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Abstract

Gene therapy is a promising field for the generation of new and more effective
therapies, but its application is stymied by the lack of safe and efficient delivery vehicles.
Furthermore, gene delivery system optimization is hindered by inadequate methods for
payload quantification within nanopatrticles.

The work presented in this thesis establishes methods to formulate and quantify
plasmid DNA (pDNA) loading in protein carriers that drive maximal gene expression
towards two aims: Aim 1: Engineering and characterization of plasmid DNA payloads in
synthetic protein nanoparticles and Aim 2: Structure function relationships related to
protein nanoparticle composition and reporter gene expression. The pDNA loading of
synthetic proteins nanoparticles (SPNPs) has been fully characterized, and a method for
probing the effect of composition on biological outputs has been established. With clinical
translation as the ultimate goal, the fundamental discoveries presented herein enable the
further development and in vivo application of SPNP vectors.

Here, the characterization and formulation of SPNPs are studied and optimized for
their effect on reporter gene expression in a model cell line. The efficiency of SPNP
production is important to systems with precious or difficult to manufacture payloads. This
thesis also examines processing methods for SPNPs, and the mass loss and repeatability

of the current centrifugal filtration method is compared to a new syringe filtration method.

XXi



In Chapter 2, we developed a strategy for fluorescent plasmid backbone labeling
(PBL) that enables the characterization of SPNPs loaded with pDNA with lower
measurement bias than the conventional methods tested. This allowed us to determine
the loading percentage as well as model the maximum loading of pDNA in SPNPs. We
next combined pDNA and particle size quantifications to determine the distribution of
pDNA within a SPNP population; this allowed us to examine SPNP loading with a
granularity not widely reported in literature. An in-depth protocol for the PBL strategy is
presented in Chapter 3 to assist future researchers in adapting the PBL strategy for
various systems and nucleotides.

In Chapter 4, the structure function relationship between SPNP composition and
reporter gene expression was investigated by varying three key parameters:
polyethylenimine (PEI) amount, SV40 content, and pDNA loading percentage. A rational
design strategy was developed to interrogate the effect of changing PEI, SV40 and pDNA
on reporter gene expression (GFP %). We found that PEI content positively correlated
with GFP % (correlation coefficient = 0.91), while no other SPNP component (SV40) or
biological output (viability, uptake) did.

The work presented here establishes strategies for quantifying and formulating
SPNPs in vitro for eventual application in organismal studies and human health. This
thesis presents a platform for quantification and design of gene delivery vectors that can

be extended to various nucleotides, genes, and target applications.
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Chapter 1

Introduction

1.1 Background on Gene Therapy

Gene therapy is the modification of genetic material within a cell for a therapeutic
effect and has the ability to provide treatment or a cure for diseases that have few or no
treatment options.! The promise of such therapy has garnered immense interest and
support in the past decade, with huge investments made in the private and academic
sectors.?™ Countless companies and startups aimed at delivering on this promise have
been established.>~’ To have the intended effect, gene delivery aims to transport genetic
payloads to target cells and induce the desired change, where methods to deliver these
payloads range from physical to biologic delivery.® Physical delivery includes methods
such as electroporation and microinjection, however, these methods must be utilized ex
vivo, then implanted back into the host, limiting their efficacy in treating disease states
within the human body.?1° Conversely, biologic delivery of gene therapies aims to deliver
payloads into host cells and has therefore received the majority of research and

commercialization interest and will be the focus of this thesis.3

1.2 Gene Delivery Methods

A key engineering challenge facing the field of gene delivery is the development

of safe and effective delivery vehicles.! Biologic delivery of genetic material can be



broadly classified into carriers based on viral and non-viral engineered vehicles.1>13 Of
the two, virus-based gene therapy is more effective, but it can cause safety and
immunogenicity issues that limit its application and scope.'**> Host immune response
can result in lowered efficacy and difficulty re-dosing viral components due to an effective
immune response to previously perceived infection with the viral vehicle.'®-%° Indeed,
approximately 70% of gene therapy clinical trials have utilized viral vectors but have had
limited success given the numerous attempts at translation.!! The safety issues
associated with viral vehicles have been severe enough to halt clinical trials due to the
virus-based vehicles resulting in the emergence of cancer and death.?° To avoid concerns
about safety and immunogenicity, the field of gene therapy has pivoted to non-viral gene
delivery.

Non-viral gene delivery vehicles have the potential to address several of the
limitations facing viral vehicles and offer benefits unique to engineered systems.
Importantly, non-viral gene delivery vehicles do not suffer from the same short-term and
long-term safety concerns as their viral counterparts. They also offer benefits compared
to their viral counterparts, including higher loading capacities, ease of synthesis, and the
ability to re-dose.?1??2 Whereas viruses have the evolutionary benefit of highly efficient
genetic transfer to target cells, engineered delivery systems still suffer from much lower
therapeutic efficacies.?> To meet this challenge, the fields of polymer science,
nanotechnology, and polymer chemistry have made great strides towards development
of new materials, but work remains to be done.?*

Non-viral gene delivery vehicles can further be classified into four broad

categories, inorganic, lipid, polymeric, and protein nanoparticles (NPs).?>26 While



inorganic, lipid, and polymeric NPs are commonly used in the field, the work discussed in
this thesis has been carried out using synthetic protein nanoparticles (SPNPs), a unique
class of protein NPs and discussion will therefore revolve around SPNPs and their
properties.?’-32 SPNPs exhibit superior drug and gene delivery for siRNA while
maintaining high biocompatibility and low toxicity in organismal studies, but their use has

not been extended to pDNA delivery, the focus of this thesis.32-34

1.3 Synthetic Protein Nanoparticles as Gene Delivery Vehicles

SPNPs have multiple beneficial properties for drug and gene delivery to
mammalian cells as they combine benefits from their constituent protein content and
advantageous properties of NPs?6, SPNPs are prepared using electrohydrodynamic
(EHD) jetting, which offers a lot of modularity in NP preparation (Figure 1-1). 33-35

The experimental setup for EHD jetting is comprised of a syringe loaded with
protein solution components pumped at a constant rate from a syringe. A high voltage
(10-12kV) is applied to the syringe tip, and the solution is atomized and pulled towards a
grounded collection plate. As the solution travels to the collection surface SPNPs are

formed and can be visualized using scanning electron microscopy (Figure 1-1).



Figure 1-1 Electrohydrodynamic (EHD) jetting setup for synthetic protein nanoparticle preparation. Inset: scanning
electron microscopy image of SPNPs, scale bar 2 um. Schematic created with Biorender.com.

EHD combines the modularity associated with the jetting parameters with the
ability to swap proteins and macromer units for a plug and play preparation of SPNPs,
enabling many different applications. SPNPs prepared via EHD jetting have numerous
beneficial properties including high uniformity (polydispersity indices less than 0.2), high
circularity (greater than 0.85), favorable sizes for cellular uptake, and low cytotoxicity in
target cells.

The protein used to form the SPNPs reported here is Human Serum Albumin
(HSA) an endogenous protein that is derived from the serum portion of human blood.36

HSA exhibits high stability and solubility in aqueous solutions as well as good



biocompatibility in mammalian cells and biodegradability in animal models. For these
reasons, HSA and other albumins are widely used in many gene delivery applications in
combination with cationic moieties such as polyethyleneimine (PEI) that are chosen to

exploit the biology of the pDNA delivery route and drive maximal gene expression.32:37-40

1.4 Intracellular Barriers to pDNA Delivery

Regardless of the method, all gene delivery vehicles have the common goal of
delivering their genetic payload efficiently and safely to target cells, requiring careful
design of their formulation. Since efficient delivery of DNA requires an understanding of
its intracellular route and the barriers that it faces, the delivery vehicle must be designed
to overcome these obstacles. While gene delivery faces extracellular hurdles that need
to be cleared, and should not be ignored, this work focuses primarily on design of SPNPs
for overcoming intracellular barriers. Therefore, this topic will be discussed in detail here
to provide context on the design choices made in the discussed work to tackle intracellular
barriers affecting gene delivery.

Here, the path of pDNA as it journeys through the transfected cell from entry to
expression is detailed (Figure 1-2). First, the NP carrying the pDNA payload must be
taken up into the cell, typically through endocytosis. Second, the NP, which is now trapped
in the endosome, must escape to be released intracellularly. Following this, pDNA then
must gain entry to the nucleus where it can induce genetic changes to express a reporter
gene or a have a therapeutic effect. Finally, biological outputs of the transfected cells are
considered, from toxicity associated with the NP to efficacy of the pDNA expression. All

these steps are described in detail with materials considerations and strategies for



addressing stumbling blocks explained. Finally, considerations for the biological outputs
and overall NP design strategy are discussed and the objectives of this work are

presented.

1.4.1 Cellular Entry of Nanoparticles

The cell membrane presents the first biological barrier that decreases the efficacy of
available therapeutics (Figure 1-2). Cellular entry is required to achieve the desired
effects. There are several design strategies that are used to increase cellular uptake
through a variety of pathways.?® Firstly, the architecture of the NP is important, with
branched, comb, or brush-like architecture increasing uptake when compared to linear
counterparts.*42 Secondly, the size of NPs has a huge effect on cellular uptake, with
different entry routes having different size restrictions.*® In general, for DNA delivery
systems, the highest uptake is seen for NPs with diameters of less than 200 nm.#* Charge
is also an important consideration, with surface charge affecting both the viability of target
cells, (e.g., highly positive NPs are toxic), and the uptake mechanism (cationic and
anionic NPs can enter through different mechanisms). Finally, targeting ligands such as
RGD, folate, and GalNAc are often used to increase uptake in a certain organ system.4>-
47 All these considerations need to be accounted for when designing for a cellular uptake

mechanism that is desirable for a specific NP system.
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Figure 1-2. Schematic of the DNA delivery route and intracellular barriers facing effective transfection. First, the SPNP
must successfully (1) enter the cell then (2) escape the endosome to be released intracellularly and then gain (3) entry
to the nucleus. Following transfection, the (4) biological outputs can be examined. Schematic created with
Biorender.com.

