.”! Crystals comprised of
Pos3Aa-p53 fusion protein were able to sensitize mice to chemotherapy treatments,
consistent with release and activity of p53 within the tumour cells. The results of this
study demonstrate that LPCs can be engineered towards stable delivery of exogenous
therapeutic proteins.

Outstanding questions related to the use of new LPCs in living systems include their
potential cytotoxicity, immunogenicity, and their compatibility in vasculature, as
previously mentioned. The question of cytotoxicity arises from both the potential toxicity
of the scaffold protein, as well as the use of any reactive cross-linkers for stabilizing the
crystals following synthesis. While our group has previously shown that large CJ crystals
do not induce significant cytotoxicity,* and Cry protein crystals do not appear to be
cytotoxic or haemolytic,!? parasporins (also derived from Bacillus thuringiensis) display
clear cytotoxicity against HeLLa and HT-29 cancer cells.’® This example emphasizes the

importance of careful evaluation of the potential in vivo effect of each scaffold protein, as
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well as consideration of possible carryover of undesirable bioactive substances (e.g.
lipopolysaccharide and other endotoxins) from the host organism used to grow the
crystals. The second question as to what extent protein crystals can negatively impact
circulation is implicitly addressed in the Chan group studies; intravenous injection of
mice with ~1 um diameter crystals did not result in any apparent ill-effects on the
mice.!%! Furthermore, as described in chapter 5 of this dissertation, no ill effects were
observed on mice following intravenous injection of cross-linked CJ microcrystals.
1.2.3 Emerging applications

In addition to the aforementioned applications, LPC scaffolds have been utilized for a
variety of niche applications, the majority of which are dependent on the unique
properties of the protein itself. For instance, the CJ crystals that our lab routinely works
with are able to rapidly adsorb nucleic acids to their interior,3** and this property is
currently being exploited by our group across multiple projects.

There is a precedent for the use of recombinant proteins in textile applications. Spider

106 and keratin!? are all well-

silk,190:101 e]astin, 192 resilin, 19319 collagen,!% fibroin,
characterized structural proteins, and have been utilized in textiles in recent years, most
commonly via electrospinning of individual fibres, or casting and self-assembly in foams
and hydrogels. However, precisely controlled porosity is difficult in such systems. In
pursuit of multifunctional textiles involving attachment of protein crystal depots, Hartje et
al. from our group recently demonstrated integration of individual lysozyme and CJ
crystals on bulk cotton, via chemical cross-linking with dihydrazides or dialdehydes,

respectively.!®® The resulting crystals were able to adsorb guest sulforhodamine-labeled

cytochrome P450 protein, although the activity of guest P450 enzyme was not tested.
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Despite repeated laundering of the functionalized fabrics, at least 20% of the attached
crystals were retained when chemically cross-linked to fabric.!%® Crystal retention might

be improved via more robust chemical cross-linking;1%8

additional strategies could involve
in situ crystal growth on the surface of the fabric, which could reduce downstream
handling and transfer of crystals. This approach may enable additional functionalization
of cloth surfaces, particularly when combined with biosensing crystals or scaffolds which
interact with specific pathogens.

Yet another novel application of LPCs is as a marker for mark-release-recapture
(MRR) studies. It was previously demonstrated that CJ crystals were able to adsorb DNA
to the crystal interior,® so Stuart et al. from our group synthesized CJ microcrystals
loaded with a synthetic DNA marker; after saturating these microcrystals with DNA, they
were deposited in tubs of stagnant water and allowed to incubate for several days
alongside mosquito larvae.”® Emerging adult mosquitoes were subsequently captured and
reared in an insectary, whereupon they were sacrificed, and the original barcode sequence
was recovered from the adult mosquitoes via qPCR-based detection and next-generation
sequencing.” This study demonstrates a novel application of LPCs for marking and

detection of mosquitoes, which have traditionally relied on fluorescent powders,%°

paints/dyes, or radioisotopes.!?
1.3 Specific Aims

Large-pore protein crystals have emerged as promising biomaterials because they
combine structural precision, high solvent content, and tunable pore architecture.

However, several important questions remain unresolved. Although prior studies have

demonstrated enzyme immobilization, guest loading, and modular functionalization in
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protein crystal scaffolds, it is still not well understood whether such materials can be
developed into practical biomedical platforms for macromolecular delivery, selective
biological capture, and use in complex living environments. In particular, key gaps
include the lack of data on nucleic acid loading and protection in large-pore protein
microcrystals, the feasibility of reprogramming crystal scaffolds for selective capture of
virion-sized targets, and the compatibility of these materials with ex vivo tissue and
systemic in vivo exposure.

This dissertation addresses these gaps by evaluating cross-linked CJ porous
microcrystals in vitro, ex vivo, and in vivo for different diagnostic, therapeutic, and
biotechnological applications. Chapter 2 examines the loading, retention, conditional
release, and pore-level protection of nucleic acid cargoes in CJ microcrystals. Chapter 3
engineers modular SpyCrystals for selective capture of virus-sized particles, including
SARS-CoV-2 from wastewater. Chapter 4 evaluates the compatibility and guest-release
behavior of CJ crystals in precision-cut lung slices as an ex vivo model of tissue response.
Chapter 5 investigates biodistribution and persistence in vivo using bioluminescent trace-
labeled CJ microcrystals. Collectively, these studies establish a framework for evaluating
porous protein microcrystals as modular biomaterials for delivery, capture, and

therapeutic scaffolding.

18



CHAPTER 2: Engineered Porous Protein Microcrystals as a Host Scaffold for Nucleic Acids

2.1 Overview

Contemporary gene therapies are constrained by a lack of diversity in delivery platforms.
Various methodologies have been investigated for protecting DNA and RNA during delivery,
but few can simultaneously protect guest nucleic acids, enable surface modification for tissue-
specific targeting, and demonstrate high-capacity loading and containment. In this chapter, we
describe the in vitro DNA adsorption and synthesis methods of CJ microcrystals. These crystals
demonstrate a high potential capacity for guest macromolecules due to their high solvent content,
and are able to rapidly concentrate a variety of nucleic acids; furthermore, the guest nucleic acids
can be released via high adenosine triphosphate (ATP) concentrations. We identified batch
crystallization conditions to synthesize uniformly sized CJ microcrystals and successfully
loaded, retained, and conditionally released guest nucleic acids from the microcrystals under
similar conditions. Furthermore, while guest DNA and RNA remained susceptible to cleavage by
nucleases, we demonstrated protection of guest molecules via physical capping of the pores with
a known hexamer protein complex. Due to their unique morphological characteristics, size, and
the ability to protect guest DNA and RNA from nucleases, we anticipate that such porous protein
microcrystals demonstrate potential for a variety of applications, including therapeutic delivery
of guest DNA and RNA.
2.2 Introduction

A significant obstacle to the more widespread implementation of therapeutic RNA has
been the lack of a robust delivery scaffold, owing primarily to the susceptibility of RNA

to environmental degradation. Consequently, a wide variety of methodologies have been
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investigated for encapsulating and protecting RNAs during delivery, including polymer

H2.113 "and exosomes!'* 11, However, few of

nanoparticles!!'!, lipid-based nanoparticles
these strategies can simultaneously confer protection of guest nucleic acids, demonstrate
high-capacity loading, ensure stringent containment of the therapeutic agent, and enable
modular surface modification of the vector to enable tissue-specific targeting.!!”!18
Protein crystals offer unique advantages as a potential therapeutic delivery vector,
including a precisely defined nanostructure that does not vary with particle size, and the
potential to optimize dose release based on size and shape!!®~!2!. Protein crystals also
display more diverse morphological characteristics compared to traditional nanoparticles,
liposomes, or exosomes. As described in chapter 1, CJ crystals consist of an array of large
axial solvent channels (~13 nm diameter) across their hexagonal faces (Figure 2.1), which
allows them to accommodate a wide range of guest molecules, including DNA, RNA, and
proteins. CJ crystals have a high potential capacity for guest macromolecules due to their
high solvent content, as well as high surface area-to-volume ratio.'?? After cross-linking,
ClJ crystals remain remarkably stable when transferred to new solution conditions. These
crystals display the remarkable property of concentrating nucleic acids within the crystal
volume. Furthermore, guest nucleic acids can be released via high adenosine triphosphate

(ATP) concentrations, such as those found within the cytoplasm.!?*!2* These

characteristics position CJ crystals as a potentially unique therapeutic platform,
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particularly as a delivery vector for nucleic acids.

A B

21.6 nm

Figure 2.1: A, CJ forms a highly stable domain-swapped dimer, which crystallizes to form regular P 6
2 2 crystals (PDB: 5W17), characterized by large diameter (~13-14 nm) pores along their hexagonal face
(scale’bar = 100 A). B, Atomic force microscopy (AFM) of cross-linked CJ crystals reveals the expected
pore size and pattern along the hexagonal face (top), while half-channels are visible along the sides of the
crystals (bottom) (scale bar = 0.5 mm in both images).

Previous work has demonstrated that rapid growth of sub-micrometer protein crystals
is primarily influenced by total protein concentration, precipitant concentration, and pH;>?
the method for synthesizing CJ protein crystals used in this study was influenced by
earlier studies which focused on batch crystallization of submicron lysozyme
crystals.?3!257127 Protein concentration in particular has been shown to dramatically
influence both crystal size and the fraction of total protein crystallized. As demonstrated
by Falkner et al., at protein concentrations greater than 8 mg mL™!, lysozyme
microcrystals measured less than 1 um while displaying minimal morphological defects.*?
We tested similar batch crystallization conditions to favor smaller crystals, with protein
concentration, salt concentration, and pH as independently tested parameters. In this

chapter, we describe a reproducible method for synthesis of uniformly-sized CJ
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microcrystals, and also demonstrate successful loading, retention, and conditional release
of guest nucleic acids from the microcrystals under similar conditions. Due to their
unique morphological characteristics and size, we anticipate that such porous protein
microcrystals may demonstrate promising applications beyond therapeutic delivery of
small RNAs, including pathogen biosensors, and as host scaffolds for enzymes.

2.3 Methods

2.3.1 Cloning, protein expression and purification

All primers used in this study were obtained from Integrated DNA Technologies. All
chemicals used in protein expression, protein purification, crystal growth, crystal cross-
linking, and buffer preparation were strictly ACS grade or higher (>95% purity). His-
tagged CJ protein was expressed in BL21-DE(3) Gold cells, purified, and dialyzed as
described previously'#1®. The purified protein was concentrated using centrifugal
concentrators (Amicon Ultra- 15, 10 kDa MWCO) to between 40 and 50 mg mL! in
storage buffer (10 mM HEPES, 0.5 M ammonium sulfate, 10% glycerol, pH 7.4). The
concentrated protein was then aliquoted and stored at -80 °C long-term.

The D2 domain of human NSF was amplified from cDNA from human blood. Total
RNA was extracted from human blood with Monarch Total RNA Miniprep Kit (New
England Biolabs, T2010); cDNA libraries were prepared via reverse transcription using
SuperScript IV Synthesis Kit (Invitrogen, 18090010). The D2 domain from NSF was
amplified by PCR (New England Biolabs, M0492L) with the following primers: NSF

forward (5°-

ITTTGTTTAACTTTAAGAAGGAGATATACAATGAAACCAGCCTTTGGCACAA-

3’) and NSF reverse (5°-
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TCAGTGGTGGTGGTGGTGGTGGCCGCCCTGAAAATACAGGTTTTCGCTGCCGC
CTTCTCTTAAGAGGGCCAAGAATTT-3"). The resulting 828 bp amplicon was
assembled in the pSB3 backbone via HiFi assembly (New England Biolabs, E2621S).

NSF cap protein was overexpressed in BL21-DE(3) Gold cells (Agilent, 200132) in 5
liters of TB media, supplemented with 50 mg mL!, in baffled shake flasks, at 25 °C, 250
RPM, over 30 hours. Cultures were induced at an optical density of ~0.8 with 0.4 mM
isopropyl-1-thiogalactopyranoside (IPTG) (GoldBio, 12481C). Following induction and
overexpression, cells were harvested by centrifugation, then resuspended and sonicated in
lysis buffer (20 mM HEPES pH 7.0, 500 mM NaCl, 20 mM imidazole, 0.1 mM ATP, 1
mM MgCl,, 5 mM tris(2-carboxyethyl)phosphine (TCEP)). After sonication, the lysate
was clarified by centrifugation, and purified via metal-affinity chromatography with
HisPur Ni-NTA resin (Thermo Fisher Scientific, 88221). NSF was subsequently eluted
with a high-imidazole buffer (50 mM HEPES pH 7.4, 500 mM NacCl, 10% glycerol, 300
mM imidazole), and dialyzed for 12 hours at 4 °C in storage buffer (20 mM Tris pH 8.0,
0.1 mM ATP, 1 mM MgClz, 5 mM TCEP, 100 mM NacCl, 10% glycerol). After
exchanging the buffer, NSF was dialyzed for an additional 12 hours at 4 °C. The resulting
protein was concentrated via Amicon filtration, to a final concentration of approximately
5 mg mL!, as determined on a Qubit 4 fluorometer (Thermo Fisher Scientific, A51292).
NSF cap aliquots were stored at -80 °C long-term.
2.3.2 CJ crystallization and cross-linking

Vapor diffusion plates were prepared with a range of salt concentrations (3.10 to 3.60
M ammonium sulfate) and two different pH values (100 mM Bis-Tris, pH 6.0 or 6.5).

One pl of CJ protein (concentrated to 15 mg mL™") was combined with 1 ul of buffer from
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each well; after sealing the wells, plates were incubated at room temperature for >24 h.
Following crystal growth, crystals greater than 100 um were individually looped and
cross-linked with 1% glyoxal, as described previously.!'!-*

Batch crystallization of CJ microcrystals was performed by quickly adding 5 volumes
of precipitant buffer (3.40 — 3.60 M ammonium sulfate, 100 mM Bis-Tris or HEPES, pH
7.0) with 1 volume of concentrated CJ protein (~40-50 mg mL!"). The combined volume
for each batch crystallization was between 240 ul and 720 pl. In most cases, the mixture
became turbid and viscous almost instantaneously. Batches were then placed on a rotator
and allowed to incubate at 4° C for 18-24 h. After crystallization, microcrystals were
pelleted by centrifugation (2,000 g for 3:00 min). After removing the supernatant, the
crystal pellets were resuspended in 0.5 mL of 4.2 M trimethylamine-N-oxide (TMAO),
pH 7.5 by light vortexing. Crystals were allowed to soak for 5 minutes, then centrifuged
and resuspended in fresh TMAO. This wash step was repeated once more. After washing,
the crystals were resuspended in 1 mL of cross-linking buffer (4 M TMAO, 25 mM p-
dimethylaminobenaldehyde (DMAB), 1% glyoxal), and incubated on a rotator at room
temperature for 1 hour. The cross-linking reactions were then quenched in 1 M
hydroxylamine, pH 5.0, with 100 mM DMAB, for 30 minutes. After quenching, the
crystals were pelleted and resuspended in 1X PBS, pH 7.5, and stored at room
temperature long-term.

2.3.3 Size, concentration, and measurement of guest loading in CJ microcrystals

Scanning electron microscopy was performed on a JEOL 6500 scanning electron

microscope. Crystals were deposited on an aluminum substrate and dried under vacuum,

gold sputtered to 10 nm thickness, and imaged with 15 kV beam. Dynamic light
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scattering and zeta potential were measured using a Zetasizer Nano ZS (Malvern
Panalytical). Tunable resistive pulse sensing was performed on a qNano Gold particle
counter, using a nanopore suited for particles between 185 nm and 1100 nm (Izon
Science, NP400).

For loading experiments, total CJ microcrystal concentrations (in crystals per milliliter)
were determined using tunable resistive pulse sensing. pNZ052 plasmid DNA (6.0 kbp)
was incubated with 10 uM DiYO-1 (AAT Bioquest) for 1 hour at room temperature.
Following incubation, the resulting plasmid DNA was separated and washed by ethanol
precipitation. To the 200 uL solution, 430 pL of 100% ethanol was added, followed by 70
pL of 3 M sodium acetate. The DN A-ethanol-salt mixture was then incubated overnight
at -20 °C, then pelleted by centrifugation at 14,000 x g for 30 minutes. The resulting
DNA pellet was washed twice with cold 80% ethanol, before drying and resuspending in
100 pL of nuclease-free water and storing at 4 °C for no more than 1 week.

Concentrated microcrystals were added to fluorescently labeled DNA, RNA, or DiYO-
I-labeled plasmid DNA (in multiples of 5 uL, up to 25 uL), and incubated for 15 minutes
at room temperature. The crystals were then pelleted by centrifugation at room
temperature (2,000 x g for 3:00 minutes). The supernatant was transferred into a fresh
microcentrifuge tube, then spun again at > 20,000 g for 5:00 minutes to remove any
remaining microcrystals. The concentration of remaining DNA and RNA in the
supernatant was then measured via fluorescence on a Synergy H1 multi-mode plate reader
(BioTek), alongside a standard curve of known DNA and RNA concentrations.

Alternatively, plasmid DNA was quantified by measuring absorbance at 260/280 nm. All
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measurements were performed in triplicate; error bars indicate standard error from the
mean.

For the time-based ladder loading experiments, 40 pL of cross-linked CJ microcrystals
(containing ~4x107 microcrystals) was combined with 60 uL of O’Generuler 1 kbp pre-
mix DNA ladder (Thermo Scientific, #SM1163); this mixture was then divided into 9 x
10 uL volumes. Each tube was then centrifuged for 2 minutes at 2,000 x g at a different
time point (5, 10, 15, 30, 60, 120, 240, and 360 minutes post-mixing), and the resulting
supernatant was pipetted into a fresh tube. The supernatants for each sample were
subsequently run on a 1.0% agarose-TAE gel (containing Gel Red at a 1X concentration),
at 11 V/cm for 90 minutes. Densitometry was performed using GelAnalyzer 19.1.
Relative changes in band intensities were calculated by dividing the integrated peak areas
of the bands in the samples by the integrated peak areas of the bands in the control lane (6
pL of DNA ladder, diluted to 10 pL with 1X TAE).

For the pH-based ladder loading experiments, 2 puL of crystals (~ 3.6 x 107 crystals per
sample) were combined with 1 pL of one of the following buffers: 100 mM acetate buffer
(pH4 orpH 5), 1 M MES (pH 6), 1 M HEPES (pH 7 or pH 8), or 0.25 M CHES (pH 9) at
room temperature for 30 minutes, before adding 7 pLL of DNA ladder and incubating
overnight at room temperature. After incubating, the crystals were pelleted by
centrifugation as before, and 5 puL of the supernatant was run on an agarose gel as
described above, alongside 5 uL of DNA ladder diluted 7:10 in TAE buffer.

For NSF cap protein loading, both large crystals and microcrystals were loaded as
described previously.>* In short, crystals were soaked for 30 minutes to overnight at room

temperature in buffer A (50 mM HEPES, 300 mM NacCl, 10 mM nickel sulfate, 10%
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glycerol, pH 7.5); after soaking, crystals were washed once in buffer A, sans nickel
sulfate, before soaking in NSF cap (0.1 mg mL™") at 4 °C overnight. After soaking, the
crystals were washed again in buffer A, sans nickel sulfate, to remove excess NSF
protein.
2.3.4 Atomic force microscopy, hydrolysis testing, and confocal microscopy

Large cross-linked CJ crystals (> 0.1 mm diameter) were mounted and immobilized
using double-sided tape, and imaged under buffer using atomic force microscopy, as
described previously.*°

Fluorescent DNA (5°-fluorescein-
TATCTCCACCATCACCAAGCTTAGTACCCGGAATA-TAMRA-3’) and RNA (5°-
fluorescein-UAUCUCCACCAUCACCAAGCUUAGUACCCGGAAUA-TAMRA-3")
hydrolysis probe oligonucleotides were purchased from Integrated DNA Technologies.
Hydrolysis probes were loaded into CJ microcrystals by soaking for at least 15 minutes,
then washing in 10 mM Tris, ] mM EDTA, pH 8 for DNA or TE, pH 6 for RNA (RNase-
free). For hydrolysis experiments, crystals were loaded with DNA or RNA FRET probes,
then soaked in either NSF cap or 1X PBS, as described above. After washing, the crystals
were transferred to a solution containing DNase I (Thermo Fisher Scientific, EN0521), at
a final concentration of 0.1 mg mL™!. After allowing the crystals and DNase to equilibrate
at room temperature, DNase I buffer (Thermo Fisher Scientific, AM8170G) was added to
the crystals. Immediately after addition of buffer, green fluorescence (Aex =490 nm / Agm
= 530 nm) was measured via multi-mode plate reader for microcrystals, or in situ on an
inverted spinning disk confocal microscope for large crystals. For the microscopy

experiments, capped and uncapped crystals were imaged side-by-side, in the same buffer.
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The same protocol was used for the RNA versions of these probes, except that RNase A
(Thermo Fisher Scientific, EN0531) was added directly after beginning measurements or
image acquisitions, and no additional buffer was added.