1.4.2 Endosomal Escape Mechanisms

Endocytosis is by far the most common route for cellular uptake of NPs and can
be split into two categories: phagocytosis and pinocytosis. Phagocytosis is most effective
in a nanoparticle size range greater than 400 nm and phagocytes, such as macrophages,
are responsible for host defense and clearing dead cells.***8 Pinocytosis can be further
split into four categories: clathrin-mediated endocytosis (CME), caveolae-dependent
endocytosis (CDE), clathrin/ caveolae independent endocytosis, and macropinocytosis.*°
CME governs uptake for positively charged NPs, while CDE is responsible for cellular
entry of negatively charged NPs.5%51 CDE is also responsible for uptake of albumin via a
receptor in endothelial cells. It has been shown that Abraxane®, an FDA approved NP

chemotherapy agent consisting of albumin bound paclitaxel is endocytosed through



CDE.> Based on these observations, it is likely that the SPNPs presented here are

endocytosed through the CDE mechanism.
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Figure 1-3. Schematic representation of endosomal escape via the proton sponge effect. The SPNPs described here
utilize addition of polyethylenimine (PEI) to osmotically swell the endosome, causing it to rupture and release the DNA
payload intracellularly. Schematic created with Biorender.com.

Once a NP has been endocytosed, it will be encased in the endosome, which will
traffic to the lysosome for degradation unless the NP undergoes endosomal escape
(Figure 1-3).%2 There are several methods employed to enhance endosomal escape of
biologic-delivering NPs.5* The first, and arguably most common, is inclusion of a cationic
(e.g., PEI, imidazole-containing polymers) or zwitterionic (e.g., DOPE) moiety.5%5
Cationic or zwitterionic polymers with high buffering capacities osmotically swell the
endosome until it bursts through a mechanism termed the proton sponge effect.5’62
Polymeric and synthetic protein nanoparticles (SPNPs) achieve endosomal escape

through the so-called proton sponge effect mediated by inclusion of PEI. Other strategies

for endosomal escape include addition of fusogenic peptides (e.g., KALA, GALA, etc.)



and chemical agents (e.g., chloroquine, ammonium chloride, etc.).® In this work, PEI was
incorporated into the SPNPs, causing endosomal swelling and rupture to induce

intracellular release of the pDNA payload (Figure 1-3).

1.4.3 Strategies for Enhancing Nuclear Entry

Following endosomal escape, a pDNA must be transported from the cytosol to the
nucleus, to achieve the desired therapeutic effect (Figure 1-2).54 While there are a few
routes to nuclear entry that both viruses and engineered NP systems utilize, a nuclear
localization signal (NLS) is typically exploited. An NLS is a protein or peptide derived from
a virus such as HIV or Simian Virus that has evolved to trigger nuclear pore complexes
to actively transport NLS-containing molecules across the nuclear membrane.®>-%" NLS
can be incorporated into NPs or pDNA in a few different ways. One approach is to
engineer pDNA to express a NLS encoding region on their backbone, a commonly used
strategy in commercially available pDNA vectors. Another approach is to incorporate a
cationic NLS protein or peptide into the gene delivery system via electrostatic combination
with the anionic pDNA or through chemical conjugation to the backbone of the pDNA.%8
Both of these approaches are effective at increasing gene expression in vitro and in vivo,
exhibiting higher reporter and functional gene expression.%°

For nuclear entry, delivery systems often rely on mass action of pDNA and mitotic
disassembly of the nuclear envelope during cell division to enter the nucleus which does
not require the use of an NLS.%* During cell division, the nuclear envelope is broken down
and pDNA can enter through holes in the membrane. To do so, a large number of pDNA

must be present, and the cell in question must be a dividing cell.”® Therefore, NLS are



necessary to get meaningful nuclear import in quiescent cells. It is for these reasons that
transfection of cells with pDNA is often done in cells that are not confluent and are actively

dividing.%4 "t

1.4.4 Biological Outputs and Other Considerations

After the target cell has been transfected, there are still several factors to consider
that will impact whether a NP delivery system is deemed successful or not. In general,
biological outputs are the most important metrics to measure for success of a NP,
although attention is paid to efforts surrounding scalability for commercial applications.!!
The efficacy of the gene delivery vehicle is a balancing act between the cytotoxicity,
uptake, and gene expression induced by the NP.”2 That is, a NP that is too toxic to cells
will never succeed even if its efficiency is near-perfect because it will have killed the target
cells. Uptake is another consideration that must be weighed against toxicity and gene
expression to determine the best NP for each application.

It has been established that gene expression is often dependent on the dose of
pDNA delivered, with different NP delivery systems reporting different optimal doses.”374
However, higher doses of pDNA could result in higher toxicities due to introduction of
more exogenous material to the target cells. Therefore, design of the gene delivery
system is often a balancing act between viability, uptake, and gene expression where all
aspects need to be considered and optimized for. The final NP formulation is generally

determined by the desired application and regulatory agencies that may be involved.”®
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1.4.5 Characterization of DNA Delivery System Payloads

While there has been success developing a range of different NPs for gene
delivery purposes, the consideration of in-depth payload quantification during NP design
remains under-investigated in the field. It is important to fully characterize a gene delivery
system so that the impact of engineering decisions can be understood during
development of a system. Additionally, regulatory boards require accurate assessment of
total payload delivered and thus a complete understanding of the NP system is
necessary.’® However, due to the chemical and structural complexity of engineered gene
delivery systems, quantification of DNA loading and distribution is not easy or
straightforward.’””

Indeed, conventional methods for measuring DNA content in solution fails when
applied to a NP system and indirect measurement methods are often used. 881 Without
confidence in the measurement of DNA loaded into a NP, it is impossible to know the
amount delivered during an experiment, and therefore the therapeutic dose cannot be
understood. Another complicating factor is the potential uneven distribution of payload
across various sizes within a NP population. Different sizes of NP will incorporate different
amounts of DNA, as the internal volume of a spherical NP varies with its diameter. Without
knowledge of loading, the amount of payload that resides in biologically relevant fractions
of the particle population cannot be known. Therefore, it is necessary to establish a
strategy for quantifying DNA loading within a gene delivery system to gain an
understanding of the NP and to establish a therapeutic dose as required by regulatory

agencies for application to begin clinical trials.”®
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1.4.6 Aims of This Work

Rational design of a gene delivery system requires careful consideration of each
step and changes to the NP formulation that can best exploit the biology of the intended
target to drive maximal gene expression. In this thesis, the methodology for
characterization of DNA payloads in SPNPs are presented. These methods provide a
framework that can be further built upon by future researchers. Later chapters presented
here focus on an examination of structure function relationships related to SPNP
composition and reporter gene expression. The composition of the reported SPNPs relies
on formulation, which utilizes carefully chosen materials to exploit the biology of the DNA
delivery route and overcome previously discussed barriers. The following chapters will
explore the preparation of fully characterized SPNPs for gene delivery and the rational

design of a SPNP formulation that drives maximal gene expression towards two aims:

Aim 1: Engineering and characterization of plasmid DNA payloads in synthetic
protein nanoparticles. Having established that SPNPs can be loaded with plasmid DNA,
the content of these SPNPs is quantified and a method is established for characterization

of pDNA within a fully crosslinked SPNP system.

Aim 2: Structure function relationships related to protein nanoparticle composition
and reporter gene expression. The formulation of prepared pDNA loaded SPNPs is
varied within a 3D design space and biological outputs are examined to elucidate design

rules towards improvement of reporter gene expression.
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Chapter 2

Synthetic Protein Nanoparticles for Delivery of Precisely Determined Doses of
Plasmid DNA

The material in this chapter has been adapted with minor modifications from the following
article:

1. L. Saunders, A. Chang, A. Mauser, J. Gregory, J. Raymond, J. Lahann. “Synthetic

Protein Nanoparticles for Delivery of Precisely Determined Doses of Plasmid

DNA”, in preparation.

2.1 Introduction to DNA Delivery Systems

Non-viral gene therapies using nucleotides (e.g., mMRNA, DNA, small non-coding
RNASs) hold promise for a broad array of applications, as evidenced by the widespread
adoption of MRNA vaccines for the fight against COVID-19.%82-84 Multiple gene therapy
platforms have emerged as strong candidates for next generation therapies, and the
variety and scope of these therapies is rapidly expanding.8> Gene therapy is extremely
versatile and allows the targeting of disease states that have traditionally been impossible
to treat.l” While multiple gene therapies exist in the commercial space, the cost
effectiveness of exploration in these regimes means that it is readily available to both

research groups and biotechnology startups. In effect, recent advances in gene therapies
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result in a more level R&D playing field, one that is not completely dominated by
pharmaceutical company heavyweights.