2.3.5 Image and software analysis, statistical analysis

Primers were designed using the Primer3 plugin for Geneious 9.1.8. Illustrations were
generated in PyMOL (version 2.3.1) and Blender (version 4.1). Image editing and
analysis, including LUTS configuration, color balance correction, normalization, and
image scaling and cropping, was performed in Nikon NIS Elements, version 5.21.00
(Build 1483). Measurement of microcrystals in SE micrographs was performed manually
using ImageJ 1.53t (FIJI).

Statistical analysis was performed using RStudio (R version 4.3.2, RStudio version
2023.12.0, Build 369) and Data Analysis ToolPak for Microsoft Excel (Version 2301).
Single-factor ANOVA was used to evaluate statistical significance, with p < 0.01
considered a threshold for significance; unless otherwise noted, all error bars indicate the
standard error from the mean.

2.4 Results
2.4.1 CJ microcrystals can be grown at sub-micron scales

Previous work has demonstrated that rapid growth of sub-micrometer protein crystals
is primarily influenced by total protein concentration, precipitant concentration, and pH.
The methods for synthesizing CJ protein crystals described in this chapter were inspired
by earlier studies, which focused on batch crystallization of submicron lysozyme
crystals®3. In pursuit of conditions for reliable batch microcrystal growth, we optimized

protein concentration, salt concentration, PEG concentration, and pH, as independent

28



variables. Initial screening for optimal salt concentration relied on larger crystals grown in
sitting drop vapor-diffusion plates, where crystal size can be measured via brightfield
microscopy.

After optimizing batch crystallization on the basis of pH, precipitant concentration,
temperature, and PEG, we performed further optimization by varying protein
concentration, and found this to be a more significant factor than the previous parameters.
As microcrystal diameter decreases below 5 um, it was no longer possible to quickly
assess the crystal size via stereomicroscopy. Therefore, we turned to tunable resistive
pulse sensing (TRPS), where the number and size of particles are assessed as they transit
a pore. 4 priori, it was not clear how well this method would work for porous protein
crystals since it relies on a temporary reduction in the flow of ions through the pore, and
typical use has been for spherical particles that completely exclude counterions.
Fortunately, so long as the solution conditions prevent microcrystal aggregation,
suspensions of CJ microcrystals in phosphate-buffered saline generated TRPS data that
was consistent with the expected crystal size distribution. After characterizing size
distribution and concentration of glyoxal-cross-linked microcrystals using tunable
resistive pulse sensing, we further validated these results by direct imaging using SEM
(Figure 2.2A). One caveat of SEM is that this method relies on a vacuum and gold
sputtering (approximately 10 nm). The combined effect of the vacuum and sputtering
produces a “shrink wrap” effect where nano- and microcrystals aggregate, and the
boundaries between the particles become less clearly defined. This effect is likely
aggravated by the observed tendency of the microcrystals to flocculate at sufficiently high

concentrations. Aggregation issues notwithstanding, crystal sizes obtained from SEM
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images (Figure 2.2B), as measured individually in ImageJ, were consistent with dynamic
light scattering (DLS) (Figure 2.2C) and tunable resistive pulse sensing (TRPS) data

(Figure 2.2D) with respect to microcrystal diameter (mean diameter = 367 nm).
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Figure 2.2: A, Representative SEM image of CJ microcrystals. Scale bar = 1 um. B, Size distribution of
crystals, as measured manually from mu tigle SE micro]%raphs of the same crystal batch, using ImagelJ (n
= 230 microcrystals). C, Intensity vs. size for the same batch of microcrystals, as obtained using dynamic

light scattering (DLS). D, Size distribution of the same microcrystals, as obtained using tunable resistive
pulse sensing (TRPS).

2.4.2 Nucleic acid adsorption in CJ microcrystals is both time- and pH-dependent

After determining crystal size and concentration via tunable resistive pulse sensing
(TRPS), we sought to test the RNA and DNA adsorptive capacity of CJ microcrystals by
incubating increasing concentrations of crystals with fixed concentrations of FAM-
labeled, 21-bp siRNA (300 nM), or 6.0 kbp plasmid DNA (~17.9 ng uL!, or 4.8 nM). As
shown in Figures 2.3A and 2.3C, a linear increase in microcrystal concentration
correlated with a linear decrease in supernatant concentration for both species, following

a 30-minute incubation at room temperature. From this data, we were able to estimate the

30



number of siRNA or plasmid molecules adsorbed per microcrystal (14,900 = 720 copies
of siRNA, or 353 £ 80 copies of plasmid, per crystal). Incubation of microcrystals with
DNA ladder pre-mix, and separating the crystals from the DNA at separate time points,
revealed that the crystals preferentially adsorb smaller DNA fragments (Figure 2.3E,F).
Loading of small RNA and plasmid DNA was likewise monitored via confocal
fluorescence microscopy, using large CJ crystals. Overnight incubation of a large CJ
crystal in TAMRA-labeled, 21-nt RNA resulted in near-saturation of the crystal (Figure
2.3B). Conversely, while overnight incubation of a large CJ crystal in DiYO-1-labeled

plasmid DNA (~6.0 kbp) still resulted in adsorption to the crystal, capture of the plasmid

31



DNA was largely restricted to the crystal surface. (Figure 2.3D).
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Figure 2.3: A, Supernatant concentrations of FAM-labeled siRNA, after incubating 300 nM siRNA with
increasing concentrations of crystals (R2 = 0.988) (error bars = S.E.M.); B, Confocal fluorescence
microscopy of a large CJ crystal, demonstrating loading of a TAMRA-labeled, 35 nt RNA; C,
Supernatant concentrations of plasmid DNA, after incu atlng ~5 nM plasmid DNA with i increasing
concentrations of crystals (R2 = 0.954) (error bars = S.E.M.); D, Con? cal fluorescence microscopy of a
large crystal illustrating adsorption of D1YO-1-labeled plasmld DNA to the outer crystal surface, as
shown via z-stack.

In addition to directly observing uptake of a variety of guest nucleic acids via confocal
microscopy, we observed a similar pattern of uptake by CJ microcrystals using agarose
gel electrophoresis of DNA fragments, which had been incubated with CJ microcrystals
for different lengths of time, and at different pH values. We observed very rapid uptake of

dsDNA fragments smaller than 500 bp (within 5 minutes), and almost complete uptake of
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fragments 1 kbp and smaller after one hour (Figure 2.4A,B). Additionally, a clear pH
dependence was observed using the same approach for crystals co-incubated with DNA at
different pH values (pH 4, 5, 6, 7, 8, or 9) (Figure 2.4C,D), following overnight
incubation; while there appears to be a modest reduction in uptake at pH <5 or pH > 8§,
alkaline conditions appear to be much less favorable, with a large number of fragments

remaining in the supernatant following incubation at pH 9.
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Figure 2.4: A, Gel electrophoresis of remaining DNA ladder fragments, following incubation with CJ
microcrystals for 5 minutes to 6 hours. Incubation time (in minutes) is indicated above each lane. “(-)”
indicates DNA ladder diluted with 1X TAE buffer in lieu of microcrystals. B, Densitometry graph
showing relative fold-change in band intensity for 2000, 2500, 3000, and 3500 bp fragments, relative to
the negative control, “(-)” at indicated time points. C, Gel electrophoresis of DNA ladder, following
incubation with CJ microcrystals at different pH values (pH 4 to pH 9, indicated above gel). “(-)”
indicates DNA ladder diluted with 1X TAE buffer in lieu of microcrystals. D, Densitometry graph
showing relative fold-change in band intensity for 2500, 3000, 3500, 4000, 5000, and 6000 bp fragments,
relative to the negative control, “(-)” at indicated time points.

2.4.3 Quantification of loading and release of guest DNA from large CJ crystals
While we have previously demonstrated uptake of guest nucleic acids and release via

ATP wash in large CJ crystals, loading and release rate quantification has not been
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reported. To address this, we designed and constructed a single-channel microfluidic flow
cell, which permits continuous buffer exchange and in situ monitoring of individual
crystals via confocal microscopy. Solutions containing guest molecules or ATP can be
flowed over the crystal during imaging, using a paper pump. Using this approach, we
were able to monitor loading of a 30-nt FAM-labeled ssDNA, and monitor release of the
fluorescent guest DNA by flowing increasing concentrations of ATP over the crystal
(Figure 2.5). Furthermore, we were able to measure relative fluorescence over time more
quantitatively within a single crystal. Surprisingly, even when washed with very high
ATP concentrations (40 mM, pH 6.0), the crystals consistently retained a measurable
fraction of guest DNA, challenging our hypothesis that high ATP concentrations will
always be sufficient for complete guest release. This result is consistent with a model of
multiple modes of binding for single-stranded guests within the crystal pore, with variable

affinity.
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Figure 2.5: Direct imaging of a large CJ crystal loading during loading and release of a FAM-labeled
ssDNA (30 nucleotide). Complete saturation of the crystal is observed after approximately 70 minutes.
Release of guest DNA was performed by washing successively higher concentrations of ATP (up to 40
mM). Scale bars = 100 um. Mean relative fluorescence values over the entire crystal face were obtained
over the course of loading and ATP-mediated release. Different ATP concentrations are demarcated by
gray lines on the graph.

2.4.4 Unmodified CJ pores can be protected from hydrolase activity via pore capping

For many applications, guest DNA and RNA within CJ microcrystals should remain
protected from environmental insults. This is particularly salient in physiological settings,
in which a number of environmental factors (including pH extremes and environmental
nucleases) can promote hydrolysis of guest molecules. Examining the effect of
environmental nucleases on guest DNA and RNA integrity was therefore deemed
prudent.

We initially tested a RT-qPCR assay for quantifying guest RNA hydrolysis in
microcrystals exposed to harsh conditions (exposure to nucleases and a range of different
pH values). The assay involved two pairs of primers, each amplifying a small region

(~150 bp) at separate ends of a long RNA (~1.8 kbp). Following exposure to hydrolyzing
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conditions, the sample RNA was reverse transcribed using the reverse 3’ primer, resulting
in a mixed population of cDNAs of varying lengths. The sample is normalized in a
downstream qPCR by measuring the number of intact 3’ amplicons, and the number of
intact 5> amplicons in the sample was used to calculate the relative fold change of intact
RNA in the sample, using the AACt method (commonly used to measure relative changes
in gene expression)!?®. Unfortunately, the RNA hydrolysis data obtained via RT-qPCR
results proved difficult to reliably reproduce.

To monitor hydrolysis more directly inside the crystal, we instead relied on a FRET-
based approach (Figure 2.6A). A 30-nt ssDNA probe containing a 5> FAM fluorophore
and a 3> TAMRA fluorophore was used for these experiments. For the intact probe, the
proximity of the two fluorophores in the intact molecule results in quenching of FAM
emission (~520 nm), resulting in reduced green fluorescence when excited at 488 nm;
however red fluorescence is still observable for the intact probe, as the emission maxima
for the FRET interaction is around ~588 nm. Upon hydrolysis and separation of the two
fluorophores, an increase in green fluorescence is observed. After loading this probe into
a large ClJ crystal, the crystal was excited with both 488 and 561 nm lasers and imaged
under FITC (Aem = 530 nm) and TRITC (Aem= 575 nm) filters, respectively. After adding
DNase I to a final concentration of 0.1 mg mL"!, followed by addition of DNase I buffer
after ~ 20 minutes, we observed a sudden increase in FAM fluorescence within the
crystal, consistent with guest hydrolysis (Figure 2.6B). These results indicated that DNase
I can function inside the crystals, and that at least a significant portion of the small

ssDNA probe adopts a conformation that is susceptible to nuclease activity.
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Figure 2.6: A, For an intact DNA oligonucleotide, green fluorescence from fluorescein attached to the 5’
end of the molecule is quenched (blue arrow) by a TAMRA fluorophore at the 3’ end. Following
hydrolysis of the strand, both fluorophores are separated, and green fluorescence is no longer quenched
and can be detected via spectroscopy or microscogy. B, Time series demonstrating hydrolysis of guest
DNA by DNase I, following addition of DNase I buffer at approximately 20 minutes. Scale bar = 100 pm.

The results from the initial hydrolysis testing suggested that an alternative protection
strategy was necessary. In particular, a suitably large “capping” protein complex was
sought, which could potentially be modified to fit within the CJ pore, while preventing
exogenous nucleases from entering the pore space. To this end, we vetted multiple
structures within the Protein Databank. Two constraints were imposed on this search —
namely, that the assembled structure form a stable hexamer, and that the diameter of the
complex be within the range of 10 to 12 nm. The D2 domain from N-ethylmaleimide
sensitive factor (NSF) was selected on the basis of these constraints (PDB: 1NSF) (Figure
2.7). NSF is a hexameric AAA ATPase, ubiquitously expressed in eukaryotes, and is

primarily involved in membrane fusion via interaction with SNARE complexes.!?’ The
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D2 domain of NSF, in particular, has been shown to be responsible for the stability of the
assembled hexamer, and has previously been reliably expressed in E. coli.!*°

We hypothesized that the assembled NSF cap hexamer could be installed in the CJ
crystal pore via interactions between the histidine tags of the NSF cap with the histidine
tags lining the CJ pore wall, as was previously demonstrated for guest Nanoluciferase
(unpublished) and other enzymes.>* Notably, this represents the first attempt to load CJ
crystals with a protein oligomer. We hypothesize that the presentation of six histidine tags
by the hexamer might significantly reduce the mobility of adsorbed guest due to avidity
effects from 6 hexamer histags with 12 scaffold histidine tags per unit cell. Consistent
with this hypothesis, confocal microscopy of CJ crystals incubated with sub-

stoichiometric quantities of fluorescently labeled NSF showed a strong increase in the

fluorescence of the crystal surfaces, but minimal fluorescence increases within the crystal
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interior.

A

Figure 2.7: A, Size illustration of hexamer from the D2 domain from N-ethylmaleimide sensitive factor
(NSF) (blue), relative to the major CJ pore (yellow), alongside a single DNase I monomer (green, PDB:
3DNI) (scale bar = 100 A). The diameter of the assembled hexamer is ~ 110 A, while the CJ pore is ~130
A. The C-terminal polyhistidine tags of each NSF monomer align with the polyhistidine tags extending
from CJ within the pore (not shown), allowing for non-covalent tethering of the cap protein via shared
metal affinity. B, Profile view of NSF cap within the CJ pore; the assembled cap penetrates the pore to a
depth of ~ 50 A, or roughly one CJ unit cell.

We proceeded to attempt cap assembly in vitro via incubation of a large CJ crystal
(pre-loaded with the aforementioned FRET-based hydrolysis DNA probe) with 0.1 mg
mL™! NSF. Via confocal microscopy of large CJ crystals, we observed a robust increase in

fluorescence localized to the crystal, following incubation with NSF and DNase L.



Simultaneously, minimal hydrolysis was observed in the capped crystal, while the
uncapped control crystal displayed the previously-observed green fluorescence,
characteristic of successful hydrolysis (Figure 2.8A).

The same phenomenon was observed in microcrystals that were loaded with the
hydrolysis probe, of which half were soaked in NSF cap protein overnight at room
temperature; after washing both samples, fluorescence in both samples was monitored on
a 96-well plate reader after adding RNase A (0.1 mg mL"!, final concentration), over a 30
minute window. We observed a significant increase in FAM fluorescence across all
replicates for the unprotected crystals within the first 5 minutes, along with a modest
increase in fluorescence in the crystals capped with hexameric NSF (Figure 2.8B). Even
after incubating a different batch of crystals for 1 hour, no statistical significance (as
determined via single factor ANOVA) was observed between the capped crystals and the

no RNase control (p = 0.18); conversely, a significant difference was observed between
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the capped and uncapped crystals (p = 0.00046) (Figure 2.8C).
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Figure 2.8: A, In situ visualization of DNA hydrolysis within a capped CJ crystal (right), compared to an
uncapped control crystal (left), following incubation with DNase I, over 18 minutes. Scale bars = 100 um.
B, Guest RNA hydrolysis was observed in uncapped CJ microcrystals (magenta), but not in capped
microcrystals (cyan), following incubation with RNase A over a 30-minute period (RNA in solution,
without RNase A, is shown in%lue). C, End point fluorescence (after 60 minutes) of capped and
uncapped microcrystals loaded with FRET-labeled RNA.

2.5 Conclusions

In this chapter, we have demonstrated a successful and reproducible method for
generating porous protein microcrystals from CJ protein, which recapitulate many of the
unique phenomena associated with large CJ crystals - in particular, their ability to
concentrate guest nucleic acids. Microcrystal size was verified using three different sizing
techniques, which were all consistent for a single batch of microcrystals (Figure 2.2).
Loading of microcrystals with fluorescently labeled guest DNA and RNA additionally
demonstrates that size reduction does not impact their ability to concentrate nucleic acids
(Figs. 2.3 and 2.4). On the contrary, it appears that reducing the size of the crystals by

several orders of magnitude dramatically enhances the rate at which they deplete guest

41



biomolecules from the surrounding solution — while complete saturation of large crystals
with DNA or RNA was observed on the order of 10 to 15 minutes, time-resolved loading
of microcrystals with DNA ladder premix necessitated the addition of 10% glycerol by
volume, in order to slow DNA diffusion and resolve the earliest time points. This is likely
due to the increased net surface area to volume ratio associated with a large mass of
submicron crystals, as opposed to a large individual crystal.>*1?2131 Additionally, we
observed a modest pH dependence on nucleic acid uptake by the crystals, with
significantly reduced capture observed at pH values greater than 8 (Figure 2.4C). While it
is currently unclear what effect pH has on the mode of nucleic acid binding within the
crystal, it is known that the C-terminal hexahistidine tags on CJ project to some degree
into the pore interior, and histidine-rich peptides and proteins have been shown to interact
with nucleic acids in a highly pH-dependent manner.!*>713* In order to evaluate the
influence of the C-terminal histidine tags on DNA binding, we treated cross-linked CJ
microcrystals with carboxypeptidase Y (labeled with NHS-Texas Red), prior to loading
fluorescein-labeled DNA oligonucleotide, alongside untreated control crystals (labeled
with NHS-Pacific Blue). Instead of reducing DNA binding, we observed that
carboxypeptidase-treated microcrystals were able to load a greater amount of guest DNA
than the untreated crystals, suggesting that, if anything, the histidine tags normally
interfere with guest DNA binding (Supplemental figure 1). Additional structural
investigations are required to determine the canonical mode of nucleic acid binding
within CJ crystals, in order to ascertain the influence of pH on binding with any

confidence.
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An outstanding question remains as to how exactly DNA and RNA are able to bind to
ClJ crystals with such high affinity. Previous attempts at structure determination via X-ray
diffraction of large crystals soaked in either ATP or DNA oligomer have proven
inconclusive — while the crystals themselves continued to diffract at resolutions below 3
A, consistent with previous XRD datasets,!! no diffraction of guest DNA was observed
anywhere within the structure, suggesting that guest DNA and RNA do not concentrate
within the crystal in an orderly fashion. Beyond the unknown factors governing the
nucleic acid-crystal interactions, it is also apparent (from attempts at loading large or
supercoiled DNA) that guest size and secondary structures may be limiting factors for
loading. Specifically, when we attempted to load fluorescently labeled plasmid DNA into
a large ClJ crystal, confocal microscopy revealed that the guest DNA did not penetrate
through the interior of the crystal (Figure 2.3D). A similar size-based restriction
phenomenon was observed from the gel densitometry results involving CJ microcrystals
(Figure 2.3A,B). In that set of experiments, we observed a dramatic fold-reduction in
band intensity for the smallest bands at the earliest time points (5- and 10-minutes post-
mixing), while at later times (between 1- and 6-hours post-mixing), we began to see a
reduction in band intensity for the larger bands (for bands between 3 and 5 kbp). While
concentration of larger fragments to the interior of the crystal cannot be ruled out, it is
plausible that larger DNA fragments may instead adsorb to the surface of the crystal.!3>:136
Indeed, DNA adsorption to protein crystals was similarly observed with lysozyme
microcrystals, albeit weakly (data not shown). Given that the major pore size of lysozyme
crystals only measures about 17 A,'37 it is likely that the DNA is bound strictly to the

crystal surface. Notably, the estimated radius of supercoiled pUC18 (2.69 kbp) plasmid
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can be as high as 8+1 nm.!3® It is therefore remarkable that microcrystals appear to
successfully sequester the plasmids away from the supernatant, although it is possible that
the pore geometry can constrain the supercoiled plasmid into adopting unusual
superhelical pitch angles and plectonemic geometries.!*® This is the first report of a
circular dsDNA guest within CJ crystals. To support the claim that plasmids can diffuse
into the crystal interior (as opposed to adsorption to the crystal surfaces), we conducted
confocal microscopy on a large crystal which had been soaked in D1YO-1-labeled pUC19
plasmid DNA. The resulting images suggest that plasmids are largely adsorbed to the
outermost layers of the crystal (Figure 2.3D). Notably, the fluorescence in this case is
limited to a zone approximately 16 um thick at the crystal surface. This might indicate
that plasmid uptake time is significantly longer than the time needed to uptake smaller
dsDNA; alternatively, the observed limited uptake may be related to steric hindrance and
limited diffusion due to size constraints.