While these therapies hold tremendous promise, they still require a well-
characterized delivery system to protect the cargo from the extracellular and intracellular
environments. This has historically been a stumbling block to the realization so many
nucleotide-based applications.®3 Aside from the problems intrinsic to having an effective
and well understood delivery system, researchers also seek a high confidence in knowing
the state and amount of payload delivered.

Recent developments have shown that mMRNA-based technologies can be rapidly
scaled where there is sufficient pressure and motivation without the use of viral vectors.85-
8 This has not been displayed for pDNA-based therapies, with established DNA delivery
systems typically using viral vectors (for examples see ClinicalTrials.gov).8? Viral vectors,
of which Adeno-associated viruses (AAVS) are the most widely used are highly effective
at infiltrating cellular nuclei, but issues with safety and scale-up have challenged
translation of these systems.16:18-2089-93 Ag suych, there is still much interest in refining
non-viral vector pDNA delivery platforms that are well understood in terms of payload
incorporation, retention, and loading prior to delivery. Furthermore, understanding
nucleotide incorporation efficiency, intra-particle nucleotide distribution, and inter-particle
homogeneity will assist in the optimization of emergent technologies.

Given the desire for the expansion of non-viral vector platforms, the enormous
interest in DNA delivery platforms has shifted toward the use of synthetic engineered
carriers.?>92%4 |n general, engineered gene delivery vehicles enjoy higher loading

capacity than their viral counterparts.® Standard strategies for this include lipid-,
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polymeric-, and protein-based technologies.?32%% While promising, these systems often
fail to report quantification of DNA loading or dosage (typically reported as a mass percent
as formulated or through indirect measurements. Common methods of dosing
guantification include measuring changes in the charge of the nanopatrticle through a gel
retardation assay or measurement of the zeta potential.”95% QOther methods include
measurement of loaded DNA after degradation of the delivery system or via comparison
of DNA concentration in the nucleotide solution before and after loading.8%-81.97.98 \With the
goal of developing repeatable, clinically translatable DNA delivery technology, proper
characterization of these systems is required. Indeed, regulatory agencies require precise

reporting of treatment dosing for drug- and gene- delivery systems.

2.2 Limitations of Measurement Methods for DNA Loading in Nanoparticles

Conventional DNA measurement methods are limited in their application and scope.
While there are several methods available for quantifying DNA in isolation or in solution,
the ability to determine DNA content in a protein-rich solution or within nanoparticles
remains underdeveloped. Here, a review of limitations for common DNA measurement

techniques is included.

2.2.1 Limitations of UV-Vis Spectroscopy for DNA Measurement in The Presence

of Human Serum Albumin

Owing to the chemical and structural complexity of engineered delivery platforms,

measurement of nucleotide loading, and distribution is not facile.®® Indeed, while
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nucleotides in solution can be accurately measured by established methods, their
accuracy is limited when assessing DNA within solid carriers, or when DNA complexed
to polymeric or oligomeric materials. One example is cuvette-based or cuvette-free UV-
Visible Spectroscopy (e.g., Nanodrop) which has difficulty parsing proteins from and
nucleotides. This is due to a large degree of spectral overlap owing to nucleic acid purine
and pyrimidine subunits being confounded with tyrosine and tryptophan subunits in
proteins.® Furthermore, this region of the UV spectrum is heavily influenced by scattering
signal, which is substance, particle size, solvent, and concentration specific. Due to these
challenges, few papers have relied on UV-Vis spectroscopic measurements to quantify
the DNA loading in nanoparticle systems, but those reported values exhibit high DNA
amounts. Spectroscopic measurements are limited in sensitivity and as such, large
amounts of DNA are needed for measurement, compared with assays which are an order
of magnitude more sensitive.'%° For example, a study reporting on the loading efficiency
of PLGA nanoparticles used UV-Vis for DNA measurement and reported on an average
per-particle loading with a maximum of 4 pg.% Taken together, these factors indicate that
direct UV-Visible measurements are of limited use for the measurement of nanoparticle-

containing systems.

2.2.2 Limitations of Fluorescence Binding Assays for DNA Measurement in The

Presence of Polyethyleneimine

Beyond spectroscopic techniques, fluorescence- and colorimetric-based assays
are widely used for the measurement of nucleotides in solution.’®® The utility of

fluorescence binding assays for determination of DNA loading in nanoparticles is limited

16



to measurement of the effluent once nanoparticles have been formed.°! Unfortunately,
these methods require complexation or reaction with target nucleotides. A hallmark of
most non-viral DNA delivery systems is the inclusion of a cationic macromer or lipid to
electrostatically combine with the negatively charged DNA. The inclusion of such
molecules, while often necessary for efficient delivery, further complicates measuring the
amount of nucleotide present by competing with assay reagents. With this context,
groove-binding (or groove-fitting) techniques that rely on intercalation of a fluorescent dye
with the DNA backbone often fail to accurately measure DNA once it has been complexed
with cationic macromers. For example, widely used Qubit fluorometers are utilized with
highly sensitive Next-Generation and single-cell RNA sequencing experiments but have
been shown to be less accurate than standard qPCR if DNA complexation has occurred,
for example with polyethylenimine (PEI), the most widely used complexing agent.100-103
These issues are further exacerbated when the genetic materials to be assessed are

integrated into material systems which further obscure probe binding sites.

2.2.3 Limitations of Colorimetric Assays for DNA Measurement in Crosslinked

Nanoparticles

Similarly, digestion-based colorimetric assay methods such as the diphenylamine
(DPA) assay, while robust enough to measure the quantity of DNA present in cells or in
the presence of additives, require digestion of the sample via exposure to strong acids
and mutagens, which present health hazards to users.!%41% This results in the
destruction of the sample being measured and can complicate interpretation by the

generation of byproducts that convolute quantitation. The high protein mass ratio in SPNP
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systems relative to isolate and biological systems magnifies this convolution further. For
potential in vitro use, this prevents the researcher from using the same sample that was
measured for further studies, requiring batch splitting, and destruction of potentially
precious samples. These complications, in total, mean that SPNP genetic payloads are
not well characterized by these methods due to matrix interferences, the inability to further

use analyzed particles, additional at-bench requirements, and destruction of sample.

2.2.4 Limitations of Current Methods for DNA Measurement in Crosslinked

Synthetic Protein Nanoparticles

The above challenges, in addition to the inability to completely dissociate and
isolate pDNA from the biomolecular components of the delivery vehicle, obscure the use
of other widely employed analysis techniques, such as high-performance liquid
chromatography (HPLC), mass spectroscopy, PicoGreen and related assays, qPCR, and
surface plasmon resonance. Resultantly, the use of protein-majority carriers for gene
delivery requires different strategies to accurately assess payload concentrations ‘as
used’. Resultantly, this is also required to assess differences from the ‘as formulated’
state (e.g., payload loss) for a given manufacturing process.

While there are a few established systems capable of intracellular visualization and
subsequent quantification of nucleotides, they rely on measurement carried out by flow
cytometry or confocal imaging, both methods have associated issues.1%6197 Namely, they
require cellular transfection and expression prior to assessment which necessitates the
timing of events to be known else transient interactions can be missed. Other limitations

include the resolution of the microscope and required sample destruction for staining
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purposes. Though quantification of total emissivity and subsequent correlation to dose is
possible in these systems, it is far from trivial to accomplish. Additionally, as quantification
is done after transfection, these methods cannot elucidate the input amount prior to

nanoparticle usage in the cells.

2.3 Aims of This Work

This work presents a fluorescent plasmid backbone labeling (PBL) strategy for
providing accurate, quantitative payload assessment within a nanoparticle system that is
agnostic to synthetic protein nanoparticle (SPNP) components and crosslinking. A model
delivery system is used that is composed of crosslinked human serum albumin (HSA) and
SPNPs containing a plasmid DNA. The plasmid payload is electrostatically complexed to
PEI, and the SPNPs are prepared using the established EHD jetting techniques.26:30.32
Fluorescence was assessed directly, which allowed for detection of SPNP encapsulated
nucleic acids. This approach is also appropriate for high protein concentration solution-
based systems where the presence of proteins and other molecules do not allow for
reliable sample assessment due to requirements of surface-availability or low
competition/complexation for the analyte. The method presented here allows assessment
of DNA content in both solution and tightly crosslinked particles with proteins and
macromers present, without destroying the sample. This enables dosage information
acquisition without necessitating transfection of target cells. This is accomplished without
either confocal imaging or flow cytometry; both of which require higher level technical

expertise, are more expensive, time-point specific, sample destructive, fail to provide ‘as
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delivered’ information, and complex and laborious to perform quantitatively for this
purpose.

This approach enables researchers to directly, accurately, and repeatably assess
the quantity of nucleotide loaded into their delivery system without interference from a
protein rich environment or complexed macromers. It allows for future assessment of the
sample since it is non-destructive in nature, allowing a single population to be assessed
throughout a project. Furthermore, PBL utilizes a commercially available kit for cell-
tracking and quantification and is done at a recommended labeling density for intracellular
tracking, allowing for in situ characterization. When combined with particle size
distribution data, this strategy allows for quantification of dosing mass, particle number,
and average plasmids per particle. This information can be gathered for a broad range of
SPNPs, providing critical information required by regulatory agencies. In summary, the
strategy presented herein allows for detailed nanopatrticle characterization prior to in vitro

study, assisting in system optimization and interpretation of biological outcomes.

2.4 Methods

2.4.1 Conjugation of Cy3 Reagent to plasmid DNA

The manufacturer instructions in the Mirus Label IT Kit (7020) were followed to
target a labeling density of 150-200 base pairs (BP) per dye molecule. This enables future
use at this labeling density in vitro or for further methods not used herein. The
manufacturer offers clear instructions on altering the labeling density of dye on nucleotide
backbone, should the reader require a different density. Briefly, the Cy3 reagent was

resuspended in the recommended amount of reconstitution solution Buffer “A” provided.
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Next, a solution was prepared of UltraPure DNase/RNase free water and the 10X
Labeling Buffer provided in the Kit. To this the desired quantity of plasmid DNA was
added. Finally, the appropriate amount of Label IT Reagent for the target labeling density
was added. The reaction was incubated at 37°C for 1 hour, pulsing the reaction in the
centrifuge for 30 minutes to recollect any evaporation, then an ethanol precipitation was
carried out to isolate the labeled DNA (Cy3-DNA). The resultant Cy3-DNA was

resuspended in 100 pL of DNase/RNase-free water for quantification.

DNA Labeling Reaction
UltraPure DN/RNase-free water 750 pL
10X Labeling Buffer (“A”) 100 pL
1 mg/mL eGFP plasmid DNA 100 pL
Label IT Reagent 50 pL
Total Volume 1000 pL

Table 2-1. DNA Labeling Reaction amounts and order of addition.

2.4.2 DNA measurement using UV-Vis Spectroscopy

UV-Vis measurements as reported in Tables 1-3 were taken with cuvette-free UV-
Vis on the microwell attachment of a SpectraMax m5 microplate reader. These
measurements are equivalent to those obtained from a Nanodrop (Thermo) microvolume
UV-Vis benchtop spectrometer, a staple in many laboratories handling DNA and/or
protein. Three absorbance spectra were taken per sample from 200-700nm with a step
size of 2 nm. For DNA quantification the equation used to calculate pDNA concentration
is:

Conalug/mL) = (Aye0 — Azgo) * dilution factor 50 ug/mlL

Equation 2-1. Calculation to find the amount of Cy3-DNA following reaction
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2.4.3 DNA Measurement Using the Qubit Fluorometer

Assay kits designed for use with the Qubit system, a benchtop fluorometer, were
obtained from Invitrogen. The Qubit dsDNA BR kit was used to measure the amount of
DNA present in samples. Manufacturer instructions were followed to obtain
measurements from the Qubit 4 fluorometer. For this study, 10 pL of sample was utilized
per read and each read was done in triplicate with a rest time of 30 seconds at room

temperature in between reads.

2.4.4 Determination of Cy3 Labeling Density

Detailed instruction for this section can be found in its entirety in Chapter 3. Briefly, a
SpectraMax m5 plate reader with a microwell attachment for UV-Visible spectroscopy, a
Mirus Cy3 Label It Kit (7020), and GFP-pDNA were used.

To begin, an absorbance spectrum of the fluorophore, the pDNA, and the
conjugated and purified Cy3-DNA product are taken independently. To enable
measurement of all spectroscopic features and obtain a background measurement, each
absorbance spectrum is taken from 200-700 nm with a step size of 2 nm. Absorbance
values obtained from 680 — 700 nm are attributed to background noise as they are far
from the spectroscopic signature of any component molecule, and especially DNA
(260nm) and Cy3 (550nm). Within each spectrum, these values are then averaged, and
this value is subtracted linearly from their respective spectra. Going forward, all analysis
is done with background corrected spectra.

Beer's Law and the DNA-Cy3 value obtained from UV-Vis spectroscopic

measurements are then used to obtain the Dye Correction Spectrum. This is then
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graphed along with the Cy3-DNA absorbance spectrum and adjusted until these two
spectra overlap entirely in a graphical representation. This step is done to ensure that the
UV signature of the Cy3 moiety can be accounted for when using that region of the
spectra for DNA determination.

The Dye Correction Spectrum is then subtracted from the Cy3-DNA spectrum to
obtain the DNA Quantification Spectrum. This new spectrum represents the background
adjusted amount of DNA in the Cy3-DNA product and is then used to calculate the number
of DNA molecules. The uncorrected DNA-Cy3 spectrum is used to determine the number
of Dye molecules in the Cy3-DNA reaction product. This can be reported either as dye
per DNA or BP per dye. The Beer Lambert law can then be used to obtain the value of

Cy3 in the Cy3-DNA reaction product.

2.4.5 Generation of Cy3-DNA Calibration Curve

Detailed instruction for this section can be found in its entirety in Chapter 3.

2.4.6 Generation of Diphenylamine Assay Calibration Curve

Information regarding generation of the diphenylamine assay standard curve and

experimental plan can be found in Appendix A.

2.4.7 Preparation of Cy3-DNA Loaded Synthetic Protein Nanoparticles

SPNPs with a Cy3-DNA payload were prepared by electrohydrodynamic (EHD)

jetting. The resultant conjugation product is diluted with unlabeled DNA to a dye per BP
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concentration of 1:1000, this mixture is used in SPNP fabrication. It should be noted that
this dilution with unlabeled materials allows for the dye ratio to be constant for all studies
in a series. Additionally, since each dye labelling reaction will result in a somewhat
different extent of labelling, this allows different batches of DNA-Dye conjugate to be
utilized in the same study since the final ratio with dilution will always be constant.

Prior to SPNP fabrication, the Cy3-DNA and PEI were complexed at room
temperature for 30 minutes at the desired nitrogen to phosphorous (N/P) ratio. For the
solvent, 80:20 vol% of water-to-ethylene glycol ratio was used. Protein solutions were
prepared by addition of DNA/PEI, 10% w/w NHS-PEG-NHS crosslinker, 1% w/v HSA,
and 0.5% w/v HSA-405 to the solvent system. The solution was pumped using a syringe
pump at 2.0 mL hrt Once a droplet formed on the end of the needle, an electric field (5
kV) was applied to obtain the characteristic Taylor Cone. Due to the voltage applied, the
solution was atomized and pulled towards the grounded plate 20 cm away, resulting in
electrospray of particles. The resultant SPNPs were then allowed to crosslink for 7 days
in a 37°C incubator before being collected in phosphate-buffered saline (PBS), followed
by serial centrifugation to obtain target sizes of less than 300 nm. The formulation for the
SPNP sample used for comparisons of the four DNA assessment methods is listed in

(Table 2-2) below.
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SPNP Composition
Component Mass Moles | m/m of total
(H9) (hmol) (%)

pDNA 289.47 0.128 4.68%
PEI 373.68 14.947 6.04%
HSA 5000.00 75.188 80.80%
HSA-405 25.00 0.376 0.40%
Crosslinker 500.00 1250.000 8.08%

Table 2-2. This is a representative formulation based on a sample preparation of 5 mg of HSA SPNP. Cy3-DNA at the
designated 1000:1 bp/dye was used for assessment via the PBL strategy.

This is a representative formulation based on a sample preparation of 5 mg of HSA SPNP.
In this work, unlabeled pDNA was used for established DNA quantification methods and

Cy3-DNA at the designated 1000:1 bp/dye was used for assessment via the PBL strategy.

2.4.8 Characterization of Synthetic Protein Nanoparticles — Scanning Electron

Microscopy (SEM)

SEM images were taken using a FEI Nova 200 Nanolab SEM/FIB at the Michigan
Center for Materials Characterization at an acceleration voltage of 5kV. Images were
processed using ImageJ (Wayne Rasband, NIH) to obtain their size and circularity

distributions. For particle size distributions, an n > 400 was used.

2.4.9 Characterization of Synthetic Protein Nanoparticles — Number Average

Dynamic Light Scattering (nDLS)

DLS measurements were carried out using a Zetasizer Nano ZS (Malvern

Panalytical). nDLS was employed to measure the particle size distribution in 1x PBS
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buffer at room temperature after particle collection and prior to TGA analysis. 3 individual
measurements were carried out per sample and averaged to determine the particle size

on a count basis.

2.4.10 Determination of Cy3-DNA Percent Loading in SPNPs

Detailed instruction for this section can be found in its entirety in Chapter 3.

2.5 Results and Discussion

The materials and methods used to arrive at the results and conclusions presented
in this Chapter are presented in Chapter 3 in full detail. Every effort has been made to
include relevant notes and expert advice for reproducing the strategies presented.

Gene delivery is becoming increasingly important to the field of nanomedicine, and
the interest in translation of these systems necessitates foundational understanding of
both the delivery system and the nucleotide dosing.1®® The difficulty of characterizing
nanomaterials and their payload is well-established and is at the heart of several guidance
documents published by the Food and Drug Administration (FDA). Prior to filing of an
Investigational New Drug application with the FDA, the efficacy and safety must be
determined as well as a fundamental understanding of the physicochemical properties of

the nanoparticle.”
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2.5.1 Impact of Work Presented Here

Here, a strategy for in-particle quantification of DNA payload is presented and
compared to conventional assessment methods, including UV-Vis spectroscopic
methods, groove-fit fluorescence assays (fluorometric assays), and digestion-based
colorimetric assays (e.g., diphenylamine). The establishment of this PBL-based
guantification regime is used in tandem with Dynamic Light Scattering (DLS)
measurements to assess the particle size distribution in context of plasmid-per-particle
and the distribution of total plasmid for several different fully characterized SPNPs. In
total, this allows for simultaneous assessment of payload by mass, by particle number, or
on a plasmid-per-particle basis. Combination of the PBL and DLS methods presented
here proved more accurate than the aforementioned conventional quantification methods,
including for measurements of solution-based (containing DNA and SPNP substituents)
and solid-phase (utilizing a fully crosslinked SPNP system) nucleotides. That is, the PBL
strategy retains very low bias (<5%) in the presence of protein, complexing macromers,
and other fluorescent dyes; the strategy is also agnostic to the formation of nanopatrticles
and SPNP incorporation, both of which make quantification with other systems

problematic.
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Figure 2-1. (A) Critical Components of SPNPs (B) Cy3-DNA Conjugation Strategy, SPNP Preparation and Processing
(C) Preparation of the jetting solution with component molecules.