In addition to end-point data, relative concentration of a fluorescently labeled guest
DNA oligomer was measured in real-time, using a paper-pump driven microfluidic
channel (Figure 2.5). We observed almost complete saturation of a ~50 um CJ crystal
after 70 minutes; additionally, we were able to demonstrate controlled release of the guest
DNA by washing the crystal with increasing concentrations of ATP (0.1 mM to 40 mM)
(Figure 2.5). Interestingly, at very high ATP concentrations (at or above 40 mM), we did
not see further reduction in crystal fluorescence. Instead, fluctuations in fluorescence
intensity were observed over the crystal, which may suggest that ATP temporarily
displaces the guest DNA, only for the DNA to subsequently bind elsewhere within the

crystal. Another possibility may be that multiple modes of binding exist between guest
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nucleic acids and the CJ crystal, and that displacement by ATP may trigger re-binding
elsewhere within the crystal. It is also possible that at very high ATP concentrations,
weakly-bound guest DNA is displaced, but the 30-nt ssDNA probe remains bound at high
affinity sites or kinetically trapped within the crystal. For example, if crystal nanopores
have stochastic occlusions, small enough guest molecules might transit from an open
axial nanopore into a closed axial nanopore via the small lateral pores. The irregularly
sized lateral solvent channels are likely impenetrable to guests with a minimum diameter
above 2 nm. However, a single-stranded guest could move laterally in x and y, albeit with
a greatly reduced diffusion constant compared to movement via the 13 nm axial
nanopores.

While the capture and concentration of DNA and RNA had until this point been well-
known, it remained unclear to what extent the guest nucleic acids would remain protected
against hydrolases. We initially sought to test this using a modified RT-qPCR-based
assay; briefly, a 2.7 kb RNA was transcribed in vitro, and two primer pairs were designed
to separately amplify ~150 bp regions at the 5’ and 3” ends of the molecule. After soaking
microcrystals in the RNA, the crystals were washed and transferred to a solution
containing 0.1 mg mL™! RNase A, and incubated overnight. The guest RNA was
subsequently eluted by soaking the crystals in 20 mM ATP for 1 hour at room
temperature, and after separating from the crystals, the RNA was added to a reverse
transcriptase reaction, using a gene-specific primer. Due to the directionality of the
reverse transcriptase, any cDNAs generated from RNAs which underwent hydrolysis
would be truncated at the 5’ end, and by comparing the ratios of 5’ and 3’ amplicons

within a given sample, the relative extent of RNA hydrolysis can be quantified.
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The above experimental approach proved difficult to reliably replicate, however, so an
alternative strategy involving a FRET-based DNA or RNA oligomer was pursued instead.
An additional advantage of using a fluorophore-quencher pair is that hydrolysis can be
monitored in situ within both large and small CJ crystals. We designed a 35-mer DNA
and RNA oligomer, containing both 5’ fluorescein and 3> TAMRA fluorophores.
Hydrolysis of this molecule results in loss of fluorescein quenching by TAMRA,
correlating with an increase in green fluorescence. After saturating a large CJ crystal with
the oligomer, and exposing the crystal to DNase I (0.1 mg mL"), we observed immediate
hydrolysis of guest DNA within the crystal (Figure 2.6B). Based on this result, we
developed a new strategy which relied on physically obstructing the pores of the crystal.
The D2 domain from human N-ethylmaleimide sensitive factor (NSF) (PDB: 1NSF) was
selected on the basis of its size and shape. After amplifying from human cDNA, and
subcloning and expressing in E. coli, the purified NSF protein was incubated with one of
two CJ crystals, which had both been soaked overnight in hydrolysis probe. After
washing the NSF-soaked crystal, both crystals were imaged together in a solution
containing DNase I. After adding DNase I buffer, we observed almost immediate
hydrolysis in the un-capped CJ crystal, and little or no hydrolysis in the capped crystal
(Figure 2.7C). This result was recapitulated using an RNA version of the same probe, in
CJ microcrystals (Figure 2.8B,C). Further experimentation will be required to determine
the extent to which NSF can accurately be envisioned as immobile caps for the CJ
nanopores as opposed to simply serving as low mobility nanopore obstructing groups.
However, significant evidence does suggest that the addition of NSF can dramatically

reduce subsequent macromolecule transport into and out of the crystals.
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More broadly, the results of this study demonstrate a number of unique practical
properties for cross-linked protein microcrystals as a scaffold for biomolecules. Their
ease of synthesis, diverse design space, and high surface area-to-volume ratio make them
an attractive target for delivery of DNA and RNA in biological settings. Future
implementation of specific affinity interactions, such as SpyCatcher/SpyTag’®"?,
Barstar/Barnase!*’, or streptavidin-biotin binding!'#!, may likewise expand the utility of

porous CJ microcrystals towards increasingly diverse applications, including localized

production of small molecules or installation of virus or cell-binding proteins.
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CHAPTER 3: Porous Protein Crystals for Selective Adsorption of Viruses from Wastewater

3.1 Overview

Wastewater surveillance has become a critical tool for monitoring the prevalence and spread
of viral pathogens at the community level. However, existing virus concentration methods—such
as ultrafiltration, polyethylene glycol (PEG) precipitation, and charged membrane adsorption—
often suffer from poor recovery efficiency, low specificity, or high operational costs, especially
when viral loads are limited. To address these limitations, in this chapter we used CJ crystals
modified with the SpyTag/SpyCatcher system to enable covalent and modular installation of
viral binding domains. By incorporating high-affinity SARS-CoV-2 spike binders (P8,
SpikePlug, and LCBI1), the resulting “SpyCrystals” were designed to selectively adsorb viral
particles from solution. We verified that as a proof of concept for surface capture guest
installation, and that SpyCrystals efficiently covalently host SpyCatcher fusion proteins.

Whereas prior work with CJ crystals focused on the capture of guest molecules to the crystal
interior, viral particles are too large to diffuse into the 13-nm diameter pores of the CJ crystals.
Thus, we are pursuing a new capture mode that relies on capture of binding partners at the crystal
surface. Since this is an unexplored application of CJ crystals, we began with a proof of concept
for surface capture, demonstrating that biotinylated crystals can capture streptavidin-coated
microspheres as a proof of concept for guest installation, and that SpyCrystals efficiently
covalently host SpyCatcher fusion proteins. /n vitro assays revealed strong adsorption of SARS-
CoV-2 virions to SpyCrystals compared to unmodified controls, with subsequent enrichment of
viral RNA following lysis. Integration of SpyCrystals into a tangential flow pump-filtration

system enabled continuous scavenging of virus from wastewater, resulting in measurable
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depletion of SARS-CoV-2 RNA in downstream flowthroughs. While conventional InnovaPrep
concentration methods outperformed crystals in total virus recovery, functionalized SpyCrystals
consistently exhibited specificity and capture efficiency over unmodified scaffolds. Together,
these findings establish porous protein crystals as a promising modular platform for selective
virus adsorption. Their adaptability to alternative binders highlights potential applications in
wastewater epidemiology, point-of-care diagnostics, and multiplexed detection of emerging
pathogens.
3.2 Introduction

Current gold standard assays for nucleic acid surveillance are predominantly quantitative PCR
(qPCR) based, the best of which demonstrate limits of detection (LoD) as low as ~100 copies of
nucleic acid per milliliter of sample.!*> Nevertheless, considerable variation in the limits of
detection for approved assays can result in a substantial increase in false negative rates for every
10-fold increase in LoD.!'*? Therefore, upstream methods that can concentrate potentially very
small quantities of virus from a large volume of sample may dramatically reduce the rate of false
negatives, while simultaneously increasing the limits of detection for less sensitive assays.

One of the primary challenges in enhancing the sensitivity of nucleic acid-based detection
assays is the low abundance of viral particles in environmental or clinical samples. There
currently exist a variety of concentration techniques that allow for the enrichment of viruses from
large volumes of liquid. Some of the more common approaches include sucrose-gradient
ultracentrifugation,'*!# filtration-based methods,'** and precipitation techniques, such as
polyethylene glycol (PEG) precipitation.'*!4> Affinity-based methods, employing charged
membranes, antibodies, or nucleic acid-binding materials have been explored to selectively

capture and concentrate viruses. Despite their effectiveness, many of these methods are time-
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intensive, require specialized equipment, or can introduce sample losses, limiting their practical
utility for field-based or high-throughput applications.

In parallel, novel materials are being explored that can enhance capture of pathogens or
virus components upstream of detection. Among these, metal-organic frameworks (MOFs) in
particular have seen increasing attention. MOFs offer ultra-high surface areas, tunable porosity,
and functionalization possibilities; recent work has demonstrated their capacity to capture
nucleic acids and protect them from degradation in harsh environments.!'*®!'*’ For example, MOF
functionalization has been shown to enable uptake and protection of ssSDNA or mRNA,
preserving integrity under serum exposure.'*® Similar to MOFs, protein crystals exhibit ordered,
repetitive structures, which can enable dense, multivalent presentation of binding moieties. The
SpyTag/SpyCatcher system has become a workhorse in protein engineering, enabling covalent
linkage of proteins of interest onto scaffolds or nanoparticles with high fidelity and orientation
control. Studies using SpyTag/SpyCatcher-mediated display have shown enhanced
immunogenicity in vaccine contexts, and improved signal in biosensing assays when orientation
and density of capture antibodies are optimized. CJ protein crystals possess unique structural and
chemical characteristics, such as inherent biocompatibility and extremely high surface area-to-
volume ratios, which make them amenable as a scaffold for capturing viruses and environmental
nucleic acids (Figure 3.1A-C). As described earlier in chapter 2, one of the unique properties of
these crystals is their ability to rapidly concentrate nucleic acids, which can subsequently be
released at high ATP concentrations. Furthermore, CJ crystals can be engineered for greater
guest modularity; by doping the crystals during growth with a CJ-SpyTag fusion protein, we are
able to create a modular scaffold which can accommodate a variety of different SpyCatcher

fusion guests. Originally developed by the Howarth lab, “SpyTag” is a 16 amino acid peptide,
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containing an aspartic acid residue which reacts with a lysine residue on a 15.2 kDa protein,
“SpyCatcher,” to form an isopeptide amide bond. This system has been used for a multitude of
applications, including enzyme immobilization,>* antigen presentation,'* and protein
cyclization.”” The crystals described in this chapter are comprised of roughly equimolar copies of
the wild-type CJ protein, and CJ with a third-generation SpyTag variant (“SpyTag003”) fused to

the C-terminus.

A

Figure 3.1: Overview of CJ crystal morphology. A, CJ crystallizes to form hexagonal P 6 2 2-space %roup
crystals with large solvent channels (13-14 nm in diameter). The size and regularity of the pores can be
observed via atomic force microscopy (B) and X-ray diffraction (C). Scale bars are 100 um (panel A),
100 nm (panel B), and 10 nm (panel C).

Parallel to modifying the crystals to display SpyTag, we additionally tested three different
fusion proteins, consisting of third-generation SpyCatcher fused to a human ACE2 receptor
mimic. Karoyan et al. previously designed a number of small helical proteins mimicking the N-
terminal helical domain of hACE2, using a combined computational and rational design
strategy;'>? the reported peptide with highest binding affinity (ka = 24 nM), “P8,” was selected
for this study. The second guest protein, “SpikePlug,” was originally designed by Romano et al.
by extracting the ACE2 receptor's key binding helices (HI and H2), stabilizing them with an
additional helix (H3), and introducing further mutations to enhance structural stability and
solubility; the reported dissociation constant for SpikePlug was 40 nM. ! For the third and final

guest, we selected “LCBI1,” developed by Cao et al. from the Baker lab. LCB1 was originally
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designed by employing de novo computational methods to create a 56-amino-acid miniprotein
that binds with high affinity to the receptor-binding domain (RBD) of the SARS-CoV-2 spike
protein, effectively blocking its interaction with the human ACE2 receptor and thereby inhibiting

viral entry into host cells; the reported dissociation constant was ~0.1 nM. 1>
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Name P8 SpikePlug LCB1
Affinity 24 nM 40 nM 0.1 nM
Reference Karoyan Romano Baker

Figure 3.2: SpyCatcher-spike binder fusion proteins used in this study. SpyCatcher003 (magenta) is
fused to the N terminus of one of three known spike binders — P8 (red), SpikePlug (orange), or LCB1
(green). The reported dissociation constant associated with each spike binder is shown in the table below.

As a proof of concept for using the crystals for virus capture, we demonstrate that biotinylated
ClJ crystals are able to selectively capture streptavidin-coated microspheres. Furthermore, we
have demonstrated that crystals modified to covalently host SpyCatcher-SpikeBinder fusion
proteins are able to bind SARS-CoV-2 virions with greater affinity than unmodified crystals.
This platform was further integrated into a pump housing and upstream tangential flow filter to
allow continuous scavenging and concentration of virus spiked into wastewater. Using this
system, we observed a significant depletion of SARS-CoV-2 virions from the wastewater using
columns containing spike binder-hosting crystals, when compared to columns housing
unmodified control crystals. The results described in this chapter strongly suggest that porous
protein crystals can serve as a matrix for selective adsorption of viruses or virus-sized particles

via specific high-affinity interactions.
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3.3 Methods
3.3.1 CJ and CJ-SpyTag003 expression, purification, crystallization, and cross-linking
Wild-type CJ and CJ-SpyTag003 proteins were expressed and purified using a shake flask
expression, as described previously.®**!5? Following shake flask expression and column
purification, CJ-SpyCrystals were synthesized using a batch crystallization method. Briefly, one
volume of concentrated CJ protein + CJ-SpyTag003 protein (equimolar concentration) was
combined with five volumes of precipitant buffer (3.5 M ammonium sulfate, 100 mM HEPES,
pH 7.0) in a single 1.5-mL microcentrifuge tube. The crystals were allowed to grow at room
temperature for 24 hours. Following growth, the crystals were pelleted by centrifugation (2,000 x
g for 5 minutes), then washed in 4.2 M trimethylamine-N-oxide (TMAQ) and then resuspended
in a cross-linking buffer (1% glyoxal, 25 mM p-dimethylaminobenzaldehyde (DMAB), and 4 M
TMAO) and incubated at room temperature for 15 minutes. The cross-linking reaction was then
quenched via washing the crystals in 1 M hydroxylamine, 25 mM DMAB for 1 hour.
Biotinylated crystals were prepared by supplementing the cross-linking buffer with 100 mM
biotin (final concentration) and cross-linking with 40 mg mL"! 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDAC) dissolved in 4.2 M TMAO for 24 hours, before
quenching with 50 mM sodium borate, pH 10.
3.3.2 Capture of streptavidin-coated microspheres by biotinylated microcrystals
Fluorescent, 0.04 pm, streptavidin-labelled microspheres (TransFluoSpheres™, Thermo
Fisher, #T10711) were diluted 10,000-fold in 1X PBS (final volume, 50 mL). Meanwhile, CJ-
SpyCrystals were diluted to 10 mg mL™! in 4.2 M TMAO, with or without 100 mM biotin, and
cross-linked with EDAC as described above. Following cross-linking and quenching, the

biotinylated and unbiotinylated crystals were added to separate 1.0 x 5.0 cm gravity columns
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(Bio-Rad #7371007EDU), each washed with 3 column volumes of 1X PBS, and 50 mL of the
diluted microspheres were flowed over the packed crystal beds. These experiments were
performed in triplicate. Following loading, the crystals were washed with 5 mL of 1X PBS, three
times. The flow through from each wash was collected for each column, and the fluorescence for
each fraction was measured on a 96-well plate reader (Aex = 488 nm, Aem = 645 nm).
3.3.3 Expression and purification of SpyCatcher-SpikeBinder fusion proteins

The plasmids pET21-SpyCatcher003-P8, pET21-SpyCatcher003-SpikePlug, and pET21-
SpyCatcher003-LCB1 were designed and ordered from Twist Biosciences, while pJ404-
SpyCatcher003-sfGFP was obtained from AddGene repository (Plasmid #133449), and all were
transformed via heat shock into BL21(DE3) Gold competent E. coli cells (NEB, #C2527H).
Liquid cultures were grown to an O.D. of ~0.6, and expression was induced with 0.4 mM
isopropyl-beta-D-thiogalactopyranoside (IPTG). Following induction, cultures were incubated at
25 °C, with shaking at 250 RPM, for 30 hours. The cells were subsequently pelleted via
centrifugation at 12,000 g, and the cells were resuspended in 1X PBS, pH 7.5, before sonicating
for 5.00 min process time (10 s ON, 30 s OFF). The resulting lysate was clarified via
centrifugation, before storing at -30 °C long-term.
3.3.4 CJ-SpyCrystal guest loading, in vitro capture, and pump integration

For the in vitro experiments, 2 milligram aliquots of CJ microcrystals were separately soaked
in 1X PBS, SpyCatcher-P8, SpyCatcher-SpikePlug, or SpyCatcher-LCBI1 lysate (each
supplemented with 0.1 pg mL™!' of SpyCatcher-stGFP), and subsequently washed via three
solution exchanges of 1X PBS, pH 7.5. The weights of the crystal pellets were measured by
difference, and crystals were resuspended to a final concentration of ~2.0 mg mL™!. Crystal

concentrations were further normalized via sfGFP fluorescence.
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For testing in vitro capture, 0.1 mL from each of the four batches of microcrystals
(SpyCatcher-sfGFP, SpyCatcher-P8, SpyCatcher-SpikePlug, or SpyCatcher-LCB1) were
separately combined with 100 uL inactivated SARS-CoV-2 virions, provided by Dr. Raymond
Goodrich and Darragh Heaslip of BIOMARC, diluted to ~1.5 million virions/uL. The crystals
were then incubated at 4 °C for 4 hours, before pelleting the crystals at 2,600 g for 5 minutes.
Five microliters of supernatant from each were separately mixed with 5 pLL of SARS-CoV-2

lysis buffer, using a previously described protocol, '>*

and incubated at room temperature for 15
minutes, before diluting 100-fold. The pelleted crystals were likewise washed twice with 1X
PBS, pH 7.5, before resuspending in 100 uL of 1X PBS and 100 uL of SARS-CoV-2 lysis buffer
and incubated at room temperature for 15 minutes, then diluted 100-fold.

For testing in the tangential flow filter, microcrystals were resuspended to a concentration of
approximately 20 mg mL™!, and 0.1 mL of naive CJ-SpyCrystals were added to separate G-
Trap™ 1ml FliQ FPLC columns (G-Biosciences, #786-1292), along with 0.4 mL of stripped
NTA resin (Thermo Fisher, #88221). A total of 12 columns were prepared in this way (3
experimental replicates, times 4 guest proteins). For loading Spikebinders, each column was then
connected to the outlet of a LifeStraw® filter, used for prefiltering, and flow through the filters
was driven by an Arduino-controlled pump. PBS buffer was then pumped through each column
for 1 minute at a rate of 50 mL/min, before pumping either 50 mL of 1X PBS, pH 7.5, or 50 mL
of sonicated expression lysate (from SpyCatcher-P8, -SpikePlug, or -LCB1), at 1 mL/min.
Following loading, all columns were washed with 50 mL of 1X PBS. Then, wastewater spiked
with inactivated SARS-CoV-2 virus (1:1000 dilution) was pumped through each set of columns

in succession. The sequence for each set of columns was as follows: Guest loading for replicates

1, 2, and 3, followed by PBS wash for replicates 1, 2, and 3, followed by wastewater pumping
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for replicates 1, 2, and 3. Triplicates were run in the following order: control crystals,
SpyCatcher-P8, SpikePlug triplicates,-LCB1. Fifty milliliters of wastewater were pumped
through each set of columns at ~1 mL/min and collected in 50-mL conical tubes, then stored at -
20 °C, until further processing. After wastewater tests, the crystals were removed from each
column and were diluted to 0.7 mL with 1X PBS and resuspended by pipetting; 500 pL from
each test were transferred to fresh 1.5 mL tubes, centrifuged at 2,600 g for 5 minutes, and the
supernatant was replaced with 100 uL of 1X PBS, followed by 100 uL of viral lysis buffer. The
crystals were incubated at room temperature for 15 minutes, before pelleting again and collecting
the supernatant for use in downstream PCR.