To create a model material-based delivery platform for PBL evaluation, we utilized
established electrohydrodynamic jetting (EHD) of a protein carrier solution and pDNA
payload to make SPNPs. This carrier solution could be easily modified with fluorescently
labeled pDNA to evaluate the PBL method, as outlined in Figure 2-1. A detailed
description of labeling density determination and calibration curve generation following
the conjugation of Cy3 to the pDNA backbone is found in the methods section of this
report.

To evaluate the ability of PBL to quantify DNA concentration in a variety of
environments, we created SPNPs suspensions (Figure 2-1) alongside isolated DNA and

Human Serum Albumin (HSA) solutions, and measured their DNA content via PBL,
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comparing directly to established DNA measurement methods, including microvolume

UV-Vis spectroscopy, a commercial assay utilizing a fluorescent groove-binding

technique, and a well-established digestion-based colorimetric diphenylamine assay.

Average
Method Commercial Conc[;:t‘?ation co?";:;:::gon \;:r;‘:)ti?ih Average Bias Variability
etho Method Y Between Runs
pg/mL pg/mL (%) (%) (%)
UV-Visible NanoDrop ™ 585.72 17 +1.16 8.18
Spectroscopy
Fluorescent Qubit ™ 564.05 18 258 13.16
Binding Assay
Colorimetric Diphenylamine 579.00 574.74 19 0.74 +0.28
Assay Assay
Fluorescent
Plasmid N/A
Backbone (reported here) o87.72 0.9 *+1.51 -3.94
Labeling

Table 2-3. Assessment of just DNA using UV-Vis, fluorescence binding, digestion-colorimetric, and PBL strategies.
Broadly, all methods appear fit-for-use for research applications.

2.5.2 Isolated Payload and Matrix Studies

Firstly, when looking at the ability of PBL to assess isolated DNA in solution (in
water), we observed that all four methods can quantify the amount of DNA present in
solution (Table 2-3), as expected. Each technique also had low in-batch variability as
determined by replicate measurement (n=20) with each instrument or technique (Table
2-3). Nominally, the DPA was found to be the least biased of the four methods, though
PBL had a lower bias (average relative percent difference) than commercial assays. It
was also found that the batch-to-batch variability of both the DPA and PBL strategies are
lower than the conventional methods, even fluorescence-binding assays, which notably
require instrument calibration prior to use. Indeed, for pure pDNA in water, all methods

appear fit-for-use in a research environment.

29



Before conducting direct testing of SPNPs, we benchmarked the effect of HSA
without DNA to determine the ability of the various techniques to observe DNA in an
impure solution with HSA background. This allowed us to calibrate each method for the
HSA contribution to DNA signal, allowing for correction when a known amount of HSA is
present in the studied systems (Table 2-4). As expected, the UV-Vis measurement
detected about a third of the HSA as DNA, this indicates a large error that may present
issues reading protein-DNA solutions if care is not taken to address the protein
interference. The fluorescent binding assay read less than 3% of HSA as DNA, a
background that is both small and correctable, while the DPA and PBL strategies read far
less than 1% of HSA as DNA. This implies that the PBL and DPA are fit for use in solutions
where HSA is present, while the binding assay also appears to provide reasonable results
(assuming that the HSA concentration is sufficiently low). While in theory it may be
possible to use full spectral deconvolution UV-Vis for assessment of an HSA and DNA

solution, this is not trivial and likely too labor-intensive for widespread application.

HSA

Observed DNA

HSA Observed as

(PBL)

(reported here)

Commercial . Concentration .
Method Method Concentration Erom HSA Interference DNA / Bias
Hg/mL Hg/mL (%)
UV-Visible NanoDrop ™ 164.45 +32.89
Spectroscopy
Fluorescent Binding Qubit ™ 11.92 1294
Assay
Colorimetric Assay D|ph§nylam|ne 500.00 0.07 +0.01
ssay
Fluorescent Plasmid N/A
Backbone Labeling 0.27 +0.05

Table 2-4. Assessment of HSA background and DNA observed in an HSA-rich environment using UV-Vis, fluorescence
binding, digestion-colorimetric, methods and PBL strategy in water. UV-Vis spectroscopic measurements have the
highest HSA interference, all other methods are fit for research use.
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2.5.3 Combined Matrix and Payload Studies

We next created solutions containing both HSA and DNA to evaluate the efficacy
for each method in determining DNA content in an impure solution (Table 2-5).
Importantly, here we utilized the previous experiment (Table 2-4) to account for HSA
interference/bias and corrected all DNA readings for HSA content; briefly, the percent of
HSA expressing as DNA was multiplied by the HSA concentration and subtracted from
the total amount of DNA observed for each unique technique. This value is presented as
DNA Observed and the bias (%) is reported for each method. Upon baseline correction,
the UV-Vis method has a bias of less than +2%, similar to the PBL strategy. In contrast,
the DPA and fluorescent binding assay struggle to accurately quantify the amount of DNA
in HSA solution, with the DPA possessing a bias over +12% and the fluorescent binding

assay almost doubling the expected result.

DNA Observed HSA Corrected
Commercial
Method Method Conc[e):::ation ConcZ:tI:ation DNA Observed | HSA Observed DNA Bias
etho Raw as DNA / Bias Observed
Known Known
pug/mL pug/mL pg/mL pug/mL Hg/mL (%)
UV-Visible NanoDrop ™ 691.16 102.62 588.55 +1.65
Spectroscopy
Fluprescent Qubit ™ 5313 7.00 46.13 -92.03
Binding Assay
Colorimetric Diphenylamine 579.00 312,00 651.65 0.04 651.61 +12.54
Assay Assay
Fluorescent
Plasmid N/A
587.80 0.17 587.63 1.49
Backbone (reported here) *
Labeling (PBL)

Table 2-5. Assessment of DNA in fully crosslinked SPNPs using the four methods in water. Only the PBL strategy is fit
for use in assessment of the DNA in HSA-based SPNPs.

2.5.4 Assessment of Payload in Synthetic Protein Nanoparticles

Having established the extent of HSA interference and the accuracy of each

method with HSA present, fully crosslinked SPNPs were prepared using EHD jetting

31



(Figure 2-2) then the amount of DNA present within them was quantified (Table 2-6).
Following HSA interference correction, the UV-Vis method is wildly inaccurate with a >-
600% bias. This is expected, as UV-Vis can be confounded by scattering induced by
nanoparticle-sized particulates in solution, and corrections based on single point
background subtraction are rarely robust.

The fluorescence-binding assay is likewise inaccurate, with a bias of nearly -50%.
This inaccuracy compared with assessment of DNA in isolation, indicates that the surface
availability of the plasmid is not sufficiently high for a binding assay to accurately quantify.
That is, it is likely that the majority of the pDNA loaded into the SPNPs is internalized or
otherwise unavailable for binding. Surprisingly, the DPA assay on digested SPNPs was
also inaccurate with nearly +75% bias, notably higher than the +12% observed in the

previous assessment of DNA and HSA in solution.

I ; )

Figure 2-2. Electrohydrodynamic jetting is used to prepare synthetic protein nanoparticles discussed in this work. These
SPNPs are then processed via centrifugation to achieve the desired size range of < 300nm.
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Given that an incomplete digestion of the SPNP would lead to a negative bias in the DPA
reading, a high positive bias for the DPA assay is unexpected; this may be due to SPNP
degradation products that are amenable to DPA binding.

While the wavelength of this measurement (595 nm) is not in the UV range, it is
also likely that any residual undigested particle scatter could also interfere positively. This
said, until working with crosslinked SPNPs, the DPA method was relatively facile and
performed on par with PBL, highlighting the difficulty in characterizing complex delivery
systems. Importantly, the PBL strategy is found to have a low bias (< -3%) even in fully
crosslinked SPNPs. The primary advantage of the PBL strategy is that the high accuracy
of the readouts in both solution and in fully crosslinked SPNPs is constant, regardless of
whether they represent an HSA-rich or HSA-poor environments.

Robust performance of PBL across different systems will also allow for direct
comparison of different technologies and processes steps, while the non-destructive
nature also makes it uniquely appealing for samples with costly, unique, or limited

samples.

2.5.5 Plasmid Backbone Labeling Strategy Workflow

Having benchmarked assay performance for nucleotide measurement of DNA,
HSA, DNA and HSA, and the SPNPs next a workflow to assess DNA loaded SPNPs prior
to use was developed (Figure 2-3). Toward this goal, a calibration curve was generated
for the solution that mimics the eventual SPNP environment (HSA, PEI, HSA-405) and
the target molarity of DNA in the SPNPs (Figure 2-3c). The concentration of HSA, HSA-

405, and PEI were held constant while the amount of DNA varied across each sample.
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The choice to vary the DNA, not the HSA or PEI in the calibration curve, was deliberate
and allows the calibration curve to remain valid for instances where the DNA loading per
particle is varied.

To ensure that the output of fluorescence (a.u.) across the dynamic range is linear
and that the PBL strategy is repeatable, calibration curves were generated in triplicate
and interrogated using statistical methods. Firstly, prior to quantification of Cy3 present,
the reaction product of Cy3-DNA was evaluated using UV-Vis spectroscopy and found to
contain the expected absorbance peaks of both DNA at A2so and Cy3 at Asso. A calibration
curve was generated from fluorescent reads in triplicate across the target range of DNA
in SPNPs.

Then, a linear regression was used on the resultant curves to determine goodness
of fit (r?) and evaluated statistical differences between the slopes of the three lines of best
fit to determine a p-value (p = 0.9335), thus the hypothesis that the data points are from
different sets is rejected. This suggests that the standard curves generated have a high
degree of linearity and are not statistically different from each other, allowing confidence
that the standard curves generated for determination of Cy3-DNA in a SPNP environment

are reliable and repeatable.
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Figure 2-3. Workflow of PBL process and evaluation of Cy3-DNA conjugation and generation of calibration curves for
the fluorescent plasmid backbone labeling (PBL) strategy. (a) schematic of the workflow of the PBL (A) Absorbance
spectrum of Cy3-DNA reaction product showing characteristic DNA peak at Aze0 and Cy3 at Asso (B) Calibration Curve
in triplicate across the target range of DNA in SPNPs. All points on curves are measured n = 3 times with 95%
confidence interval shown.

nDLS SEM TS ;‘g:{ Particle Observed ;;I:t:;er DNA DNA Plasmid Average per Particle With:
Mass Particles | DNA per ricl per. Mass | Number Average Average _ _
r.&vera ge :\‘ve rage per Dose per particle f:a ;n; protein | Dose | DNAper | Diameter Diameter Dﬁ.ﬁﬂ :1]'“ 53; 15:{":;
i Dose Dose (Target) (Observed) arge serve
{nm) (nm) (m/m %) ({T14]] {mfm %) (%) (mim %) (ng) #Plasmids | #PI id: # Pl id # Pl id:
186 84 1.0 100 4.96x10% 0.2 16.5 1.1 0.02 4.25%107 8.56 1.41 6.15 1.01
223 72 2.8 10.0 5.79x10° 0.8 271 34 0.08 1.99x10™ 34.38 9.3 17.56 4.75
146 100 4.4 10.0 3.70x10% 35 785 58 0.35 9.19x10™ 24 86 19.50 27 .96 21.94
185 92 52 10.0 1.02x10° 4.1 795 7.0 0.41 1.09x10™ 107.22 85.28 61.39 4883 .

Table 2-6. Calculations performed on each particle population based on nDLS size distributions. Average plasmid per
particle for SPNPs of average diameter and for a diameter of 150 nm for both target and observed DNA amounts are

reported.
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2.5.6 Assessment of SPNP DNA Loading Efficiency

Given that different delivery systems utilize different DNA concentrations and the
widespread screening of various DNA concentrations in the field, we then generated
SPNPs of four different loadings. To determine the loading efficiency of pDNA into
SPNPs, SPNP systems with target DNA loadings from 1.0 — 5.2 m/m% (DNA/SPNP) were
generated and their observed DNA loading was measured. The DNA content of fully
crosslinked SPNPs was then obtained from the emission curves. It is of note that the
observed and target DNA loading vary significantly, but that the relative loading efficiency
increases with an increasing target DNA amount (Table 2-6).

This trend can be graphed and fit to either a sigmoidal or linear curve and the
maximum theoretical relative DNA loading can be calculated (Figure 2-4). The sigmoidal
fit has a maximum of 82% relative DNA loading, which is approached asymptotically. This
maximum value is close to the 80% achieved by the SPNP with the highest target DNA
amount achieved here. A linear fit, on the other hand calculates a 100% relative DNA
loading will be achieved at a target DNA just over 6.2 % (DNA/SPNP), which is greater
than is possible in the current system. Preparation of a 7.0 % (DNA/SPNP) SPNP was
attempted, but abandoned when the jetting solution continued to precipitate prior to EHD
jetting. The ability to determine maximum DNA loading per SPNP in instructive for
changing the formulation of SPNPs and the predictive ability this gives for determining

the loading efficiency of the system relative to the target DNA %.
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Figure 2-4. The particle distributions and loading relative to target. Heatmaps represent the distribution of (A) SPNPs
(B) pDNA and (C) the average number of plasmids per particle in each population prepared. The DNA loading relative
to the target is then graphed against target DNA (m/m)% and fit with to a (D) sigmoidal or (E) linear curve to describe
the maximum loading or target DNA used in SPNP formulation to attain a 100% loading. Next, (F) the observed DNA
% is graphed against target DNA (m/m)% and fit to a linear curve. Other relationships such as (G) diameter vs. DNA
loading relative to target (%) were examined but the fit did not converge and thus no correlation coefficient is reported.

2.5.7 Detailed Loading Analysis from Size Distribution

To explore DNA loading at the particle level, dynamic light scattering (DLS)
measurements for each SPNP system were obtained. Specifically, the number average
DLS (nDLS) distribution (Appendix A) was extracted from the intensity average
distribution (iDLS), which is directly derived from the DLS spectra. The nDLS values were
used to calculate how the DNA is distributed across the SPNP population. This allowed
calculations of average per particle loading of plasmids based on the distribution of
SPNPs achieved using EHD jetting (Table 2-6). Here, the number of plasmids in SPNPs
of average diameter and at a diameter of 150 nm are compared. The data presented in

Table 2-6 also enables calculation of how the SPNPs are distributed within the overall
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particle distribution and can be extended to where the plasmid population lives within the
particle size distribution.

To explore how the population of plasmid correlates with the population of SPNPs,
heatmaps in Figure 2-4 (A-C) were generated. Here, the percent of SPNPs with a nDLS
diameter below 100 nm accounts for between 75 and 96 percent of the total SPNPs
measured, which correlates to most of the plasmid dose contained within those patrticles.
It may be counterintuitive that smaller particles would contain a majority of plasmid,
however, this is expected as there are many more particles in that size range on an
absolute level, compensating for their smaller size. The second largest population of
particles is within the 100 -200 nm diameter size range yet accounts for the lowest
percentage of the plasmid. When normalizing to particle number (Figure 2-4C), it is found
that the particles with the highest average plasmid concentration per particle is found for

the > 200 nm diameter size range, which is unsurprising as the diameter corresponds to

3
a E] scaling factor to the volume. That is, the larger the particle, the more room it has

inside it to fit pDNA and the higher percentage of the population one would expect to see

contained in that size range.

2.5.8 Repercussions Of Particle Distribution on Payload and Dose Considerations

A benefit of utilizing this tandem PBL/DLS method to assess particle loading
heterogeneity is that it allows analysis of the effect of intra-population particle
heterogeneity which the field has not fully explored. To explore where the plasmid
population lives, payload distribution fractions were calculated and used to report the

average plasmid per particle within those. This enables a discussion on where the bulk
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of the particles are as well as where the DNA dose is within the SPNPs, which is largely
heterogeneous. Researchers that obtain the bulk of DNA loaded into particles outside of
the intended target size range would benefit from this knowledge and could then purify
their sample prior to use to maximize the efficacy of said particles and deliver less
exogenous material for example when conducting transfection studies.

When examining the heat maps (Figure 2-4C), it is apparent that the second
largest population of SPNPs is within the 100 — 200 nm diameter range. However, as can
be seen from the Figure 2-4B, the fraction of pDNA within SPNPs in this size range is
not the highest, due in large part to how few particles there are within this size range
compared to those in the < 100 nm diameter range (Figure 2-4A). Suggesting that if the
highest payload of DNA per particle were required, this population could be excluded or
minimized. This level of granular detail is useful for researchers that are not aware of
heterogeneity of their particle populations and enables exploration into which particle
fractions would be the most effective in a study. For example, it would be advantageous
to know if larger particles have a higher payload but cannot be taken up by target cells,
or if particles of a particular size offer advantageous, uptake, efficacy, or otherwise, over
a different size population. Nanoparticles are often polydisperse'®®, and an interrogation
of particle size and loading as laid out here can act as a roadmap for researchers that
would benefit from this level of granularity in their particle analysis.

While this work uses DLS to obtain particle size distribution information coupled
with the PBL strategy for pDNA quantification, other size characterization methods (SEM,

AFM, TEM, Nanosight™, etc.) and gene content analysis methods could also be used
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(mass spectrometry, elemental analysis, etc.) and the same methodology for obtaining

detailed loading analysis can be applied.

2.5.9 Benefits and Application of PBL In Gene Loaded Nanoparticles

The recent success of mMRNA vaccines and advances using CRISPR/Cas9
systems all but ensure that gene-based therapies will continue to expand in utility and
scope in various therapeutic areas. The continued expansion and application of gene
therapies necessitates a thorough understanding of the delivery system. Issues
associated with conventional methods of DNA quantification in nanoparticle systems
make assessment of loading efficiency and payload amount extremely challenging. PBL
enables a high degree of certainty in measurement of DNA within a crosslinked SPNP
not achieved by the three conventional methods tested here. This information can be
used to inform the design of future formulations based on target loading percent and
plasmid distribution throughout the particle population. Information about dose
dependence can also be gathered using this method, as the exact amount of DNA
delivered is known.