Samples were subsequently diluted 2-fold in SARS-CoV-2 lysis buffer and incubated at room
temperature for 15 minutes, before diluting 10-fold in nuclease-free water for RT-ddPCR.
Samples of each wastewater flowthrough were diluted an additional 20-fold prior to RT-ddPCR.
3.3.5 Reverse transcription droplet digital PCR (RT-ddPCR)

RT-ddPCR was performed using One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad
#1864021) for all samples, as well as positive (stock virus diluted 100-fold) and negative
(nuclease-free water) control reactions. The master mix contained the following, per reaction:
2.55 pL nuclease-free water, 1.65 uLL. SARS-CoV-2 N1 primer/probe mix, 5.5 uL supermix, 1.1
puL 300 mM dithiothreitol (DTT), and 2.2 pL reverse transcriptase. After combining 13 pL of
master mix with 9 uL of sample, 20 puL of each assembled reaction were combined with 70 uL
of automated droplet generation oil (Bio-Rad #1864110) in DG32 droplet generation cartridges
(Bio-Rad # 1864108), and the resulting droplets were transferred to separate wells in a 96-well
plate. Plates were then sealed, and thermocycling was performed under the following conditions:

50 °C for 60 minutes, 95 °C for 10 minutes, followed by 44 cycles of 94 °C for 30 seconds,
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followed by 55 °C for 1 minute. Cycling was followed by final denaturation at 98 °C for 10
minutes, and then held at 4 °C. Droplets were then read on a Bio-Rad QX200 droplet reader, and
the fluorescence threshold across all wells was manually set to an amplitude of 2,000 units.
3.3.6 Microscopy

A large cross-linked CJ-SpyCrystal (> 0.1 mm diameter) was soaked overnight in
SpyCatcher-LCB1 (0.1 mg mL""), then washed in 1X PBS and immobilized using marine-grade
double-sided mounting tape. The crystal was imaged under buffer using a Bruker atomic force
microscope as described previously*®®*, following addition of inactivated SARS-CoV-2 virus (to
a final concentration of ~ 5.0 x 10 virions mL™"). The soaked crystal was imaged alongside a
wild-type CJ crystal. Scanning electron microscopy was performed as described previously.
3.3.7 Data analysis and statistics
Statistical analysis was performed using RStudio (R version 4.3.2, RStudio version 2023.12.0,
Build 369). Single-factor ANOVA was used to evaluate statistical significance, with p < 0.01
considered a threshold for significance; unless otherwise noted, all error bars indicate the
standard error from the mean.
3.4 Results
3.4.1 Biotinylated CJ crystals are able to capture streptavidin-coated particles to their
surface

As a proof of concept, CJ crystals were chemically cross-linked with biotin, and then exposed
to streptavidin-coated, fluorescent microspheres, to verify the crystals’ capacity to bind a target
guest via a specific, high-affinity, and non-covalent interaction (Figure 3.3A). After cross-linking
biotin to the surface of large (> 0.1 mm diameter) CJ crystals, we observed preferential

localization of streptavidin-coated beads to the biotinylated crystal, compared to an
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unbiotinylated control crystal imaged alongside it (Figure 3.3B). Additionally, after cross-linking
CJ microcrystals (< 20 um diameter) with biotin, and loading those crystals into a gravity
column, we observed capture of the same microspheres by columns containing the biotinylated
microcrystals, but not by columns containing unbiotinylated crystals, by comparing fluorescence
of 5-mL flow-through fractions for both columns. We observed extremely high fluorescence in
the first flow-through fraction for the unbiotinylated microcrystals, while fluorescence was much
lower in the first two flow-through fractions for the biotinylated crystal columns, suggesting the
microspheres were retained more strongly by the biotinylated crystals. The third flow-through
fraction for the biotinylated crystal column displayed a roughly three-fold increase in
fluorescence, compared to the first two washes. After performing the washes, the crystals in each
column were diluted to the same approximate volume (1.0 mL in 1X PBS), and fluorescence
measurements of each set of crystals revealed a consistently higher relative fluorescence in the
biotinylated microcrystals, versus the unbiotinylated crystals (Figure 3.4B). These experimental

results demonstrate that CJ crystals can be modified to selectively entrap virus-sized particles.

A B

Figure 3.3: A, Diagram illustrating putative interactions between a streptavidin-coated microsphere
(green) and the biotinylated surface of a CJ crystal pore (beige). B, Confocal fluorescence microscopy
reveals preferential localization of streptavidin-coated microspheres to the surface of biotinylated CJ
crystals, but not to the unbiotinylated crystals, when incubated in the same solution.
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Figure 3.4: A, Schematic of gravity column experiments, in which two columns, one containing
un%iotinylated microcrystals (‘- B”) and another containing biotinylated crystals (“+ B”), are each “fed” a
solution containing 0.04 um, fluorescently-labelled, streptavidin-coated microspheres. B, Left: Relative
fluorescence of 5 mL flow-through fractions during wasﬁing and following loading) for columns with
biotinylated or unbiotinylated microcrystals. Right: Relative fluorescence of biotinylated and
unbiotinylated microcrystals, following washing and dilution. RFU indicates relative fluorescence units.

3.4.2 SpyCrystals are able to host fusion guest proteins via covalent interactions

As a means of introducing increased guest modularity, CJ crystal growth was modified via
introduction of an additional protein, CJ-SpyTag003, which contains a C-terminal SpyTag, at a
lower molar fraction than wild-type CJ. Co-crystallization of CJ with CJ-SpyTag003 under these
conditions results in the growth of a chimeric co-crystal, which is predominantly composed of
wild-type CJ, with SpyTag periodically projecting into the pore space. As a result of SpyTag’s
accessibility near the wall of the 13 nm major pore, guest SpyCatcher fusion proteins can be
rapidly and irreversibly installed, permitting the installation of an unlimited number of possible

binding proteins within the same scaffold matrix.
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This approach was tested first using a SpyCatcher-GFP fusion protein (Figure 3.5A). In order
to validate guest covalent capture, a large (>0.1 mm diameter) CJ-SpyTag003-doped CJ crystal
(“SpyCrystal”) was grown via sitting-drop vapor diffusion. After growth, both the SpyCrystal
and a wild-type CJ crystal were cross-linked with 1% glyoxal, then soaked overnight at room
temperature in SpyCatcher-sfGFP (10 ug mL™!, diluted in 1X PBS and 100 mM EDTA). After
soaking, both crystals were soaked 3 times, over 3 days, in 1X PBS, 100 mM EDTA, to wash
away any uncaptured fluorescent protein. The crystals were imaged side-by-side via confocal
fluorescence microscopy before loading, and after the final washing. As shown in Figure 3.5B,
localization of SpyCatcher-sfGFP was observed exclusively in the SpyCrystal, but not the wild-

type crystal, demonstrating covalent installation of guest SpyCatcher fusion proteins.
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Figure 3.5: A, Putative covalent interaction between SlpyCatcher—stF P (SpyCatcher in cyan, sfGFP in
green), and the pore wall of a SpyTag-doped CJ crystal (“SpyCrystal”) (SpyTag in magenta, CJ in beige).
B, Call)ture of guest SpyCatcher-sfGFP by a SpyCrystal, imaged alongside an undoped wild-type CJ
crystal.

3.4.3 Modified CJ-SpyCrystals adsorb virions in vitro, and release viral RNA following lysis
After confirming that CJ microcrystals were capable of capturing virus-sized particles on their
surface, and that introducing SpyTag003 to the crystal structure enabled the capture of

SpyCatcher-fused guest proteins, we next sought to visualize localization of SARS-CoV-2
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virions to the surface of a modified SpyCrystal, using atomic force microscopy. Two large
SpyCrystals (> 0.1 mm) were grown under identical conditions, and one was soaked in
SpyCatcher-LCBI1. After soaking, the latter crystal was washed in PBS, mounted alongside the
unmodified crystal using double-sided tape. Inactivated SARS-CoV-2 virions were then added to
the immersed crystals (to a final concentration of approximately 5.0 x 10 virions pL™!), then
washed twice with PBS, and imaged via AFM. We observed extensive occlusion of the surface
of the modified crystal (Figure 3.6, right), but not of the unmodified crystal (Figure 3.6, left).
The observed puncta inhabited the lower size range of SARS-CoV-2 virions (75.2 nm £+ 5.8 nm,
as opposed to the reported 60-140 nm in diameter). The near-complete absence of any surface
occlusion of the unmodified crystal indicated that surface adsorption to the crystals is selective

and dependent on modification via SpyCatcher-LCBI.

100.0 nm 100.0 nm

Figure 3.6: Atomic force microscopy reveals surface adsorption of SARS-CoV-2 virions to the surface of
a Todiﬁ%fl fS‘t%)yCrystal (right), while no adsorption was observed for an unmodified crystal in the same
solution (left).

Following the results of this experiment, we performed additional experiments comparing the
adsorptive capacity of modified and unmodified microcrystals. A batch of CJ SpyCrystals, 5 to
10 um in diameter, was split into four aliquots, and soaked in one of four SpyCatcher fusion

proteins (SpyCatcher-P8, SpyCatcher-SpikePlug, SpyCatcher-LCB1, or SpyCatcher-sfGFP).
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After pelleting and washing the crystals, each aliquot of crystals was incubated for 4 hours with
inactivated SARS-CoV-2 virus (~1.5 x 10° virions/uL). Afterwards, the concentration of virus
was measured in both the supernatants and pellets associated with each sample via RT-ddPCR
(Figure 3.7A). We observed a decrease in viral supernatant concentration exclusively in the
spike-binding microcrystals (SpyCatcher-P8, -SpikePlug, and -LCB1), while the supernatant
concentration in the SpyCatcher-sfGFP-soaked microcrystals remained high (> 1,000 copies puL"
1 (Figure 3.7B). Furthermore, quantification of viral copy numbers after isolating, washing, and
lysing the crystal pellets themselves revealed the inverse correlation — the putative spike-binding
crystals were associated with a higher viral copy number than the non-spike binding crystals.
Poisson exact comparisons revealed a statistically significant difference between each of the

supernatants for the spike-binding crystals, compared with the controls, but not between

62



individual spike-binder supernatants (95% CI). Similarly, the difference in copy number between

the spike-binder crystal pellets and the associated controls was also significant.
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Figure 3.7: A, Experimental workflow for in vitro viral capture experiments. SARS-CoV-2 virus was
combined with CJ SpyCrystals (either unmodified, or modified with one of three spike binders),
incubated at room temperature, after which microcrystals were pelleted by centrifugation, separating
captured and uncaptured virus. B, RT-ddPCR of the supernatants revealed depletion of SARS-CoV-2
virions from the surrounding solution for the functionaﬁzed SpyCrystals (P8, SpikePlug, and LCB1), but
not for the unmodified crystals. C, RT-ddPCR of the microcrystals resuspended in lysis buffer revealed

an enrichment of the virus bound to the crystals. Error bars represent the upper and lower bounds of the
Poisson 68% confidence interval.
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3.4.4 Hollow-fiber filtration and pumping enables continuous capture of viruses

We next sought to test whether or not the crystals could be integrated with an upstream pump
and tangential flow filter, with the crystals immobilized within a packed FPLC column, to enable
continuous capture of SARS-CoV-2 from wastewater. After soaking SpyCrystals with
SpyCatcher-P8, -SpikePlug, or -LCB1 (or PBS as a control), the crystals were pelleted and
resuspended to an equal concentration based on the weight of the pellet. The crystals were then
packed into separate FPLC columns along with stripped NTA-agarose resin as an inert filler,
then connected to a modified LifeStraw filter. This filter was in turn connected to an Arduino-
controlled pump, which was used to pump clarified wastewater which had been supplemented
with inactivated SARS-CoV-2 virions (4.8 x 10? copies uL!, final concentration). Fifty
milliliters of spiked wastewater was pumped through each column three times, and the flow-
through was collected each time. Viral copy numbers associated with each flowthrough were
measured using RT-ddPCR (Figure 3.8B). We observed minimal depletion of SARS-CoV-2
virions from the wastewater in the unmodified crystals (227.5 copies uL!), while the
flowthroughs for the -P8, -SpikePlug, and -LCB1 columns revealed, respectively, a 3.4-, 4.3-,
and 6.6-fold reduction over the unmodified crystals from the same wastewater source.

Furthermore, the observed trend was more consistent with the reported dissociation constants for
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each of the spike binders, with LCB1 (K4 = 0.1 nM) displaying a higher capture rate than P8 or

SpikePlug.
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Figure 3.8: A, Representative scanning electron micrograph of CJ SpyCrystals used in the experiment.
Scale bar = 20 um. B, Flow-throughs from the integrated pump-Lifestraw system demonstrate a depletion
of SARS-CoV-2 copies in functionalized SpyCrystals (P8, SpikePlug, LCB1), but not in the unmodified
crystals (PBS) (n=3 replicates).

3.5 Conclusions

In the present chapter, we have successfully demonstrated that modified protein microcrystals
can be used to selectively adsorb virions (and other 40-nm particles) from solution in vitro.
Furthermore, integration of the crystals into a pumping system resulted in successful capture of
SARS-CoV-2 virions from wastewater. While the crystals were outperformed by the traditional
method of InnovaPrep concentration in terms of total virus captured, CJ crystals modified to bind
SARS-CoV-2 spike protein consistently demonstrated a greater capture rate for SARS-CoV-2
virions over the unmodified crystals, suggesting that future CJ microcrystals could be engineered
to display alternative paratopes, to selectively capture any arbitrary virus or antigen from a
complex mixture.

While a number of strategies were initially explored for covalently installing a guest protein,
including thiol-based chemistries, several challenges were encountered using these approaches,

particularly exposure to harsh organic solvents; despite chemical cross-linking, mechanical
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deformation of CJ crystals was routinely observed in dimethyl sulfoxide (DMSO) concentrations
as low as 20% v/v. Therefore, we sought alternative strategies for guest installation that would
enable both high modularity, and compatibility with most aqueous conditions.
SpyCatcher/SpyTag interactions are functional over a wide solution pH range and ionic
strengths.>*7>!55 Given that the C-terminus of the CJ protein is both pore-facing and does not
otherwise participate in protein-protein interactions, we created a variant of CJ which includes a
C-terminal, third-generation SpyTag. SpyTag003 was chosen over SpyCatcher003 as CJ crystals
are normally cross-linked with amine-reactive dialdehydes, and SpyCatcher003 contains a lysine
which participates in the formation of the isopeptide bond16. Furthermore, we hypothesized that
SpyTag003, which is 16 amino acids long, is less likely to disrupt folding and interfere with CJ
crystallization than SpyCatcher003, which has a molecular weight of ~15.2 kDa. The
implementation of the SpyTag003/SpyCatcher003 system within the CJ crystal framework
provided a modular and aqueous-compatible approach for covalently immobilizing protein
guests while preserving the structural integrity and porosity of the host lattice. This strategy
overcame the major shortcomings of earlier chemical conjugation attempts that relied on thiol-
reactive linkers and organic solvents, which frequently induced partial dissolution or deformation
of the crystals. By genetically incorporating SpyTag003 at the C-terminus of CJ, the reactive site
was positioned within the 13—14 nm solvent channels, enabling precise, pore-localized capture of
SpyCatcher-fused proteins. The robustness of the SpyTag/SpyCatcher isopeptide linkage allowed
guest proteins to remain stably attached under the high ionic strength, variable pH, and mixed
organic composition characteristic of wastewater samples. These properties establish CJ-
SpyCrystals as a biocompatible and structurally resilient platform for modular functionalization

with diverse molecular recognition elements.
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Collectively, the results presented in this chapter demonstrate that porous protein crystals can
be rationally engineered to achieve selective viral adsorption. Biotinylated CJ crystals served as a
proof-of-concept, successfully capturing streptavidin-coated microspheres both in bulk and under
flow (Figures 3.3 and 3.4). This confirmed that the chemically cross-linked lattice remained
permeable and that reactive residues were accessible within the pore network. The subsequent
introduction of the SpyTag003 motif enabled site-specific covalent immobilization of
SpyCatcher-fusion guests, as validated by confocal imaging of SpyCatcher-stGFP capture.
Importantly, incorporation of the SpyTag did not disrupt CJ crystal formation or symmetry,
highlighting the structural tolerance of the protein framework to modest C-terminal
modifications. When fused to SARS-CoV-2 spike-binding domains, P8-, SpikePlug-, and LCB1-
SpyCatcher003 facilitated the creation of “SpyCrystals” capable of adsorbing intact virions from
solution and of enriching viral RNA following lysis. Integration of these functionalized
microcrystals into a pump-driven hollow-fiber filtration setup further demonstrated their
potential for continuous viral scavenging from complex matrices such as wastewater.

The selectivity observed for virion adsorption to the functionalized SpyCrystals, and not to
unmodified CJ crystals, underscores the importance of molecular recognition rather than
nonspecific electrostatic or hydrophobic interactions. Atomic force microscopy revealed punctate
features on the surface of LCBI1-functionalized crystals with diameters consistent with intact
SARS-CoV-2 virions, while unmodified crystals displayed no comparable occlusion (Figure
3.6). These findings are consistent with a mechanism in which virions are captured via
multivalent engagement of spike trimers with immobilized binder proteins at the pore entrances.
The correlation between observed capture efficiency and the reported dissociation constants of

the respective binders (LCB1 = 0.1 nM > SpikePlug =~ 40 nM > P8 = 24 nM) suggests that the
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immobilized binders preserve their tertiary structure and functional binding interface within the
crystal microenvironment (Figure 3.8). Moreover, the maintenance of adsorption capability
following multiple wash steps and mechanical agitation during pumping suggests that the
SpyTag/SpyCatcher bond and the crystal lattice itself are sufficiently robust for repeated use or
regeneration.

The hierarchical capture pattern observed across binder variants also provides preliminary
insight into kinetic limitations imposed by molecular diffusion through the crystalline network.
Because each CJ unit cell presents multiple accessible SpyTags within nanometer-scale channels,
binding events are likely diffusion-limited rather than affinity-limited under the tested
conditions.’>!%® Increasing the density of SpyTag incorporation, either by adjusting the co-
crystallization ratio of CJ:CJ-SpyTag003 or through rational engineering of the scaffold protein,
could therefore further enhance adsorption capacity.

Although traditional concentration techniques such as PEG precipitation and ultrafiltration
may yield greater total viral recovery, these methods capture both viral and nonviral particulates
indiscriminately and require extensive downstream purification steps.'>”!>® In contrast,
SpyCrystals exhibit specificity conferred by genetically encoded affinity binders, allowing
enrichment of target virions directly from heterogeneous solutions. When applied to wastewater,
functionalized crystals achieved up to a 6.6-fold reduction in viral RNA within the flow-through
relative to unmodified controls. While absolute recovery was several orders of magnitude lower
than InnovaPrep-based concentration, the selectivity and modularity of the SpyCrystal platform
represent a distinct functional advantage. These attributes could be leveraged in alternative
workflows—such as sequential filtration where SpyCrystals first remove target pathogens before

broad physical concentration—to enhance throughput and diagnostic sensitivity.
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However, several limitations became apparent. First, the mass-transfer rate within the
crystalline matrix is likely lower®* than in convective open-pore polymeric materials,>*!° which
may constrain capture kinetics during high-flow conditions. Second, crystal growth and cross-
linking currently occur at small scale; scaling these processes to multi-gram quantities without
compromising porosity or functional uniformity will require optimization of nucleation control
and solvent equilibration.'®'~163 Finally, while SpyCatcher-based immobilization proved highly
effective for protein guests, alternative chemical conjugation schemes may be required for small-
molecule ligands or nucleic acid probes that cannot be introduced as genetic fusions. '!:164-16¢
Addressing these factors will be essential for extending this proof-of-concept to broader
applications.

A critical aspect of wastewater surveillance is the ability of the capture matrix to maintain
performance in the presence of high concentrations of surfactants and organic and microbial
debris. To remove larger particulate solids, we relied on the LifeStraw pre-filter. The
experiments described here indicate that hollow fiber pre-filtration (0.05 pm reported pore size)
was sufficient to preserve the performance of SpyCrystals without measurable loss of integrity or
function over multiple flow cycles. The covalent nature of the SpyTag/SpyCatcher linkage
prevented desorption of the guest proteins even after hours of exposure to wastewater. This
contrasts with antibody-coated surfaces'®’ or electrostatic membranes,'®® which can suffer from
fouling and elution of bound molecules. The observed durability suggests that the system could
support prolonged field deployment, particularly when integrated into self-contained filtration
cartridges. Moreover, the straightforward regeneration of the crystals through washing and re-

functionalization provides a path toward reusable biosorbents with consistent performance.
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Additional work remains on quantifying adsorption isotherms and desorption kinetics, !>*168

as
well as reusability over multiple operational cycles.'® Additionally, expanding the set of
functional binders to include other viral or bacterial targets will validate the generality of the
platform.!”®!"! From an engineering perspective, integration with microfluidic or cartridge-based
systems could enable continuous monitoring of wastewater streams, with on-chip lysis and
nucleic acid detection modules for near-real-time readout.!”>"'* With respect to crystal
robustness, exploring the long-term stability of cross-linked CJ crystals under varying
temperature and microbial load will inform storage and deployment strategies.