Using the PBL strategy requires minimal chemistry knowledge, small amount of
analyte, and access to readily available instrumentation. The kit used here is
commercially available and not cost-prohibitive and the fluorophore and nucleic acid can
be easily changed while retaining the methodology presented here. The use of another
fluorophore within the PBL system demonstrates the ability of the PBL strategy to be
applied in an environment where there will be other fluorophores present, such as during

cell staining for use with microscopy or flow cytometry. This method does not, however,
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require transfection into target cells and can be used to calculate doses of DNA prior to
transfection, while allowing for intracellular tracking following transfection. PBL is also
non-destructive to the sample, requiring less sample to be prepared, and meaning that
the sample tested can be the same sample administered. PBL reports low bias in fully
crosslinked particles without the use of mutagens and strong acids necessary for some
methods.

The repeatability and speed of this technique also lend it to scale-up and it
represents a useful tool for various researchers in the biotechnology space. If routine and
destructive testing is appropriate, DPA should be used unless it proves to have the
complications outlined here. In systems with low scatter and low spectral overlap, UV-Vis
spectroscopy methods should be used. While it’s possible that fluorescent binding assays
may provide information about surface availability, they should generally be considered

unreliable for the quantification of tightly bound genetic payloads.

2.6 Conclusions

This work presents a strategy for the quantitative characterization of encapsulated
plasmids within fully crosslinked SPNPs that is more accurate and has a lower bias than
conventional methods while laying out a roadmap for assessment of payload
guantification based on PSD. While the model system utilized in this work is a protein-
rich SPNP, a variety of bio macromolecular gene-host systems may benefit from this
guantification approach. This approach is widely and readily applicable to other NP and
gene-host systems and could be applied to adjacent fields for many wide-ranging

applications. Detailed analysis of DNA quantification using PBL, and three conventional
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methods demonstrated that the PBL strategy exhibits higher accuracy and lower bias
even in crosslinked SPNPs. Using PSD determined by DLS in combination with DNA
measurements obtained with PBL, a detailed analysis of the per-particle loading and
heterogeneity within the particle population was discovered.

The strategies outlined provide a roadmap for other researchers seeking to gain a
better understanding of nucleotide payload within their nanoparticle systems. While the
fluorescent dye may need to be custom-selected and calibration curves will need to be
generated based on system specifics, this methodology may be useful for other types of
gene delivery, not just those encapsulated within proteins. The result of this work allows
future investigations into the rational design of SPNP systems with genetic payloads and
a thorough understanding of design and parameter changes on genetic payload on a per-

particle basis.
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Chapter 3
In-Depth Protocols for Characterization of plasmid DNA Loaded Synthetic Protein

Nanoparticles

3.1 Introduction

This project utilized a fluorescent plasmid backbone label (PBL) strategy to
guantify nucleic acid loading in tightly complexed synthetic protein nanoparticles (SPNPSs)
for gene therapy applications.

Although some steps of this method exist elsewhere and these techniques are
readily available, the intent of this section is to assemble all steps in a way that allows a
researcher to adopt, in part or in whole, the methods outlined herein. The step-by-step
instructions presented here are accompanied by expert notes of best-practices and
lessons-learned along the way while this strategy was developed. Where present, these
will be indented and italicized. By reporting in-depth protocols like so, | strive to provide
superior accessibility and streamlined roadmaps for future researchers.

The fluorophore used in this work, Cy3, was chosen carefully so it is far from the
absorbance signal of DNA (A2s0), and human serum albumin (HSA) (Azso), the protein
used here. Itis also cohesive with the fluorescent labeling scheme of the SPNPs used for

this project, which have AlexaFluor 405, and far from the excitation and emission spectra
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of the GFP-pDNA, which expresses at 488 nm. For these reasons, Cy3 (Mirus Label It
Kit 7020) is used in this work, but the reader should choose the fluorophore that suits their
system. The methodology and workflow described here remains the same regardless of
the fluorophore chosen, provided the system does not contain any overlap in either
absorbance or fluorescence signatures. This adaptability makes the technology
presented here widely applicable to many systems that require quantification of genetic

material present.

3.2 Conjugation of Cy3 Reagent to plasmid DNA Backbone

Note: The conjugation of Cy3 to plasmid DNA (pDNA) backbone may be done
before or after measuring the absorption spectra of Cy3 and DNA separately. | use
different aliquots for the spectra measurements and reaction, so | have the full 50
pL of Cy3 reagent available for reaction with DNA, and a different another for Cy3
measurements. | have also had success using a small amount of the suspended
Cy3 reagent (0.5 pL and dilute it for UV-Vis readings), just be sure to account for

this in your reaction volumes.

Note: The protocol for obtaining and measuring the spectra is described in detall
in Section 3.4 below. | typically run the spectra on the plate reader during the
reaction incubation.

Note: The technical product literature and other fluorophores available for

the Label IT kit can be found here:
https://www.mirusbio.com/products/labeling/label-it-tracker-intracellular-nucleic-

acid-localization-kits
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The manufacturer instructions in the Mirus Label IT Kit (7020) were followed to
target a labeling density of 150-200 base pairs (BP) per dye molecule.
Note: This labeling density regime is recommended for intracellular
tracking, so it is utilized here. The manufacturer offers clear instructions on
altering the labeling density of dye on nucleotide backbone, should the
reader require a different density.
Note: Those instructions and most complete protocol provided by the
manufacturer can be found here:
https://www.mirusbio.com/assets/protocols/ml054 _label it_tracker_kit.pdf
1. Before you start the reaction, prepare the solutions and pre-cool the materials for
the ethanol precipitation.
a. Prior to first use, warm each tube provided in the Label IT Kit to room
temperature.
Note: | do this by taking each tube from the packaging and placing in a
room-temperature tube rack inside a drawer so that they can warm up faster
than in the box but are kept from light and upright.
Note: Make sure to completely thaw each of the solutions and reagents.
The tracker reconstitution solution remains frozen at 4°C and must be room
temperature to thaw completely.
b. Once the Label IT reagent is warmed to room temperature, pulse it in a
centrifuge to ensure any volatiles are incorporated into the pellet.
Note: | do this in a Sprout Mini Centrifuge for 2-3 seconds, 3 times

total.
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c. Prepare a 5M sodium chloride solution of at least 500 pL.

d. Pre-cool at least 1mL of 100% ethanol to -20°C.

e. Ensure that you have at least 1 mL of room-temperature 70% ethanol on-
hand.

f. Refrigerate a centrifuge capable of reaching 14,0009 to 4°C.

2. Suspend the Cy3 reagentin 50 pL of the Tracker Reconstitution Solution provided.
Note: | always use the low-adhesion microcentrifuge tubes from Biotix for
preparation of samples and the reaction described here.

Note: Make sure that samples are well-mixed. | vortex the solution for 5
seconds then pulse it in the centrifuge 2-3 seconds one time to recollect

anything that may have stuck on the walls.

3. Add the reagents in the order listed below and ensure that the Label IT Reagent is

added last, per manufacturer instructions.

Note: For this reaction, | label the maximum amount of DNA allowed per kit
while maintaining the target labeling density of 150 bp/dye.

Note: This labels 100 pg of plasmid DNA. See the protocol at the link listed
above for instructions on changing the labeling density.

Note: This reaction size is for the entirety of the Kit, and | recovered a Cy3-
DNA sample with between 146- 120 BP per Cy3 dye molecule each of the

five times that | have done this experiment (Table 3-1).
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DNA Labeling Reaction

UltraPure DNase/RNase free water | 750 uL
10X Labeling Buffer (“A”) 100 pL
1 mg/mL GFP plasmid DNA 100 pL
Label IT Reagent 50 pL
Total Volume 1000 pL

Table 3-1. DNA labeling reaction amounts used in this work.

Note: Once the reagents have all been added | vortex the mixture for 2-3

seconds.

4. Incubate the reaction at 37°C for 30 minutes then remove it from the incubator and

pulse it in a centrifuge.

Note: | pre-warm a tube holder in the incubator. | also seal the reaction tube
with parafilm, then place in it the tube holder inside the incubator to ensure

it remains upright and any volatile components are unable to escape.

Note: This step is critical to maintaining the target concentration of the

reaction components and minimizes the effects of evaporation at the

elevated temperature.

5. Replace the reaction mixture into the incubator for 30 minutes.
Note: You do not need to centrifuge at the end of the reaction, as you are

no longer interested in maintaining the reaction components at their desired

concentration.

6. Carry out an ethanol precipitation to isolate the DNA labeled with Cy3 (Cy3-DNA).

a. Add 0.1 volume of 5M sodium chloride and 2 — 2.5 volumes of ice cold 100%

ethanol to the reaction.

Note: For the reaction | carry out | use 2 volumes of ethanol.
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b. Vortex for 5 seconds then place at -20°C for 30 minutes.
c. Centrifuge the reaction at full speed (15,000 rpm / 21130 rcf) in the

refrigerated small centrifuge for 30 minutes.

Note: At this size of reaction, the pellet will be obvious (Cy3 is visibly
pink), but if you decrease the size of the reaction be sure to keep
track of where you would expect to see the pellet.

Note: Once the tube has been removed from the centrifuge, bring the
centrifuge back to room temperature.

d. Gently remove the supernatant from the reaction tube.

Note: The pellet is quite sticky, so it won’t move too easily, but be
careful not to disturb it either.

e. Rinse the pellet with 500 pL of room-temperature 70% ethanol.
Note: Vortex the mixture for 5 seconds to mix well and remove the
pellet from the wall.

f. Centrifuge the solution at room temperature and full speed for 30 minutes.

g. Completely remove all ethanol from the pellet.