In summary, this work establishes engineered CJ protein microcrystals as a versatile platform
for selective adsorption of viral particles in complex fluids. Through genetic incorporation of
SpyTag003 and covalent installation of SpyCatcher-fusion binders, the system represents a step
toward molecularly specific, modular, and regenerable virus capture. The combination of
structural precision, biochemical compatibility, and adaptability sets these materials apart from
conventional polymeric or inorganic sorbents. While further optimization is required to enhance
capacity and scalability, the demonstrated SARS-CoV-2 binding and robustness under

wastewater conditions validate the feasibility of using protein crystalline frameworks as next-

generation bioadsorbents.
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CHAPTER 4: Ex Vivo Biocompatibility of CJ Microcrystals in Lung Tissue Slices

4.1 Overview

Non-systemic pharmaceutical delivery to upper and lower respiratory spaces is limited by the
temperature sensitivity and molecular interactions of current carrier materials. To eliminate these
challenges, it may be possible to use a variably solidified protein structure to protect biologically
relevant molecules for delivery. Here, fluorescently labeled porous protein crystals were
visualized along with fluorescently labeled guest domains and assessed for tissue modulatory
abilities in the novel context of ex vivo lung tissue slices called precision cut lung slices (PCLS).
When crystals were administered without an immunostimulant guest tissue health was consistent
as demonstrated by a consistent percentage of permeable (apoptotic or mitotic) cells in each slice
and no change in CD19+ B cells was observed. The engineered protein crystals had no obvious
physical degradation throughout the experiments (5 days), and guest-loaded crystals were
introduced to PCLS without evident cytotoxicity. PCLS in the presence of crystals loaded with
fluorescently-labeled lipopolysaccharide (LPS) or LPS alone in media resulted in a much larger
detectable B cell population than empty or DNA-loaded crystals compared to untreated tissue,
suggesting a release of guest LPS from the porous crystals. Release of fluorescently labeled LPS
from CJ crystals was similarly observed in vitro via confocal fluorescence microscopy. These
results demonstrate the potential of porous protein microcrystals as a delivery vehicle for
potential therapeutic compounds to generate a tunable immune response.
4.2 Introduction

Improved delivery mechanisms that target the lung are needed to improve therapeutic

efficacy, but many existing platforms activate the immune system and require strict
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temperature control.!”>~!78 This immune activation is often an unwanted byproduct which
can worsen the condition which needs to be treated. Specifically, delivery to the lung is an
existing challenge because of the pathways that administration can take, since current
platforms are likely to have irregular dosage to the respiratory cavity, unless an invasive
method is used.!”>176:179-180 This knowledge gap in therapeutic delivery is a contributing
factor in why respiratory diseases have high mortality and have minimal treatment and
prevention delivery options, leading to many respiratory conditions ranking as leading
causes of death around the world.!®!~!%3 This study takes the first steps to evaluate a more
versatile delivery platform in the form of porous protein crystals as carrier particles for
therapeutic delivery by determining the biological activity of porous protein crystals - in
particular, their ability to carry biomedically relevant molecules.

There are several models in which introductory research into biocompatibility of
crystals can be tested, ranging from cell lines to whole mice. The intent was to choose a
model that maintained complexity of structure, function, and cell types, but did not have
the challenges of a whole mouse. Here, a precision cut lung slice model was utilized to
measure interactions of the crystals and their contents in tissue, which has the advantage
of maintaining the three-dimensional structure of the lung, containing the same cell types,
and consisting of different compartments, making it a much more viable model than a cell
line or organoid system and without the complexity of accurately administering and
visualizing in whole animals.!®*'® When administering directly to an animal, there are
several barriers preventing quantification, especially in specific organs. For example, the
number of crystals and time of release are difficult to control for, and effects in other parts

of the body may result in confounding variables. For instance, the agonist may be
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released in other parts of the mouse and non-specific effects may be observed. Generally,
the goal behind working with a model system is to reduce complexity. However, it is
useful to retain the maximum number of variables in a system, in order to ultimately
ensure translatability from bench to bedside. These experiments may provide the basis for
future utilization of these delivery molecules in live animals.!®!1°® The three-dimensional
structure present in an organotypic slice cannot be replicated in simpler models such as an
organoid or cell line and allows for more normal lung activities to occur. These slices
maintain ciliary beat, mucus secretion, immune responses, neural activity, and some
compartmentalization which would not be present except for in live animals, 84188191
Because of the complex problem of accurately administering crystals in reliable quantities
to specific organs in live animals, as well as the increased complexity of signalling in
living systems, it was deemed prudent to test crystal viability in an ex vivo model prior to
attempting in vivo studies.

Because this study is intended as a proof of concept for the biomedical usage of
loadable crystals, it was important to select a well-studied molecule to demonstrate its
known effects in a quantifiable form. Lipopolysaccharide (LPS) is one such molecule
which meets this criterion. LPS is a large amphipathic molecule (> 100 kDa) which
occurs naturally a glycolipid found in the outer membrane of gram-negative

bacteria;!3*!°2 because of its abundance on the outer membrane, !>

it serves as a potent
signal to the vertebrate immune system, in particular through co-activation of TLR4/MD2
complexes and CD14.'%* Because of its strong immunostimulatory properties, LPS has

also been explored as a vaccine adjuvant.!®>"'%7 Furthermore, because LPS is known to

induce immediate B cell activation and proliferation, and because the B cell response can
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be correlated with LPS dose,!”® it was deemed a suitable reporter guest molecule, for
generating a metric of comparison in the tissue.!?*2%!

It has been previously shown that CJ readily crystallizes into P622 crystals at high salt
concentrations.”** As described earlier in chapters 2 and 3, CJ crystals can be reliably
grown with a diameter as large as 0.5 mm, to as small as 280 nm, by altering batch
growth conditions (i.e., total protein concentration, precipitant concentration, and pH).!>?
Whereas most protein crystals feature relatively small solvent channels.??? CJ crystals
possess unusually large solvent nanopores with a diameter of ~13 nm. As a result, CJ
crystals can be loaded with diverse guest molecules, enabling diverse potential biological
applications. It was also previously observed that CJ crystals adsorb nucleic acid guests
with strong binding affinity,** and can also be loaded with enzymes,** fluorescent
proteins,” and small molecules.!! However, the applicability of porous CJ nanocrystals for
guest delivery and other biomedical applications in the context of living biological tissue
has not previously been tested, particularly with respect to any off-target immune
responses to the crystals themselves.

ClJ crystals possess unique properties which may make them an ideal therapeutic guest
carrier. Specifically, their porosity lends them remarkably high guest capacity, and the
precisely known periodic structure of the nanopore array can enable structure-guided
approaches to tune or trigger guest release. While CJ crystals are known to retain guest
nucleic acids following solution transfer and washing, they have not previously been
tested for their ability to hold other therapeutically relevant molecules such as glycolipids.

The aim of this chapter is to evaluate the crystals’ ability to retain and release a

biologically potent small-molecule guest, by observing local responses within
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organotypic slices, as well as to identify off-target immunomodulatory responses to the
crystals themselves.
4.3 Methods
4.3.1 Animals

Young male and female adult C57BL/6J mice were used for all experiments. Mice
were housed by Laboratory Animal Resources in the Pathology Building at Colorado
State University. Mice were multi-housed in plastic cages with aspen bedding (autoclaved
Sani-chips; Harlan Teklad, Madison, WI) with a 12:12-hour light-dark cycle and access to
water and food (no. 8640; Harlan Teklad). Animals were cared for and utilized according
to the Colorado State University institutional animal care and use committee protocol
#1413.
4.3.2 Precision Cut Lung Slice (PCLS) preparation

Slices were prepared similarly to previous work!'87-2%3, Adult C57BL6/J Thyl-YFP
mice were anesthetized using isoflurane and decapitated. Animals were perfused through
the heart with warm phosphate buffered saline (PBS). The lungs were inflated using 1ml
of 40°C 2% low melting point agarose in MQH2O until the lung was visibly inflated to
the edge of the lung without rupturing it. A lung lobe was sliced at 250um using a
vibrating microtome (VT1000S; Leica Microsystems, Wetzlar, Germany). Slices were
cultured in phenol red-free lab-made adult neurobasal culture media made with 4mM
glucose and L-cysteine reduced to 175um?* with 2% B27 supplement (Life
Technologies; 17504044; CTS+B27 cell culture media) with a collagen overlay
composed of vol/vol: 10.4% 10x MEM, 1.9% PS, 4.2% sodium bicarbonate, and 83.5%

collagen (PureCol; Inamed, Fremond, CA). Slices were cultured for up to five days with
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daily media changes. To account for biological variability between mice of the same sex,
slices from three animals were used to generate experimental values for male and female
mice.
4.3.3 Tissue health

Tissue health was assessed by visual inspection of morphology in each experiment.
Slices were phase bright and did not contain dark patches indicative of necrosis; they also
did not show any signs of tissue degradation such as fraying edges or visible loss of
epithelial or endothelial cells. These morphological consistencies indicate that cells are
healthy, undergo some metabolic processes, and are maintaining 3D structural integrity.
To quantify any toxicity leading to cell death, acridine orange (AQO) was used to visualize
nuclear membrane permeable cells (in which AO bound DNA and emitted red
fluorescence) and all cells (where AO bound cytosolic RNA and fluoresced green)??>.
Slices were incubated at 37°C with 2uM AO (A1301; Invitrogen, Thermo Fisher
Scientific) followed by 3x10-minute washes with lab-made adult neurobasal + B27
media. Slices were then imaged live using a Nikon Te2000 for acridine orange binding to
DNA using a Texas red filter set (fluorescent emission 656) and for binding to RNA using
a fluorescein/GFP filter set (emission 533). Acridine orange is a biochemical assay which
allows for quantitative analysis of cell death by image analysis of the number of cells with
the number of nuclear permeable cells with DNA binding compared to the number of
cells with bound RNA. A baseline of red cells indicates a normal level of either cell death

or mitosis, which provide dye access to exposed DNA.
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4.3.4 Expression, purification, crystallization, and cross-linking of CJ

CJ protein was expressed and purified as described previously”**. Large (>50 pm
diameter) CJ crystals were grown via sitting-drop vapor diffusion. Briefly, 2.5 ul drops,
containing approximately 30 ug of purified CJ protein in a storage buffer (50 mM
HEPES, pH 7.4, 0.5 M ammonium sulfate, 10% glycerol), were mixed with 2.5 pL of
sitting-drop well buffer, before sealing the well and incubating at 4°C for several days.
Each well contained approximately 400 pL of buffer; precipitant concentrations ranged
from 3.1 M to 3.6 M ammonium sulfate, 100 mM Bis-Tris, at pH 6.0 or 6.5. Following
growth, large crystals were individually looped from the mother liquor and washed
multiple times in 4.2 M trimethylamine-N-oxide (TMAO). Crystals were transferred to a
cross-linking solution composed of 40 mg mL™! 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDAC), dissolved in 4.2 M TMAO, for at least 24 hours,
and up to 7 days, at room temperature. After cross-linking, the crystals were looped into a
quench solution (50 mM sodium borate, pH 9.0) and incubated at room temperature for
30 minutes to 1 hour, before storing long-term in 20 mM HEPES, pH 7.4 at room
temperature. Microcrystal batches were synthesized using a minimally modified cross-
linking as compared to previously described**!>*; in short, one volume of purified CJ
protein, concentrated to between 40 and 50 mg mL™!, was combined with 5 volumes of
precipitant buffer (3.2 M — 3.5 M ammonium sulfate, 100 mM HEPES or Bis-Tris, pH
7.0). The total volume of crystals grown using this method ranged from 240 pL (i.e., 40
pL of protein combined with 200 pL of precipitant buffer) to 720 pL. Cross-linking of
microcrystals was achieved by first pelleting the crystals via centrifugation (5 minutes at

2,000 x g) and replacing the mother liquor/supernatant with 4.2 M TMAO. After
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centrifuging again, the supernatant was replaced with 0.5 - 0.75 mL cross-linking buffer
(40 mg mL! EDAC, dissolved in 4.2 M TMAO) (Figure 4.1D), supplemented with NHS-
Pacific Blue dye (Thermo Fisher, P10163) or NHS-Texas Red dye (Thermo Fisher,
T20175) at a final concentration of 5 pg mL"'. The crystals soaked in cross-linking buffer
for > 18 hours at room temperature, with constant inversions. Microcrystal cross-linking
was quenched by pelleting the crystals and replacing the supernatant with EDAC quench
buffer (50 mM sodium borate, pH 9), then incubating at room temperature with constant
inversions for >30 minutes. The crystals were then pelleted a final time, and the
supernatant was replaced with 1X PBS, pH 7.5. Microcrystals were stored for up to 1 year
at room temperature. All crystals were sterilized via UV irradiation in a CL-1000
ultraviolet cross-linking oven (Artisan Technology Group), at 100 uJ cm-2 for 5 minutes,
prior to ex vivo live tissue exposure. Crystal surfaces were visualized using atomic force
microscopy, as described previously.*°
4.3.5 Guest DNA and lipopolysaccharide (LPS) loading

For loading of guest nucleic acids, crystals were soaked for greater than 1 hour at room
temperature in 1 uM, 5’ fluorescein-labeled ssDNA (5°-
TAGGCGACTCGACGGTCTTACGCGTTACGT -3’), and subsequently washed in
nuclease-free water. Guest fluorescence within the crystals was validated on an Eclipse
Ti-E series inverted spinning disk confocal microscope (Nikon), prior to crystal addition
to tissue slices. For LPS testing, crystals were incubated at room temperature with 0.1 mg
mL-! Alexa Fluor 568-LPS conjugate for > 1 hour. After soaking, the crystals were

washed once and resuspended in nuclease-free water.
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4.3.6 Crystal addition to lung tissue slices

Using a sterile biosafety cabinet, 8 ul of CJ microcrystals (~8x107 microcrystals) were
added atop each of two lung slices in dishes containing 800 pl adult neurobasal + B27
media except for in one set of control experiments in which large single crystals (200-800
pm diameter) were used instead of the microcrystals (~200-400nm) crystals which were
used in all other experiments. In these control experiments, large crystals were added
selectively to the bronchiole, superior to the tissue over the collagen overlay; where the
microcrystal suspensions were delivered via pipette, large crystals were individually
placed using a microscopic loop (Hampton Research) to assess crystal position as a factor
in effect. One feature of crystalline delivery materials is scale invariance. The
nanostructure of a crystal with diameter 1 micron is identical to the nanostructure of a
crystal with a diameter of 1 mm. Dishes with crystals and lung slices were maintained in a
standard tissue culture incubator (100% humidified, 37 degrees, 5% CO2) for 24, 48, 72,
and 96 hours. Changes in crystal location, interaction, and guest were then assessed by
fluorescence microscopy using a Nikon TE2000-U inverted microscope spinning disk
confocal microscope, or a Zeiss LSM 880 confocal microscope with an Axiocam 503
mono camera (Carl Zeiss, Inc., Thornton, NY).
4.3.7 Visualizing crystal movement through collagen

To assess crystal penetration of a collagen gel, microcrystals were introduced on top of
40 pl of polymerized collagen in dishes containing 800 pl of culture media. Crystal
movement through the collagen was then observed via time resolved images at 0-, 5-, 10-,

45-, and 120-minutes (data not shown). Subsequently, crystals were applied to dishes
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containing lung slices with collagen gel overlay and imaged live over 120 minutes at 5-
time points; at 0 h, 24 h and 96 h using a Nikon Te2000-U inverted microscope.
4.3.8 Quantifying LPS retention in and diffusion from CJ microcrystals

Lung slices from male and female mice were exposed in parallel to culture media
containing 10 pul ml™! microcrystals (~280 nm in diameter) soaked in LPS (123352
Thermo Fisher Scientific), crystals without LPS, or LPS for 48-hours. Slices were then
processed immunohistochemically to visualize the number of CD19+ immunoreactive B
cells to determine if an immunomodulatory change may have been made by released LPS.
The diffusion of fluorescently labelled LPS guest was measured in vitro in crystals by
monitoring the surrounding fluorescence of individual crystals loaded with LPS.
Following cross-linking, large CJ crystals between (between 185 and 220 um in diameter)
were soaked overnight in 50 pg mL! Alexa Fluor 568-LPS conjugate (in 1X PBS, pH
7.5). Following soaking, the crystals were individually transferred to a 35 mm culture
dish, in 50 pL of the LPS solution. After an initial round of imaging, 450 uL of fresh 1X
PBS was added to the drop. Immediately following dilution of the crystals, fluorescence
was monitored over a circular region of interest (ROI) within each crystal over a ~15-
minute period. The crystals were then soaked overnight (about 13.5 hours) in 1 mL 1X
PBS in the dark, before imaging for a final time.
To estimate the rate of diffusion of guest LPS from CJ microcrystals, 20 puL of LPS-
saturated microcrystals (~10'° microcrystals mL!, as measured by tunable resistive pulse
sensing (TRPS)) were added to three separate wells in a modified 96-well plate. Briefly,
the inner rings from 0.2 mL PCR tube caps were carefully sliced off, and directly glued to

bottom of the well, near one of the edges. After drying and curing, LPS-saturated crystals
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were pipetted into the crescent-shaped gap (Figure 4.5D), before slowly pipetting 180 uL
of 1X PBS, pH 7.5 to the center of the well. This ensured that the crystals remained out of
the light path of the instrument during data collection. Fluorescence (Aex = 568 nm, Aem =
603 nm) was measured every 5 minutes, over a 12-hour period, independently for each
well; area scans of the wells were performed before dilution, after dilution, and after data
collection, to ensure that the area within the plastic ring remained clear of crystals. The
difference in LPS concentration was also measured after soaking in crystals to quantify
the total amount of LPS loaded. The resulting fluorescence values were then converted to
concentration (in ng mL™!) using a standard curve ranging from 0 to 50 ug mL™! (200 uL
volumes per well). The concentrations were averaged across all three replicates at each
time point, and the standard error of the mean was calculated for each time point.
4.3.9 Immunohistochemical analysis

In preparation for immunohistochemical analysis, PCLS were fixed via 15-minute
exposure to 4% paraformaldehyde. After fixation, the lung slices were placed in 1%
sodium borohydride for 2-hours followed by 3X 10-minute PBS washes. The tissue was
blocked using a 5% normal goat serum (NGS; Lampire Biological, Pipersville, PA), 3%
hydrogen peroxide, and 0.3% Tx solution in PBS for 2-hours with a change of solution at
I-hour. Primary antisera, CD19 (14-0199-82 eBiosciences, RRID: AB 467151) was
applied in a solution containing 5% NGS, 0.3%Tx, and PBS for 120-hours. Before
application of fluorophore-conjugated secondary antisera, Cy3 anti-rat (111-166-045
Jackson Immunoresearch, RRID: AB 2338253), slices underwent 4x30-minute washes in
a 1% NGS, 0.2% Tx, and PBS solution. Slices were exposed to secondary antisera for 24-

hours followed by 4x30-minute washes in a 0.02% Tx PBS solution.
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4.3.10 Image and statistical analyses:

Analyses were performed for number of cells labeled in the red or green channels
labeled with acridine orange or labeled immunohistochemically as CD19+ using NIH Fiji
(v.2.9.4) in sets of 5 live (AO treated) or 12 post-fixation (CD19+) images (with a 2048-
2048-pixel ROI) to account for variability. A one-way ANOVA analysis was performed
for number of B cells in untreated, empty crystal, LPS loaded crystal, and LPS treated
slices as well as for average number of cells labeled by acridine orange in the green and
the red channels of crystal and vehicle treated slices. Post-hoc testing via a Fisher’s LSD
was performed and data are presented as mean +/- standard deviation. A p < 0.05 was
considered significant. Data analyses were performed using R. The investigator
conducting all quantitative analyses was blinded to the treatment groups. A Kruskal-
Wallis test was performed in R to validate the results of the one-way ANOVA. After the
Kruskal-Wallis test, a Mann-Whitney U test with a Bonferroni correction was performed
to determine which comparisons were significant.

4.4 Results

Unless otherwise noted, the experiments described in this chapter used EDAC-cross-
linked crystals. The crystal diameters ranged from ~200-400 nm for quantification of LPS
release over time (Figure 4.5D,E), to 2-10 um for studying crystal-tissue interactions
(Figures 4.3, 4.4, 4.6, and 4.7), to 150 to 200 um for direct monitoring of LPS diffusion
from large crystals (Figure 4.5A-C).

Lung slices were maintained ex vivo for up to 5 days and brightfield images of lung
slices at low and medium magnification are provided here as a reference for readers

without a respiratory focus and as a corroboration of some health characteristics. The
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health status of lung slices was observed using a variety of characteristics: maintenance of
morphological characteristics, ratio of cell permeability (Figure 4.6), and absence of
necrosis. If present, necrosis would appear as phase dark regions in the tissue.
Macroscopically, lung slices consisted of the alveolar spaces (where breathing would
occur in vivo), the parietal pleura which is the outside wall of the lung (Figure 4.1A), the
airways or bronchioles, and the blood vessels or arterioles (Figure 4.1B). In all cases, the
tissue slices maintained their characteristic shapes and sizes without evidence of

degeneration regardless of treatment.
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Fi%ure 4.1: Anatomy of a precision-cut lqn% slice (PCLS). A, Alveolar space and parietal pleura with
500um scale bar. B. Arteriole and bronchiole with 200um scale bar.

4.4.1 CJ microcrystals are capable of penetrating collagen overlay
As a verification of the model, it was necessary to determine whether the crystals could
enter the plane of the tissue and maintain contact with the tissue over time. To determine

whether the crystals could enter the tissue slices, 8 uLL of a suspension of Texas Red-
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labelled microcrystals (diameter ~15 pm) were applied with a pipette after resuspension
on top of the collagen overlay, and the progression of crystals into the plane of the tissue
was observed by sequential imaging. Live images were taken immediately, 24 h, and 96 h
after crystal addition. Crystals were visible in the Texas Red channel (Figure 4.2E-H), but
not the fluorescein/GFP channel (Figure 4.2A-D), allowing for differentiation of crystals
from background autofluorescence. Some crystals sedimented into the plane of the tissue
immediately after addition (Figure 4.2A,E). Additional crystals settled into the imaging
plane over the next several days (Figure 4.2C,G). Each image contains an airway which
can vary greatly in size around which crystals are visualized. After aldehyde fixation,
high magnification images of the crystals in the tissue showed no degradation of Texas
Red fluorescence or crystal shape (Figure 4.2D-H). In order to control for location effect
and obtain a more precise dose estimate, larger crystals (which possessed the same
characteristic 13 nm pore structure) were precisely placed by hand using a nylon loop

onto tissue slices. No significant difference in measured CD19+ B cell response was
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observed compared to addition of numerous smaller crystals.

A Oh after crystal addition B 24h after crystal addition C 4 days after crystal addition

Figure 4.2: Lung slices exposed to unloaded Texas Red-labeled micro/nanocrystals. A-C, PCLS imaged
live immediately, 24 h, and 96 h after crystal addition show no fluorescence in the green channel and are
a control for crystal visualization. Scale bar is 200um. E-G, PCLS imaged live immediately, 24 h, and 96
h after crystal addition are fluorescent in the red channel and demonstrate a greater number of crystals
present in the plane of the tissue over time. D,H, After fixation confocal images of crystals were acquired
showing no fluorescence in the green channel and high fluorescence in the red channel. No degradation of
crystal fluorescence or structure was observed compared to pre-experiment crystals. White arrows
in%icate where inserts were taken. Scale bars are 200 um for A-C and E-G. Scale bars are 15 um for D

and E.

To show crystal presence in tissue slices, a low magnification image containing Texas
Red labeled crystals (Figure 4.3A) was provided alongside a control image (Figure 4.3B)
to show variance in size and location. Because images are single plane, many of the
crystals are out of phase and therefore difficult to see clearly. Lung slices are 250 pm
thick so in this image which is focused in the mid to bottom region of the slice, even out
of focus points of light are not visible for all crystals present. With these crystals it was
also observable via confocal microscopy after 48 hours that some crystals appear to be
within cells resulting in a decrease in fluorescent intensity of the crystals. This decrease in
light does not correlate with a deterioration of the crystal, and the fluorophores are
covalently attached to the crystal and are not likely to be dimmable, possibly indicating an

occlusion of the fluorescent intensity. Furthermore, other experiments demonstrated that
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no change in fluorescent intensity was observed in labeled crystals recovered from being
cultured with slices for 4 days. However, it was not possible to quantify or confirm this
uptake by methods other than microscopy, so no definitive conclusion could be reached.
Microcrystals were loaded with a fluorescein-conjugated, 30-nt ssDNA to demonstrate
that crystals can be tagged with a fluorophore and loaded with a fluorophore conjugated
molecule relevant to biomedical processes. Additionally, crystals were visualized in red
and green channels in single plane images for unloaded and loaded crystals allowing for
visual confirmation that fluorescently conjugated guest molecules are discernible in the
tissue and that loss of guest molecules may be visualizable. In the overlayed images,
Texas Red labeled crystals also loaded with fluorescein conjugated DNA appeared yellow

in lung tissue.

Figure 4.3: Crystals can be loaded with biologically relevant fluorescently conjugated molecules. A, Unloaded
crystals are labeled with a Texas Red Fluorophore and visualized in a 3D projection. B, Loaded crystals are labeled
with a Texas Red fluorophore and loaded with a fluorescein-conjugated DNA. White arrows indicate where inserts
were taken. Scale bars are 10 um.

4.4.2 CJ crystals can adsorb and release lipopolysaccharide (LPS) over several hours
The diffusion of guest fluorescent LPS from CJ crystals was further characterized in

vitro by monitoring fluorescence in multiple LPS-saturated CJ crystals via spinning disk
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confocal fluorescence microscopy. It was also initially hypothesized that, due to its high
amphipathicity, LPS might potentially bind to CJ crystals with a similar affinity as DNA
or RNA, although this was ultimately not observed; rather, guest LPS appears to diffuse
steadily from LPS-saturated CJ crystals over a period of several hours in PBS (Figure
4.4B,C); this same diffusion was observed for CJ microcrystals (Figure 4.4D,E). As
shown in (Figure 4.4B), normalized fluorescence within 3 crystals begins to decrease very
gradually over a 15-minute period. While we observed some increase in normalized
fluorescence in crystal 1 between 200 and 500 s, we believe that this is likely due to guest
LPS diffusing into the focal plane from the crystal interior and is a consequence of LPS
diffusing out of the crystal. Supporting this, following an overnight soak in 0.5 mL PBS, a
dramatic decrease in fluorescence was observed in all three crystals (Figure 4.4C).
Despite the net decrease in fluorescence, the crystals still retained greater fluorescence
following the overnight soak, when compared to the crystal fluorescence prior to loading,
suggesting that a detectable amount of LPS still remained within the crystals. In addition
to observing diffusion from large CJ crystals (> 0.1 mm diameter), we also observed
diffusion of guest LPS from saturated CJ microcrystals (< 1 um) using a modified 96-well
plate (Figure 4.4D). After soaking 100 pL of CJ microcrystals (~109 microcrystals, 280
nm in diameter) in ~46 pg of fluorescently labeled LPS for > 24 h, the crystals were
pelleted, and the supernatant removed and measured. From these measurements, we
estimated loading to be ~38 ug per 109 microcrystals. After diluting the crystals 1:10 in
fresh PBS, the wells were monitored over a 12-hour period; we observed a sharp increase

in solution LPS over the first ~2 hours, following dilution (Figure 4.4E). Each well
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contained approximately 2x108 microcrystals, and each crystal was approximately 280

nm in diameter.
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F igure 4.4: A, Three large CJ crystals, which have been soaked overnight in fluorescently labeled LPS.
Individual crystals are indicated with a number at the top left. Scale bar = 100 pm. B, Relative
fluorescence within each region of interest, measured over 700 s, normalized to relative fluorescence at t
=0 s. Colors correspond to individually-labeled crystals in panels A and C. C, Global decrease in crystal
fluorescence, following a >12-hour soak in the dark in phosphate-buffered saline (without LPS). Scale bar
=100 pm. D, For measuring LPS diffusion from microcrystals, crystals were sequestered to the outer
perimeter of the wells (blac% arrows), in order to keep the crystals out of the light path, while still
allowing LPS to diffuse throughout the buffer in the well. Scale bar =3 mm. E, LPS concentration in
solution, following 10-fold dilution of LPS-loaded crystals in 1X PBS (200 uL final volume), as
measured by plate reader. Diffusion was monitored across three replicate wells over 12 hours. Error bars
indicate the standard error of the mean.

4.4.3 CJ crystals display no cytotoxic or immunogenic effects on their own
To demonstrate the health of the tissue, live slices exposed to unloaded NHS-pacific blue

conjugated crystals (~2-10 pm diameter) were treated with acridine orange (Figure 4.5).



Acridine orange has fluorescent visibility in both the red and the green channels and thus
it was necessary to use crystals conjugated to a non-Texas red fluorophore. DNA in cells
with permeable membranes was visualized in the red channel (Figure 4.5B,E) and
cytoplasmic RNA in the green channel (Figure 4.5A,D). Because acridine orange can
cross cellular but not nuclear membranes, the red channel visualizes the consequences of
porous nuclear membranes of dead or mitotic cells. No changes in the average number of
permeable cells (LPS treated = 34 n=9, control = 43, n=9; p=0.624) or RNA positive cells
(LPS treated = 291, n=9, control =272, n=10; p=0.321) per ROI were observed with
crystal addition. Red and green overlays (Figure 4.5C,F) were generated to show
localization of the labeled DNA and RNA populations. CJ crystals were distinguished
from the background via DAPI illumination (Figure 4.5G). The average percentage of
total cells with permeable membranes was between 10-15% for both vehicle and crystal
treated slices (Figure 4.5H). Cross-linked CJ crystals were previously found to have no

observable toxicity when incubated with HDFa cells**, but had yet to be tested in tissue.
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Figure 4.5: Introduction of unloaded crystals to tissue does not change permeable and non-permeable cell
ratios. A-C, Precision cut lung slice containing unloaded crystals. A, RNA positive cells. B, Cells with
permeable nuclear membranes. C, Composite image of A and B. D-F, Precision cut lung slice containing
no crystals. D, RNA positive cells. E, Cells with permeable membranes. F, Composite image of E and F.
G, Crystals labeled with NHS-pacific blue to prevent fluorescent overlap with acridine orange. H,
Graphical representation of average RNA positive cells and cells with permeable cell membranes in ROIs
from untreated slices (control) and slices exposed to unloaded crystals. Permeable cells (LPS treated = 34
n=9, control =43, n=9; p > 0.05) or RNA positive cells (LPS treated =291, n =9, control =272, n =
186 p > 0.05). **** indicate p < 0.0001. White arrows indicate where inserts were taken. Scale bars are

100 pm.

The addition of unloaded crystals did not significantly alter B cell populations in lung
slices compared to tissue without crystals (56.9 + 5.2 vs. 54.2 + 15.7; p > 0.1) (Figures

4.6, 4.7). In contrast, slices treated with LPS-loaded crystals (77.2 + 10.4, n=6) or an LPS
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bolus applied in solution (111.9 £ 14.0, n=8) exhibited higher B cell populations than
slices treated with unloaded crystals, with significant increases observed for both
comparisons (p < 0.05 and p < 0.01, respectively). Furthermore, LPS in solution induced
significantly greater B cell expansion than LPS delivered via loaded crystals (p < 0.05).
Vehicle controls were not significantly different from any other condition. These results
were confirmed by Kruskal-Wallis testing across all groups (p = 1.8 x 10*), with post
hoc Mann—Whitney U tests identifying the specific pairwise differences noted above.

Finally, slices from female mice exhibited a greater increase in B cell numbers in
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response to both LPS treatments compared to slices from male mice (data not shown).

Vehicle o

Unloaded Crystals

Figure 4.6: Loading LPS into crystal pores changes the CD19+ B cell immunomodulatory effects of
crystals. A, B cell population 48h ex vivo in PCLS not exposed to crystals (n=5). B, B cell population 48h
ex vivo in PCLS exposed to LPS loaded crystals (n=6). C, B cell population 48h ex vivo in PCLS

exposed to unloaded crystals (n=7). D, B cell population 48h ex vivo in PCLS exposed to LPS with no
crystals in culture solution (n=8).
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Figure 4.7: B cell counts per tissue slice, normalized by airway size. LPS administered in solution
resulted in a higher B cell response when compared with an equivalent amount of LPS administered via
crystals, suggesting that guest molecule release from the crystals is more gradual. ** = p <0.05, *** =p
<0.01, as determined by Mann-Whitney U test.

4.5 Conclusions

As a vessel for biomolecules, crystals like the CJ crystals have several potential
advantages that are not present in currently existing platforms. Being a rigid hollow
structure, their loading capacity is much larger than that of spherical inorganic particles,
such as gold nanoparticles; furthermore, the crystals themselves can be modified to
display different surface and interior components via amino acid substitutions in CJ,
which may have future implications for complex delivery. As demonstrated in this
chapter, the crystals can be conjugated to fluorophores which will not disperse when they
encounter a membrane, thereby permitting longer imaging timescales in living systems.
The crystals are not visibly damaged after days of exposure to a complex tissue model,

nor was any decrease in fluorescence observed, and no cytotoxicity from the crystals was
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detected following their exposure to tissue. Another potential benefit of immunologically
inert crystals for lung delivery is that they would not contribute to the overactivated
immune system pathology common to many respiratory diseases. CJ crystals can be
loaded with a broad range of biologically relevant substances, such as nucleic acids,
proteins, and enzymes, enabling delivery of a diverse spectrum of pharmaceuticals. While
the large pore size of CJ crystals permits their use as a carrier for macromolecules, such
as DNA, RNA, and proteins, it also does not preclude small molecule guests, as
evidenced with LPS in this chapter.

A priori, we considered several potential mechanisms for adverse effects from the
crystals themselves: 1) Because the crystals are composed of a protein derived from C.
Jjejuni, they might negatively interact with tissue due to the proteins’ microbial origin and
the repetitive surface of the crystals; II) Because CJ is a putative polyisoprenoid binding
protein, it is conceivable that CJ crystals could uptake and bind small molecules found in
mammalian tissue, including a range of steroid molecules and sex hormones; I1I) Since
the CJ protein was expressed in E. coli, it was possible that the crystals would be
contaminated with endotoxin. Fortunately, crystallization in very high ammonium sulfate
concentration is a strong form of purification, and the downstream cross-linking,
quenching, and washing of the CJ crystals were likely to further remove any
contaminants. This was reinforced by our observation within this study, that E. coli-
derived lipopolysaccharide diffuses from CJ crystals on the order of minutes to hours; IV)
Finally, the chemical cross-linking of the crystals could result in carryover of toxic cross-
linkers, though compared with traditional aldehyde cross-linkers such as formaldehyde

and glutaraldehyde, the EDAC cross-linker used in this study was considerably less
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reactive. Furthermore, Hartje et al. discussed methods for limiting cytotoxicity for
building blocks of EDAC cross-linked CJ crystals in a previous review.!!” Finally, in the
present study, the host crystals appeared to be biologically inert; only LPS-loaded crystals
induced a noticeable and significant physiological response. To determine whether there
were any adverse effects of CJ crystals, ex vivo tissue slices were evaluated for number of
permeable cells compared to total number of cells as a measure of cell death. No change
in tissue health measured by cell death was observed in crystal treated slices.
Additionally, the innate B cell population was compared in untreated slices to slices
treated with unloaded crystals, LPS-loaded crystals, or LPS alone. Only crystals loaded
with LPS and LPS by itself had an effect on the B cell population. These experiments
establish the feasibility of using the crystal platform as a delivery system for biologically
active small molecules. LPS was selected as a test compound due to its well-characterized
and potent immunostimulatory effects, providing a sensitive readout of delivery efficacy
rather than a candidate therapeutic payload. The finding that crystal-loaded LPS increased
B cell populations relative to unloaded controls confirms that the vehicle is capable of
delivering functional cargo to lung tissue. Although the magnitude of response was lower
than that elicited by soluble LPS, this difference likely reflects the distinct release kinetics
of the crystal system, which may distribute the stimulus over a longer time frame rather
than producing a sharp peak in exposure. Importantly, unloaded crystals did not alter B
cell numbers, supporting their suitability as a neutral carrier. Taken together, these data
highlight the potential of crystal-based delivery to modulate tissue responses in a
controlled fashion and establish a foundation for testing other small molecules with

translational relevance.
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Here, PCLS were used for initial basic feasibility and biocompatibility testing of CJ
crystals with live organ tissue. When LPS was loaded into crystals, lung slices that were
treated with those crystals displayed an increase in the number of CD19-imunoreactive B
cells, consistent with previous literature.!?>2°%2%7 Because animals were perfused through
the heart with warm PBS after death, no recruitment from the vasculature could have
occurred, indicating that the increase in B cells was likely a result of proliferation. This B
cell population increase was smaller than the population increase generated by treating
PCLS with LPS in the media, and may indicate a more gradual release (i.e., lower dose)
mechanism from the crystals. Conversely, unloaded crystals added to PCLS did not
influence CD19+ B cell populations, consistent with a lack of immune response from the
host crystals over 48 h. This lack of immune response is particularly important for
potential biomedical applications because most existing carrier molecules have innate
adjuvant properties, potentially resulting in off-target immune responses.

Similarly, crystals interacted with the PCLS without affecting health as visualized by
maintenance of gross morphological characteristics of the tissue, or cell death. Under
normal conditions,'®72% healthy tissue can be maintained over several days without
treatment, and the addition of empty crystals did not change any tested aspect of tissue
health. Crystals clearly penetrated the porous protective collagen layer that covered the
PCLS, with some immediate deposition that increased over time. Across 96 hours, there
were no observed increases in cell death, and B cell numbers did not differ in slices
treated with unloaded crystals compared to untreated slices. These two factors justify
future investigation for the delivery of authentic therapeutic molecules. To directly

quantify the rate of release of guest LPS from microcrystals, we diluted LPS-saturated
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microcrystals (~ 300 nm in diameter) in PBS ten-fold and monitored guest release into the
surrounding solution over a period of 12 hours. We observed a net increase in solution
fluorescence, and directly quantified the well concentration, while ensuring that the
crystals themselves remained out of the light path (Figure 4.5D,E). Confocal imagery
showing a net decrease in fluorescence across three large LPS-loaded crystals (> 100 um
in diameter) (Figure 4.5A-C), along with the increase in LPS concentration in the wells
containing diluted LPS-loaded microcrystals (Figure 4.5D), and the observed B cell
response to LPS-loaded crystals in tissue slices (Figures 4.6 and 4.7), all suggest that
guest LPS diffuses from the crystals over a period of several hours to days (consistent
with a burst release profile characteristic of mesoporous scaffolds), after which LPS
concentration reaches equilibrium between the crystals and surrounding solution. While
this is not consistent with an extended-release profile, it does suggest that the crystals are
able to release guest LPS following tissue exposure. The absence of a B cell response to
naive crystals additionally suggests that endotoxin carryover through CJ microcrystals is
unlikely. A significant limitation of this study is that it does not evaluate cellular uptake,
or intracellular activity, of LPS-loaded CJ microcrystals. Instead, the crystals were
evaluated for their ability to release LPS into surrounding tissue, by measuring local B
cell responses to LPS. Rational re-engineering of CJ is required to target crystals to
specific extracellular domains and retain and release biomolecules on a tunable timescale.
With respect to clinical application, at least two significant obstacles related to
intravascular delivery of porous protein microcrystals remain. The first is the ability to
precisely control crystal aspect ratio (that is, the ratio of the crystal height to the crystal

diameter), which, depending on the batch growth conditions, would result in flatter, more
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discoidal crystals, or longer, more cylindrical crystals. This is especially relevant in
intravascular transit, as previous work has demonstrated that discoidal nanoparticles
remain in circulation for significantly longer periods of time than cylindrical or
hemispherical nanoparticles, which are more quickly sequestered into the liver.”® Aspect
ratio appears to be tunable for CJ crystals, and in fact, long, needle-like crystals, have
been observed in a number of sitting-drop wells, although this effect remains difficult to
reproduce. The second obstacle is precise control over the mechanical deformability and
overall stiffness of the crystals. Previous studies have demonstrated that deformability of
nano- and microparticle carriers is desirable, as this enables them to squeeze through
narrow capillary beds and ultimately traverse them, analogous to red blood cells.?*
Fortunately, the extent to which CJ crystals are chemically cross-linked influences the
deformability and overall hardness of the crystals;?!° relatedly, we have previously
attempted to loop incompletely cross-linked CJ crystals, and have observed consistencies
ranging from gel-like, to rubber-like, to completely non-deformable. Therefore, the
choice of EDAC as a cross-linking agent was partly based on the relatively longer time
required to fully cross-link the crystals, when compared to glutaraldehyde or glyoxal
cross-linkers.

Aside from the protective effects of crystals as a vessel for delivery of therapeutics to
tissues and the benefits of the larger pore size, the versatility of this model suggests that
there are a large number of unexplored applications for CJ crystals, particularly in the
biomedical realm. First, they may be useful as a carrier for tracer dyes. Because they have

no demonstrated immunostimulatory properties as demonstrated here and can be

engineered to hold such a broad range of compounds it is not unreasonable to think that in
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future studies, they could be loaded with tracer dyes to increase the dose that can be given
to patients and increase visibility or prolong time that imaging can be performed.
Additionally, they could be engineered to uptake high concentrations of unwanted
molecules produced in illnesses or possibly by viruses. Additionally, it is possible that CJ
crystals could be re-engineered or modified to enhance cellular uptake. For instance,
previous work by Yang et al. with Cry3Aa crystals suggests that the introduction of
positively charged surface residues can facilitate endosomal escape of microcrystals,
following endocytosis.’! However, to perform these studies, it is important to first
determine a baseline for interactions of the crystals in biological systems.

In conclusion, while the results described in this chapter do not suggest that CJ crystals
are capable of prolonged, extended release of guest LPS into surrounding tissue, the
absence of a specific immune response to the crystals themselves (Figure 4.6), along with
the demonstrable release of LPS from the crystals, both in vitro (Figure 4.5) and ex vivo
(Figures 4.6 and 4.7), nevertheless reinforces their potential as a therapeutic delivery
platform for biologically-relevant molecules. Rational, structure-guided re-engineering of
ClJ crystals may allow for more precise guest-crystal interactions for more biomedically

relevant molecules, potentially enabling extended release and cell-specific targeting.

99



CHAPTER 5: Bioluminescent Trace Labeling of Porous Protein Microcrystals for Evaluating
Pharmacodynamics

5.1 Overview

This chapter investigates the biodistribution and persistence of cross-linked porous
protein microcrystals in vivo using bioluminescence imaging. By coupling the NanoLuc
luciferase enzyme to the CJ crystal scaffold, we sought to determine whether these
protein-based crystalline materials remain systemically dispersed, accumulate in specific
organs, or become locally retained following intravenous injection. Ex vivo imaging of
dissected organs at 72 hours post-injection revealed relatively uniform radiance across
most tissues; however, persistent signal in the hindlimbs of several animals suggested
partial entrapment of crystals within skeletal muscle microvasculature. Statistical
evaluation using ANOV A, Kruskal-Wallis, and post hoc testing confirmed that, while
organ-level differences were not significant after outlier removal, the spatial pattern of
emission observed in whole-animal imaging supports a model of microvascular retention.
These results establish the foundation for considering CJ microcrystals as potential
localized depot systems capable of sustained, site-specific release of therapeutic payloads.
Beyond biodistribution, this chapter highlights the physical and physiological
determinants that govern the fate of solid, protein-based micro- and nanoparticles
following systemic administration.
5.2 Introduction

Porous micro- and nanoparticles have emerged as highly versatile platforms for
therapeutic delivery, offering significant advances in drug loading capacity?!! and

controlled release profiles.?'? Innovations in synthesis techniques—such as sol-gel
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215216

processing,?!? emulsion templating,?'* and microfluidics have improved particle

uniformity and scalability for clinical applications. Additionally, surface functionalization

117,217,218

strategies allow for active targeting to diseased tissues, reducing systemic

toxicity,?!”

and thereby improving therapeutic efficacy. These features position porous
carriers as promising candidates for addressing challenges in oncology, immunotherapy,
and regenerative medicine.

Within the larger class of porous particles, porous protein microcrystals have recently gained
attention as innovative platforms for therapeutic applications, offering a unique combination of
biocompatibility** and structural precision.*>??° Advances in crystallization techniques have
enabled the formation of stable, well-ordered protein lattices with defined pore networks capable
of encapsulating a variety of bioactive compounds. Large-pore protein microcrystals (pore
diameters > 5 nm) can enable sustained release of macromolecular cargo, protect guest
therapeutics from degradation, and potentially enable targeted delivery with additional protein
engineering of the crystal surfaces. Recent work has demonstrated the successful incorporation

of small molecules,!! peptides,'® and biologically-active proteins®®°!

into protein crystal
matrices.

In chapter 2, we demonstrated that CJ microcrystals can efficiently adsorb and retain single-
and double-stranded DNA and RNA, with conditional release triggered by high ATP
concentrations. CJ crystals can also be further modified through covalent chemistries or genetic
fusion. Given these structural and functional attributes, CJ microcrystal variants represent a
potential family of protein-based carriers for therapeutic delivery. The internal crystalline order

of these materials permits rational design of the biomaterial to an unusual degree. Crystal growth

permits tunable particle geometry to a variety of sized particles, particles that nonetheless share
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identical nanostructure. The open honeycomb pore network permits macromolecule uptake
without loss of encapsulation capacity. Given these unique properties, it is important to take the
first steps in evaluating pharmacokinetic behavior in vivo, including biodistribution, clearance,
and possible tissue retention. Obtaining initial data for these properties constitutes a critical first
practical step before extended studies to evaluate CJ as a potential platform for targeted or
sustained-release delivery of biologics and other macromolecular therapeutics.

Trace-labelling of therapeutic nanocarriers is necessary for evaluating their in vivo
biodistribution, pharmacokinetics, and clearance pathways.??! A variety of labelling techniques
have been developed to enable sensitive and specific tracking, including radiolabelling,
fluorescent dyes, and magnetic resonance contrast agents. Radiolabelling with isotopes such as
84Cu, ¥Zr, or ®"Tc enables highly quantitative, whole-body imaging using PET or SPECT,?*
but often requires complex handling and raises safety concerns due to radiation exposure.

223 provides high spatial

Alternatively, fluorescent labelling using organic dyes or quantum dots
resolution for ex vivo tissue analysis and intravital microscopy but may suffer from
photobleaching or signal quenching in biological environments.??* Magnetic resonance imaging

226 offer non-

(MRI) tracers, such as gadolinium complexes?? or iron oxide nanoparticles,
invasive tracking without ionizing radiation, though their sensitivity is typically lower. To
overcome limitations in sensitivity and tissue penetration, bioluminescence-based approaches
have gained popularity, particularly through the use of luciferase enzymes. Nanocarriers can be
trace-labelled by incorporating luciferase proteins or luciferase-expressing constructs, enabling
real-time, non-invasive imaging with minimal background signal. This method is especially

valuable for longitudinal studies in small animal models, as luciferase emits light only in the

presence of its substrate, allowing temporal control over signal generation. Furthermore,
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luciferase-based labelling is amenable to genetic encoding in cell-derived carriers, such as
exosomes or engineered extracellular vesicles, facilitating more accurate pharmacokinetic
profiling. The high sensitivity, biocompatibility, and dynamic range of bioluminescence make it
an ideal tool for evaluating nanocarrier behaviour in vivo.

In this chapter we describe engineered CJ microcrystals to enable site-specific covalent
installation of guest proteins and enzymes, using SpyCatcher/SpyTag. SpyCatcher and SpyTag
are two complementary halves of a re-engineered version of the CnaB2 domain, from
Streptococcus pyogenes, originally developed by the Howarth lab,”"”> and which have since been

227228 cell-imaging'> and protein association and localization

used for biomaterials applications,
studies,?”® and conjugation of antigens to therapeutic carriers.’ The hybrid biomaterials described
in this chapter (as in chapter 3) are composed predominantly of wild-type CJ protein, doped with
a variant of CJ with SpyTag003 (third generation)’? at the C-terminus (“CJ-SpyTag”) (Figure
5.1D, Supporting Table S1). Appending SpyTag to CJ allows for the modular conjugation of
guest proteins outside or inside of crystals, simply via genetically fusing SpyCatcher to either

terminus of the guest.”%%14?
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Figure 5.1: A, CJ readily dimerizes via domain swapping at the N-terminus. B, C, This domain swapping
by CJ facilitates the growth of P 6 2 2 crystals, characterized by large, 13 nm axial pores. D, Doping of CJ
crystals with the fusion protein CJ-SpyTag003 results in random incorporation of CJ-SpyTag003
alongside wild-type CJ. As a result, the crystal displays SpyTag003 to the major pore interior.

Intravenous administration of NanoLuciferase-labeled CJ microcrystals revealed a distinct
pattern of in vivo localization. Within minutes of injection, bioluminescent signal was detected in
the pulmonary region of all animals, indicating rapid first-pass accumulation in the lung
vasculature. Over the following hours, this pulmonary signal declined markedly. The signal in
the hindlimbs also decayed with a short half-life but became the dominant site of emission by 8
hours post-injection due to a higher end-time signal. This description was consistent across all
six mice. The elevated end-time luminescence in the distal skeletal muscle beds (relative to
lungs) suggests that these tissues might retain a small fraction of the microcrystals for extended
times. These observations provide real-time evidence that micron-scale protein crystals can
access multiple tissues after systemic delivery and suggest the importance of vascular geometry

in determining their ultimate fate. It is also important to mention that the tail injection sites

104



remained quite luminescent, suggesting that a population of the crystals remained near the
injection site, either due to size or geometry. Consistent with a baseline biocompatibility for
particles composed of proteins, no change in mouse behavior or health was noted between the
initial injection, and sacrifice at 72 hours post-injection.
5.3 Methods
5.3.1 CJ SpyCrystal growth, cross-linking, and conjugation testing

Both wild-type CJ and doped CJ SpyCrystals were grown using both sitting drop vapor
diffusion and batch crystallization, as described previously.’*#!2? Briefly, one volume of
concentrated CJ protein + CJ-SpyTag protein (equimolar concentration) was combined with five
volumes of precipitant buffer (3.5 M ammonium sulfate, 100 mM HEPES, pH 7.0) in a single
1.5 mL microcentrifuge tube. The crystals were allowed to grow for 24 hours at room
temperature. Following growth, the crystals were pelleted by centrifugation (2,000 x g for 5
minutes), then washed in 4.2 M trimethylamine-N-oxide (TMAQO) and then resuspended in a
cross-linking buffer (1% glyoxal, 25 mM p-dimethylaminobenzaldehyde (DMAB), 4 M TMAO)
and incubated at room temperature for 15 minutes. The cross-linking reaction was then quenched
via washing the crystals in 1 M hydroxylamine, 25 mM DMARB for 1 hour. Following growth,
cross-linking, and quenching, the crystals were resuspended in sterile 1X PBS, supplemented
with 0.1 mg mL™! SpyCatcher003-NanoLuciferase. The crystals were then allowed to soak
overnight at 4 °C, after which they were washed and resuspended in sterile 1 X PBS. Crystal size
distribution was obtained using scanning electron microscopy (SEM) on a JEOL JEM-2100F
Transmission Electron Microscope and tunable resistive pulse sensing (TRPS) by qNano Gold

(Izon Science) (Supplemental Figure 5.1).
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5.3.2 Validation of in vitro SpyCatcher-SpyTag-mediated guest capture

Following synthesis, cross-linking, and glyoxal quenching, a single large wild-type CJ crystal
was soaked overnight at room temperature in a buffer containing nickel (“Buffer A,” 50 mM
HEPES, 300 mM NaCl, 10 mM nickel sulfate, 10% glycerol, pH 7.5). After soaking in this
buffer, the crystal was looped and moved into 6XHis-Nanoluciferase (~5 mg mL™") and soaked
overnight at 4 °C. After overnight loading, the crystal was then washed by looping twice through
0.3 mL of buffer A, then imaged under confocal microscopy with a blue light filter. Furimazine
(~50 uM) was added to the buffer, and the crystal was imaged over a 13 minute window.

To validate the feasibility of in-crystal SpyTag-SpyCatcher conjugation we expressed a fusion
protein: SpyCatcher003-superfolderGFP and performed a multistep protocol. First, both wild-
type CJ and doped CJ SpyCrystals were grown using sitting drop vapor diffusion; the crystals
remained un-cross-linked following growth. Following growth, two large crystals of each type
were looped twice through 0.3 mL of wash buffer (3.6 M TMAO, 50 mM HEPES pH 7.5),
before incubation in 0.5 mg mL! purified SpyCatcher003-sfGFP for 1 hour at room temperature.
After this incubation, the crystals were washed three times in 0.3 mL of the growth buffer (3.4 M
ammonium sulfate, 100 mM Bis-Tris pH 6.5). The crystals were then each individually dissolved
in 20 pL of nuclease-free water and run in separate lanes (one crystal per lane) on a pre-cast
Mini-PROTEAN 4-20% polyacrylamide gel (Bio-Rad, # 4561095) for 90 minutes at constant
120 volts. The gel was then imaged directly through the transparent plastic sheath via GFP
transillumination.

5.3.3 Intravenous injections of luminescent CJ SpyCrystals
To evaluate the in vivo biodistribution of CJ microcrystals, CJ microcrystals labeled with

SpyCatcher-Nanoluciferase were injected into the tail vein of BalbC mice (n=6). Prior to the start
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of the experiment, mice were marked on their ears and/or tail for identification and weighed. A
solution of 100 pg of CJ microcrystals, labeled with SpyCatcher-Nanoluciferase, was pre-mixed
with furimazine (50 uM final concentration) and suspended in a final volume of 100 puL of 1 x
phosphate buffered saline at pH 7.5.

For injection and imaging, mice were anesthetized with isoflurane. Mice were injected with
100 pL in the tail vein of this solution immediately after it was mixed. Mice were then placed in
an IVIS Spectrum (Revvity Inc, Waltham, Massachusetts) within 5 minutes of injection to obtain
distribution images (time=0). Anesthesia was maintained during imaging by delivering
isoflurane via a nose cone in the IVIS instrument and held in a chamber with constant 37°C. The
animal was placed in a cassette to secure it, allowing for it to be moved during imaging without
the risk of injury or dislodging it from the anesthesia. Whole body images were taken with mice
in the supine and prone positions. Multiple fields of view were taken to include all of the organs
and regions of the body. Chemiluminescence was monitored via [VIS imaging at 0, 1, 4, 8, 24,
and 48 hours post-injection. Mice were injected with additional furimazine (50 uM in PBS, 0.1
mL) at 8, 24, and 48 hours prior to imaging. Following image acquisition, mice were placed back
in cages and continually monitored until they were ambulatory. Single IV injection volumes did
not exceed 100 pL and the daily injection volume did not exceed 2 mL/kg/hour. Two mice were
injected with furimazine alone to serve as negative controls following the above procedures. All
animals were humanely euthanized 72 hours after the initial injection. Tissues (heart, kidney,
liver, lung, skeletal muscle, and spleen) were removed and placed in a Petri dish for further
imaging. Once excised, 100 pL of furimazine (50 uM) was applied to the outside of all tissues.

The tissues were then placed in the IVIS imager and chemiluminescence was measured. All
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animal work in this study was completed under Colorado State University IACUC approved
protocol #5056.
5.3.4 Statistics

Background-corrected total radiance (photons s™) from ex vivo organs was analyzed using
both parametric and nonparametric statistical approaches. Data were first logio-transformed to
correct for skew and heteroscedasticity. Normality within each organ group was then evaluated
using Kolmogorov—Smirnov test, and homogeneity of variance was assessed using Levene’s test.
For each experimental condition (with or without furimazine substrate), differences in the mean
log-transformed radiance among organs were evaluated by one-way ANOVA, followed by
Tukey’s HSD post hoc test to identify pairwise differences. Results were additionally confirmed
using the Kruskal-Wallis test. All statistical analyses were conducted in Python using the SciPy
and Statsmodels libraries.
5.4 Results
5.4.1 CJ SpyCrystals modified with Nanoluciferase demonstrate bioluminescence
After soaking CJ crystals in 6XHis-Nanoluciferase overnight in a nickel supplemented buffer
(Figure 5.2A,C-E, then washing and adding furimazine under confocal (without illumination),
we observed light production along the outer surface of the crystal, demonstrating the feasibility
of Nanoluciferase activity and light production within the CJ crystal scaffold (Figure 5.2E-H).
Furimazine solubility remained low over the course of the imaging, resulting in some
precipitation (visible in the image at 4:32). Notably, the crystal interior remained largely dark
during the acquisition, as expected for a large crystal due to transport limitations- furimazine
must bypass the surface guest NanoLuc in order to react with the interior guest NanoLuc. We

anticipate no comparable transport limitations for microcrystals; light production in CJ-
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SpyCrystals loaded with SpyCatcher-Nanoluciferase fusion guest (and subsequently washed with

10 mM EDTA) was additionally validated in subsequent experiments (data not shown).
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Figure 5.2: A, C-D, Schematic illustrating the overall placement of the Nanoluciferase guest relative
to the CJ greater axial pore. In this instance, the guest is held in place via tethering between the histidine
tag on Nanoluciferase, and the histidine tag from CJ, via a communal nickel interaction. B, Light
production from Nanoluciferase is visible %y eye, following addition of 50 pM furimazine
(Nanoluciferase concentration = 0.5 mg mL™). C-D, Schematic illustrating non-covalent tethering of
6xHis-Nanoluciferase (blue) within a CJ pore (beige). E, A single large CJ SpyCrystal, following
overnight soak with 6xHis-Nanoluciferase, and imaged via confocal microscopy over a ~13 minute
window, following addition of furimazine (50 uM final concentration) at t = 0:00 minutes. Scale bar =
100 um. F-H, Two wild-type CJ crystals (one soaked in 6xHis-Nanoluc, right, and an empty control
crystal, left), imaged via confocal microscopy before and after addition of fgurimazine (50 uM final
concentration). I, Mean background corrected intensities of both the control and loaded crystals, before
(black) and after (blue) addition of furimazine.
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5.4.2 In vitro validation of SpyCatcher003-sfGFP guest capture by SpyCrystals

To validate the intended in vitro capture method for SpyCatcher003-Nanoluciferase, we
soaked two large, un-cross-linked wild-type CJ crystals and two large, un-cross-linked CJ
SpyCrystals in SpyCatcher003-sfGFP. Following incubation, each crystal was washed multiple
times in the mother liquor (supplemented with 10 mM EDTA), then dissolved in 20 pL of
nuclease free water. After dissolving, the resulting mixtures were run in independent lanes on an
SDS-PAGE gel. For the wild-type crystals, we observed only a single fluorescent band at 42.4
kDa, indicative of SpyCatcher003-sfGFP alone, while for the CJ SpyCrystals, we also observed
the appearance of a higher molecular weight band (64.6 kDa), consistent with successful
covalent capture of the fluorescent guest (Figure 5.3A-G). For additional validation of in-crystal
conjugation, cross-linked microcrystals were used. Specifically, wild-type CJ crystals and CJ
SpyCrystals (two separate syntheses of each) were each soaked in SpyCatcher003-sfGFP, then
washed multiple times overnight with buffered 10 mM EDTA (to minimize the presence of non-
covalent entrapped fluorescent guest proteins). We then imaged directly via blue light
transillumination. Higher green fluorescence was immediately obvious in the CJ SpyCrystals,
but not the wild-type CJ crystals, indicating that covalent capture only occurs in the doped

crystals (Figure 5.3H).
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Figure 5.3: AlphaFold3 (AF3) 8rediction of A, Wild—tyﬁe CJ monomer; B, CJ-SpyTag003; C,
SpyCatcher003-sfGFP; and D, CJ -SﬁyTag003:SpyCatc er003-sfGFP fusion product. A covalent bond is
rapidly formed upon interaction of the two proteins, resulting in the formation of a higher molecular
weight species (~64.6 kDa) with the same fluorescence as SpyCatcher003-sfGFP E-F, Schematic of
interaction between SpyCatcher003-sfGFP and a doped CJ SpyCrystal. G, Cross-linked SpyCrystals,
following incubation with SpyCatcher-stGFP, selectively retain the SpyCatcher-fusion guest (right, in
duplicate), while the wild-type crystals do not (left, in dléplicate). H, SDS-PAGE of dissolved wild-type
(“CJ 1,7 “CJ 2”), or CJ-SpyTag003-doped (“CJST 1,” “CJST 2”), following soaking in SpyCatcher003-
sfGFP, then washing, and finally dissolution, reveals covalent capture of the fluorescent guest only in the
SpyTag-doped crystals, via the appearance of a higher molecular weight band (64.6 kDa).
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5.4.3 Injected CJ-SpyCrystals revealed localization to the lungs and skeletal muscle

IVIS imaging of injected, anaesthetized mice demonstrated a consistent temporal sequence
following tail-vein injection of luciferase-labeled CJ microcrystals (Figure 5.4). A significant
amount of chemiluminescence was observed in the tail vein over the entire 48 hours,
necessitating covering the tails during image acquisition. Besides the immobile signal in the tail,
chemiluminescence was only observed in the lungs and hindlimbs in live animals. Immediately
after injection, all mice exhibited a bright pulmonary signal consistent with first-pass lung
exposure (Figure 5.4A).2%° A smaller signal in the hindlimbs was also brightest at the initial time
point. The bioluminescence intensity in the lungs decreased rapidly over the first 4-8 hours,
corresponding to clearance from the pulmonary tissue and vasculature. Quantitative fitting of the
luminescence decay was consistent with the major decay component having an initial half-life of
0.29 hours + 0.06 hours (Supplemental Figure 5.10). Meanwhile, the smaller signal in the
posterior limbs also decayed (0.26 hours + 0.11 hours half-life) but became more visible (Figure
5.4A.B) due to a higher end-time baseline luminescence. Particularly between 1 and 8 hours
post-injection, we observed a strong relative signal emerging in the hindlimbs in 4 of the 6 mice.
Quantitative analysis of total radiance in the lungs and hindlimbs demonstrated a strong time-
dependent interaction (p < 0.001), with luminescence in the lungs declining by more than two
orders of magnitude, while hindlimb luminescence decreased by a factor of 17.8. By 24 hours,
the difference between thoracic and posterior regions approached, but did not reach, statistical
significance (paired t-test, p = 0.075), suggesting preferential retention or slower clearance of
microcrystals from skeletal muscle vasculature. Notably, the smooth decay in the signal (Figure
5.4B) occurred despite repeated administration of furimazine substrate, consistent with the

change in signal reflecting microcrystal localization rather than fluctuations in enzyme activity.
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Control animals injected with soluble SpyCatcher-NanoLuciferase showed diffuse, rapidly
declining luminescence without focal hindlimb enrichment. Animals injected with furimazine
alone, serving as negative controls, did not show any luminescence in either the thoracic or

posterior hindlimb ROIs (data not shown).
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Figure 5.4: A, In vivo images and background-corrected radiance of mouse 4, following injection with
Nanoluciferase-labeled CJ SpyCrystals, imaged over 24 hours post-injection, demonstrating pulmonary
clearance of CJ SpyCrystals over the first 4 to 8 hours, followed by retention in the hindlegs. B,
Background-corrected, log-scaled emission of both the lungs (beige) and haunches (periwinkle) over a 24
hour period. For full ROI annotation of these images see Figures S2-S3.
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Animals were observed multiple times a day post-injection and appeared normal. No changes
in behavior were noted; animals displayed typical grooming and social behaviors, indicating that
CJ crystals do not cause pain or discomfort in the two days post IV administration, and
supporting our hypothesis that CJ crystals have a baseline biocompatibility that warrants further
study.

5.4.4 Ex vivo organ luminescence reveals higher localization to skeletal muscle

Ex vivo imaging revealed measurable bioluminescent signal in several of the organs,
following addition of furimazine substrate. Total radiance was obtained by applying a uniformly-
sized, circular region of interest (ROI) around each organ in Aura 4.5.0 (Figures S4-S9). Log-
transformed radiance values were normally distributed across all organ groups (Kolmogorov—
Smirnov, p > 0.6), and variances were statistically homogeneous in both conditions (Levene’s
test, p > 0.05).

Under the no-furimazine condition, total radiance did not differ significantly among organs
(one-way ANOVA, F(5, 27) = 1.58, p = 0.20; Kruskal-Wallis, p = 0.49). This confirmed that
basal background luminescence was comparable across tissues. Furthermore, after addition of
furimazine, the overall model reached significance (ANOVA, F(5, 27) =3.03, p =0.027;
Kruskal-Wallis, p = 0.043), suggesting organ-specific differences in luminescent intensity
(Figure 5.5B). Post hoc testing indicated that the muscle group exhibited substantially higher
radiance compared to other organs (notably liver, spleen, and heart). Inspection of raw data,
however, revealed a single extreme value corresponding to one mouse with an abnormally bright
muscle signal (~2.9 x 107 photons s™'). When this outlier was excluded, the apparent organ effect
was no longer significant (ANOVA, p = 0.089; Kruskal-Wallis, p = 0.090). After outlier

removal, radiance values at 72 hr were statistically similar across all tissues, consistent with
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clearance of the microcrystals or deactivation of the NanoLuc enzymes sheltered within the host

microcrystals.
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Figure 5.5: A, Ex vivo imaging and background-corrected radiance for individual organs excised from
necropsied mice (cohort 2), following addition of 1 pg of furimazine in 100 puL of PBS. B, Log-
transformed, averaged (n=3 for kidneys, n=6 for heart, liver, lungs, muscle, and spleen), background-
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corrected radiance by organ type, before (gray) and after (blue) addition of furimazine to each excised
organ. Error bars represent the standard error from the mean.

5.5 Conclusions

In this chapter, we describe a method of tagging CJ microcrystals with a NanoLuciferase
reporter following tail vein injection, demonstrating both the modularity and versatility of this
bioconjugation platform. We initially demonstrated that CJ crystals containing genetically
encoded SpyTag motifs could be efficiently functionalized in vitro through guest-loading of
purified SpyCatcher-fusion proteins, including SpyCatcher-sfGFP and SpyCatcher-
NanoLuciferase. These experiments established that the SpyCatcher—SpyTag chemistry proceeds
efficiently within the crystals, enabling post-crystallization installation of active protein cargos.
Confocal fluorescence imaging, SDS-PAGE, and plate reader assays confirmed covalent guest
installation in the crystals, consistent with the 13 nm solvent channels that permit free diffusion
of folded macromolecules. Expanding the scope of this chapter beyond in vitro work, our focus
then shifted toward understanding how labeled microcrystals behave in a living system—
specifically, whether their size, geometry, and the biological characteristics of the CJ protein
itself influence biodistribution, clearance kinetics, and organ-level localization following
systemic administration. The incorporation of a SpyTag fusion protein into the crystalline lattice
of CJ microcrystals represents a significant advance in the engineering of modular protein-based
materials for molecular encapsulation and delivery. Unlike most previously described porous
protein crystals—which typically permit only small-molecule diffusion through narrow solvent
channels—ClJ crystals possess large, continuous pores measuring approximately 13 nm in
diameter,*’ allowing unhindered diffusion of folded proteins and other macromolecular guests
(Figure 5.1A-C). This feature distinguishes the CJ system from prior examples, such as the

Cry3aa-based SpyTag crystals developed by the Chan group, which possess much smaller
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internal channels.®®7%2%2 Smaller pore diameter limits access to the crystal interior and confines
guest proteins primarily to the surface. By doping the CJ lattice with a SpyTag-bearing variant,
this work establishes a modular, covalent anchoring mechanism throughout a structurally open,
high-capacity framework, enabling site-specific installation of functional proteins within a
highly-ordered crystal scaffold.

While confocal imaging experiments in controlled buffer conditions confirmed efficient guest
loading and stable covalent attachment of SpyCatcher-fusion proteins such as SpyCatcher-sfGFP
and SpyCatcher-NanoLuciferase, they could not address critical questions surrounding
pharmacokinetic behavior, tissue distribution, and clearance pathways in living organisms. The
physical parameters of CJ microcrystals—particularly their micron-scale dimensions and faceted
geometry—suggest that size and shape may strongly influence how they traverse the vasculature,
interact with endothelium, or become sequestered within specific organs.’® Furthermore,
understanding if crystalline particulates circulate freely, become filtered by the mononuclear
phagocyte system, or persist as localized depots is essential for evaluating their potential as
delivery vehicles. By covalently coupling a guest NanoLuciferase within and on the host
crystals, we enabled real-time, noninvasive bioluminescence tracking following intravenous
administration, providing direct insight into biodistribution dynamics that cannot be captured by
in vitro assays.?®! This transition from static guest-loading experiments to in vivo imaging
therefore represents a critical bridge between materials design and physiological performance,
offering the first quantitative view of how large-pore protein microcrystals behave within
systemic circulation.

In the first set of experiments, we observed rapid clearance of the crystals from the lungs over

the first 8 hours (Figure 5.4). Between 1 and 8 hours post-injection, we observed a strong relative
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signal in the hindlegs in 4 of the 6 mice (Figure 5.4A). The rapid decline of the thoracic signal
supports efficient clearance from the lungs, likely via mechanical passage into systemic
circulation rather than prolonged sequestration (Figure 5.4B). The later persistence of
luminescence in the hindlimbs implies physical retention of a subset of particles within skeletal
muscle microvasculature. This interpretation is consistent with the size range of CJ
microcrystals—with larger crystals often exceeding 2 um (Supplemental Figure 5.1)—
approaching the diameter of capillary lumens (5—10 pum) and therefore capable of transient
lodging or aggregation within narrow vascular channels. We hypothesize that the microcrystals
may be immobilized and accumulate in the narrow capillaries associated with these regions. The
shorter initial half-life associated with pulmonary clearance (0.29 hours + 0.06 hours) exhibited a
terminal half-life of 2.72 hours + 1.43 hours (attempts to fit the lung ROIs to a single exponential
resulted in an R? of 0.432). Meanwhile, the half-life (single exponential) associated with the
posterior hindlimbs was 0.26 hours = 0.11 hours (R? = 0.999). This analysis suggests that the
radiance associated with both the lung and hindlimb ROIs smoothly decays, despite reinjection
of furimazine. In future experiments, attention to low solubility characteristics of the furimazine
and the size of crystals will be needed to ensure that injection solutions do not become entrapped
in narrow vessels or vascular cannulas used for dosing.

Animals were observed for 48 hours following dosing and displayed normal behaviors.
Because innate immune responses typically occur minutes to hours following IV administration
of compounds, it is unlikely that CJ crystals cause innate immune activation; however, for
definitive confirmation, additional studies testing cytokine levels 12-24 hours following

administration need to be done. The mice in this study were only maintained for 48 hours
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following IV administration and therefore were not informative about potential adaptive immune
responses; this will be included in future studies as well.

Ex vivo luminescence imaging, following euthanasia and dissection of tissues, provided a
quantitative end-point measure of total NanoLuc emission across specific organs (Figure 5.5).
The absence of significant differences under no-furimazine conditions confirmed that
background signal remained uniform across tissues, consistent with low endogenous photon

emission (Figure 5.5B).%*!

After furimazine addition, the transient appearance of statistical
significance among organs was traced to a single outlier exhibiting unusually high muscle-
associated luminescence (mouse 4 skeletal muscle). Excluding this outlier eliminated the effect,
indicating that the overall distribution of luminescence among organs was statistically uniform.
This outcome suggests that under the tested conditions, substrate availability rather than tissue-
specific accumulation governs signal intensity. The extreme outlier may reflect localized
substrate pooling,>*! incomplete clearance, or microcrystal aggregation within muscle
vasculature. Notably, similar substrate-dependent artifacts have been reported in other luciferase-
based biodistribution studies.?!

Omission of the extreme outlier resulted in a loss of statistical significance between organ
types, although the combined evidence from ex vivo analyses and live-animal IVIS imaging
indicates a non-uniform biodistribution pattern characterized by persistent luminescence in the
hindlimbs. The apparent concentration of signal in these regions, even after systemic circulation
and clearance from major organs, suggests that CJ microcrystals may become physically
entrapped within the microvasculature of skeletal muscle. The diameter of capillaries in mouse

232,233

skeletal tissue ranges from approximately 3 to 10 pum, overlapping with the larger size

fraction of the microcrystal preparations, which often exceed 2 um. This geometric constraint
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provides a plausible mechanism for the observed localization; individual crystals or small
aggregates may lodge transiently within narrow capillary beds, where perfusion pressures are
lower and flow is less pulsatile. Such entrapment would yield a stable, localized bioluminescent
signal following substrate administration, consistent with the stationary foci observed in the
hindlegs of injected mice.

From a pharmacological standpoint, this behavior has both potential drawbacks and
opportunities. On the one hand, vascular entrapment may pose a safety concern if prolonged
occlusion were to compromise local perfusion or induce inflammatory responses. On the other
hand, controlled microvascular retention represents a potential mechanism for creating a self-
limiting depot system. In such a configuration, microcrystals could serve as localized reservoirs
for therapeutic payloads, slowly releasing encapsulated agents as the crystal lattice dissolves or
undergoes proteolytic degradation. Depot-type delivery is a cornerstone of several long-acting

234235 and antibody?*® therapeutics—where sustained

drug formulations—most notably in peptide
release from a fixed anatomical site provides extended pharmacodynamic coverage while
minimizing systemic exposure. The structural rigidity and chemical stability of cross-linked CJ
crystals may allow similar applications, particularly for delivering macromolecules that benefit
from prolonged tissue residence times. Furthermore, size-dependent immobilization of CJ
microcrystals could be harnessed intentionally to achieve targeted deposition within specific
vascular regions. By tuning crystal size distribution, porosity, and surface charge, it may be
possible to balance systemic circulation with site-specific retention, effectively coupling passive
mechanical filtration with the intrinsic biocompatibility of a protein-based carrier. Such control
could enable long-acting release in muscle or subcutaneous tissue, akin to the “depot effect”

237,238

achieved with aluminum-based vaccine adjuvants or biodegradable microspheres®°. In the
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context of regenerative medicine, immobilized microcrystals could also serve as localized
scaffolds for sustained paracrine signaling, wherein gradual release of cytokines, enzymes, or
genetic cargo promotes local tissue remodeling. Future studies will investigate the kinetics of
crystal clearance from muscle tissue, further assessment of possible immune responses, and
explore additional biocompatibility strategies—such as surface PEGylation®*° or size

refinement®*!**>—to tune residence time and minimize unintended vascular occlusion.
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CHAPTER 6: Conclusions and Future Directions

This dissertation has described porous CJ microcrystals as structurally precise, modular
biomaterials for molecular delivery, selective capture, and therapeutic scaffolding.
Chapter 1 reviewed large-pore protein crystals as an emerging class of biomaterials, and
identified current knowledge gaps regarding their practical use in biomedical contexts.
Chapter 2 established that CJ microcrystals can function as host scaffolds for nucleic
acids by demonstrating cargo uptake, conditional release using high ATP concentrations,
and partial pore-level protection using a hexamer protein cap. Chapter 3 demonstrated
that the platform can be extended beyond passive guest loading by engineering
SpyCrystals for selective capture of virions and virus-sized particles, including SARS-
CoV-2 from wastewater. Chapter 4 evaluated the compatibility of CJ crystals in an
organotypic ex vivo setting, demonstrating that unloaded crystals do not measurably
disrupt lung slice health while guest-loaded crystals can release biologically active
molecules. Chapter 5 then investigated the in vivo fate of CJ microcrystals through
bioluminescent trace labeling, providing initial evidence regarding biodistribution, tissue
exposure, and microvascular retention following systemic administration. Collectively,
these chapters address key gaps in the understanding of porous protein microcrystals as
biomedical materials, and establish a foundation for their continued development as
programmable biofunctional scaffolds.

Several important future directions follow from this work. First, further study is needed
to define how crystal size, pore accessibility, cross-linking density, and guest chemistry

govern transport, loading, and release, since particle geometry and surface properties

123



strongly influence biological delivery behavior.2** Second, the SpyCrystal strategy could
be extended to alternative binders, enzymes, and sensing modules, particularly as
SpyTag/SpyCatcher-based conjugation continues to expand as a general platform for
modular covalent assembly.?** Third, additional testing in tissue-relevant systems remains
important, and precision-cut lung slices are increasingly recognized as a translational
model for studying integrated tissue responses and refining preclinical evaluation
workflows.?* Finally, recent advances in the computational design of highly porous,
stable protein crystals suggest that future generations of crystalline biomaterials may be
engineered with even greater control over pore structure, lattice symmetry, and encoded
function.?#¢

Due to the inherent structural and functional diversity of proteins, the number of possible
lattice structures and functionality is limited only by human imagination. The past year alone has

247249 and it is increasingly

seen extremely rapid advances in machine learning-based methods,
possible to identify sequences that conform to any desired tertiary structure. In 2023, the Baker
group reported designed 3D protein crystals capable of rapid in vitro self-assembly.?*® Additional
machine learning tools, such as AlphaFold, have been used to predict allosteric and protein—
ligand interactions,”*® and may be used to alter the structure and binding affinities of LPCs.
With the advent of reliable protein crystal design, we anticipate rapid growth in the
number of engineered crystals with functional applications. Large pore protein crystals

such as CJ represent a novel frontier for catalysis, therapeutic delivery, and a host of

unexplored applications.
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Appendix [: Supplemental Figures for Chapter 2

Supplemental Figure 2.1: Carboxypeptidase Y (CPY) pre-treatment of CJ microcrystals enables
increased guest ssDNA loading capacity. CJ microcrystals were separately labeled with Texas Red-NHS
ester (red channel) or Pacific Blue-NHS ester (blue channel). After labeling, the Texas Red-labeled crystals
were soaked in CPY (1 U mL™") overnight, before washing three times with 1X PBS, pH 7.5. The labeled
and un-labeled crystals were then imaged side-by-side after loading of a fluorescein-labeled, 36-nt ssDNA
(green channel). Merged channels are in top left panel. Scale bar = 100 um.



Appendix II: Supplemental Figures for Chapter 5

Supplemental Table 5.1. Pertinent Protein Sequences

cJ

MKEYTLDKAHTDVGFKIKHLQISNVK
GNFKDYSAVIDFDPASAEFKKLDVTIKI
ASVNTENQTRDNHLQQDDFFKAKKYP
DMTFTMKKYEKIDNEKGKMTGTLTIA
GVSKDIVLDAEIGGVAKGKDGKEKIGF
SLNGKIKRSDFKFATSTSTITLSDDINLN
IEVKANEKEGGS

CJ-SpyTag003

MKEYTLDKAHTDVGFKIKHLQISNVK
GNFKDYSAVIDFDPASAEFKKLDVTIKI
ASVNTENQTRDNHLQQDDFFKAKKYP
DMTFTMKKYEKIDNEKGKMTGTLTIA
GVSKDIVLDAEIGGVAKGKDGKEKIGF
SLNGKIKRSDFKFATSTSTITLSDDINLN

IEVKANEKEGGS GSRGVPHI
VMVDAYKRYK
SpyCatcher003-sfGFP MSYY DYDIPTTENLYFOGAM

VTTLSGLSGEQGPSGDMTTEEDSATHI
KFSKRDEDGRELAGATMELRDSSGKTI
STWISDGHVKDFYLYPGKYTFVETAAP
DGYEVATPIEFTVNEDGQVTVDGEATE
GDAHTGSSGSRKGEELFTGVVPILVEL
DGDVNGHKFSVRGEGEGDATNGKLTL
KFICTTGKLPVPWPTLVTTLTYGVQCF
ARYPDHMKQHDFFKSAMPEGY VQERT
ISFKDDGTYKTRAEVKFEGDTLVNRIEL
KGIDFKEDGNILGHKLEYNFNSHNVYT
TADKQKNGIKANFKIRHNVEDGSVQL
ADHYQQNTPIGDGPVLLPDNHYLSTQS
VLSKDPNEKRDHMVLLEFVTAAGITHG
MDELYK

SpyCatcher003-Nanoluciferase

MSYY DYDIPTTENLYFOGAM
VTTLSGLSGEQGPSGDMTTEEDSATHI

KFSKRDEDGRELAGATMELRDSSGKTI
STWISDGHVKDFYLYPGKYTFVETAAP
DGYEVATPIEFTVNEDGQVTVDGEATE
GDAHTGSSGSMVFTLEDFVGDWRQTA
GYNLDQVLEQGGVSSLFQNLGVSVTPI
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QRIVLSGENGLKIDIHVIIPYEGLSGDQ
MGQIEKIFKVVYPVDDHHFKVILHYGT
LVIDGVTPNMIDYFGRPYEGIAVFDGK
KITVTGTLWNGNKIIDERLINPDGSLLF
RVTINGVTGWRLCERILALE

Key: Blue shading = NanoLuc. Green shading = sfGFP. Gray shading = core structured region
of SpyCatcher003 (per PDB entry 90J3). Underlined = TEV protease cleavage site. Orange font
= Hexahistag. Bold = SpyTag003.
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Supplemental Figure 5.1: A, Size distribution of CJ SpyCrystals, as determined via tunable-resistive
pulse sensing (TRPS). B, Blockade duration as a function of particle diameter, as determined via TRPS.

C, Scanning electron micrograph of wild-type CJ microcrystals of the same size as CJ SpyCrystals used
in this study.
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Mouse 1

Mouse 2

Mouse 3

Supplemental Figure 5.2: /n vivo radiance for mice 1-3 at 0, 1, 4, 8, and 24 hpi. Showing annotated
regions of interest.
0 hpi 1 hpi 4 hpi 8 hpi 24 hpi

Mouse 4

Mouse 5

Mouse 6

Supplemental Figure 5.3: /n vivo radiance for mice 4-6 at 0, 1, 4, 8, and 24 hpi. Showing annotated
regions of interest.
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Supplemental Figure 5.4: Ex vivo images of individual organs from mouse 1 (before and after addition
of furimazine). Showing annotated regions of interest.
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Supplemental Figure 5.5: Ex vivo images of individual organs from mouse 2 (before and after addition
of furimazine). Showing annotated regions of interest.
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Supplemental Figure 5.6: Ex vivo irﬁages of individual organs from mouse 3 (before and after addition
of furimazine). Showing annotated regions of interest.
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Supplemental F igui'e 5.7: Ex vivo Jim’agés of individual organs from mouse 4 (before and after addition
of furimazine). Showing annotated regions of interest.
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Supplemental Figﬁre 5.8: Ex vivo irﬁagés of individual organs from mouse 5 (before and after addition
of furimazine). Showing annotated regions of interest.
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Supplemental F igufe 5.9: Ex Vivo imégés of iﬁdii/idilaluorgans from mouse 6 (before and after addition
of furimazine). Showing annotated regions of interest.
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Single Exponential Decay Fit: y(t) = A-exp(-kt) + C
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Supplemental Figure 5.10. Quantitative fitting of the in vivo luminescence decay data in main text

Figure 5.4 revealed that a single exponential fit was suitable (R* = 0.999) to explain the luminescence
decay in the legs with a half-life of 0.26 +0.16 hr. However, the single exponential fit for the lungs was
inferior (R = 0.432). A bi-exponential fit for 5 data points is trivially perfect (R? = 1.0) with 0 degrees of
freedom. The bi-exponential fit has 97.9% of the amplitude decaying with a half-life of 0.29 +0.06 hr,
and a small slow phase (2.1% of the amplitude) with a half-life of 2.72 +1.43 hr. This latter component’s
amplitude is very small, but does exceed the measurement error at t=4 hr. To confidently assess the slow
phase more data would be required. However, the dominant observed fast decay for both regions was
quite close, possibly reflecting shared systemic clearance. Theoretically, the apparent higher long-time
baseline for the hindlimbs might arise from a small population with a very long half-life. The raw data

and the exponential fitting Python script can be found here:
https://github.com/cdsnow/AAJ_IVIS fitting
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