Note: | use a 100 pL micropipette to remove all traced of ethanol.
Note: Do NOT allow the pellet to dry for more than 2 minutes as it
will be difficult to resuspend. The manufacturer recommends < 5
minutes, but it gets sticky and difficult to work with by 2 minutes
drying time.

h. Resuspend the resultant Cy3-DNA pellet in 100 pL of sterile DNAse/RNase

free water for quantification.
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Note: You can also use 1X Labeling Buffer “A” per the manufacturer
protocol, but | use water. | don’t want any potential complicating
factors in the spectra while determining labeling efficiency or
comparing this to any other reaction/reagent. Additionally, the Buffer
IS proprietary, and each Kit comes with enough for the reaction but
not too much more — | do not want to be in a situation where | need

more to run a blank etc. and do not have access to it.

Note: | store the Cy3-DNA in the fridge, completely covering the tube
in aluminum foil to protect it from the light. The manufacturer
recommends -20°C for long-term storage, but | do not because | use
it within a week. | recommend preparing a new batch for each

experiment.

Note: There is a troubleshooting guide in the protocol link provided,
but | have not struggled with any of these issues when following the

protocol listed here.

3.3 DNA Measurement Using UV-Visible Spectroscopy

DNA measurements using UV-Vis spectroscopy were taken with the microwell
attachment of a SpectraMax m5 microplate reader. The reader should be aware that it is
important to retain enough Cy3 reagent and purified pDNA to obtain absorbance spectra

for each component prior to generation of a calibration curve.
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1. Add 2.5 pL of each sample to a spot on the microwell attachment for the
SpectraMax m5 plate reader. The samples are a 1 mg/mL sample of pure DNA as
the control, three samples of the resuspended Cy3-DNA, and three samples of
Cys.

2. Measure the absorbance spectra for each sample from 200 — 700 nm with a step
size of 2 nm.

Note: To enable measurement of all spectroscopic features and obtain a
background measurement, the wavelengths extend far beyond the
expected scope of the Cy3 measurements. If you use a different

fluorophore, be sure to account for this.

Note: All measurements should be taken in the solvent system your product
will be analyzed in.
3. Calculate the amount of DNA present in the sample using the following equation

and be sure to keep track of any dilutions you perform.

Cpna(ug/mL) = (Ayeo — Azgo) * dilution factor = 50 ug/mlL (2)

Equation 3-1. This equation is used to calculate the concentration of DNA observed using UV-Vis spectroscopy

3.4 Determination of Cy3 Labeling Density

Note: | do all these calculations and data manipulation in Microsoft Excel.
1. Average the absorbance spectra obtained for each the DNA, Cy3-DNA, and

Cy3 reagent to get one spectrum for each sample.
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Note: | use a 10x dilution of the Cy3 reagent in water (already suspended
in 50 pL), but until you do these calculations the amount of Cy3 reagent is
not known, as it is proprietary. The dilution is done so that the proprietary
reconstitution solution background effects are minimized, but similar
spectra are obtained for 1x, 10x, 100x dilutions so this is not expected to
affect the results.

2. Using the averaged absorbance spectra, average the background values (680
— 700 nm) for each spectrum and subtract this value linearly from each
corresponding spectrum. Going forward, all analysis is done with background
corrected spectra.

Note: Absorbance values from 680 — 700 nm are attributed to background
noise as they are far from the spectroscopic signature of any component
molecule, and especially DNA (260 nm) and Cy3 (550 nm).

3. Graph the background corrected Cy3-DNA absorbance spectrum and
Equation 3-2 and zoom in on the peak max at approximately 550 nm.

4. Determine the scaling factor (Equation 3-3) needed to completely overlap the
two lines by visual inspection of the graph generated in Step 3.

Note: The scaling factor (Equation 3-3) is approximated by the ratio of the

absorbance peak max of Cy3-DNA to the absorbance peak max of Cy3.
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a. Iterate on the multiplication factor until the overlap of the graph
generated by the background corrected Cy3-DNA absorbance spectrum
and Equation 3-2 is complete by visual inspection of the graph.

Note: A starting value of 1 for the multiplication factor can be used to

decrease the rounds of iteration needed.

Note: | have never needed a multiplication factor outside of + 5% of
1, if you need a high one there might be something wrong.

5. Duplicate the resultant background corrected Cy3 spectra and multiply it by the
scaling factor calculated in Equation 3-3 to generate the new dye correction
spectra.

6. Subtract the Dye Correction Spectrum from the Cy3-DNA spectrum to obtain
the DNA Quantification Spectrum (Equation 3-4).

Note: This spectrum represents the background adjusted amount of DNA in
the Cy3-DNA product and can now be used to calculate both the number of
DNA molecules and the number of dye molecules in the Cy3-DNA.

7. Using Equation 3-5 and the total mass of Cy3-DNA, calculate the number of
dye molecules per DNA using Equation 3-6.

Note: It is important to know the dye per BP for generation of the calibration
curve, as the regime at which the calibration curve is generated must be
close enough to give an approximation of the system that is being

measured.
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Cpbna, cy3 )
Spectrapye correct(MM) = Spectra [C—y
Cy3
Assa cya- 3)
Scaling Factor = X * 1552, Cy3—DNA
Assz, cy3 %
Spectrapna quant = Spectrapya—_cys — Spectrapye correct ©
Asso,cy3 = €cy3bCeys
CDye (6)

= dye molecules per DNA
Cpna

Equation 3-(3-2-6). Relevant equations to calculate the spectra needed to generate Cy3-DNA concentrations for
SPNP-loading experiments.

3.5 Generation of the Cy3-DNA Calibration Curve

To measure the fluorescence of the Cy3-DNA loaded SPNP product, a calibration
curve was created across the dynamic range of DNA in our target system. Here, the
dynamic range is 0.0 - 0.2 uM of Cy3-DNA as our target molarity in the SPNPs is 0.05 -
0.1 uM Cy3-DNA (0.25 — 5.0 pg Cy3-DNA). Our SPNPs contain Human Serum Albumin
(HSA), AlexaFluor405, and 25kDa polyethyleneimine (PEI), a calibration curve is
established for this condition.

Note: It is important to establish a calibration curve in an environment that is

representative of the eventual target SPNP so that the amount of DNA can be

calculated in the presence of other molecules. Readers that use different proteins
or have other macromers should include these in generation of their calibration
curve, as it is important to establish both linearity and the amount of fluorescence

that can be expected in the target nanoparticles.
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Note: A calculation for the dynamic range can be completed by determining the
target loading of your DNA into the SPNP. For example, ours is 4.5 m/m% of the
SPNP, so to generate the calibration curve, | used an amount of DNA that

corresponds to between 0.4 % and 7.5 % m/m.

Note: The amount of HSA and PEI in the samples used to generate the calibration
curve is held constant, as the amount of PEI is varied across formulations and HSA
is expected to be the complicating macromer in the solution. This allowed us to
say with confidence that a linear calibration curve for the fluorescent DNA (here,
Cy3-DNA) can be established regardless of protein components within the
solution. This also allowed us to say that if there was a deviation from
measurement of Cy3-DNA present once the particles had been crosslinked, it was
due to a scattering effect owing to nanoparticle formation or otherwise from

encapsulation of the Cy3-DNA within the SPNP.

Note: I included a formulation both with and without PEI present so that the reader
can test whether there is a difference in slopes for their anticipated fluorophore. |
include Figure 3-1 showing the change of slopes here, but both are highly linear

(r2 > 0.9) and repeatable (n = 3 for each).

Note: Now that the BP per dye for your Cy3-DNA is known, this is used to dilute

the sample to 500 BP/dye by cutting the Cy3-DNA with 1 mg/mL pDNA in water.
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This diluted Cy3-DNA is used for the remainder of the calibration curve generation

and any in vitro studies.

Note: | use 100 pL of each sample as this allows for full coverage of the bottom of
the well in a 96-well plate without approaching the maximum volume of each well.
Note: The plate reader was chosen over a fluorimeter to enable ease of access to
this method for life scientists who have access to and regularly utilize a plate

reader.

Note: An example formulation for the calibration curve that | generated is found at
in Table 3-2.
1. Each sample is prepared per Table 3-2 in PCR tubes.
Note: You don’t need to use PCR tubes, | find it useful because of the small
sample size.

2. The water is added first, then the diluted Cy3-DNA is added.

Note: The order of addition is important, and you will get different results if
you don'’t follow it. I've tested it, and you will get a different curve that will

not be representative of the particles, as the order of addition is different.

Note: Pre-mix all solutions separately (HSA + HSA405, DNA at 500 bp/dye,
etc.) then follow the established order of addition: water, DNA, PEI, HSA.
3. PEl is added next, and the solutions are vortexed for 5 seconds then incubated

at room temperature for 30 minutes.
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(A)

DNA, HSA, HSA 405, PEI
DNA DNA HSATOTAL HSATOTAL HSA405 HsA405 oA HSA o pg Ultrapure )
Sample unlabel unlabel Water N/P ratio
HE HL He uL HE HL HE ML Hg uL uL
1 1.00  4.29 125.00 3.90 7.80 1.56 117.20 2.34 8.75 875 183.06  61.80
2 2,50  10.73 125.00 3.90 7.80 1.56 117.20 2.34 8.75 875 176.62  24.70
3 5.00 21.45 125.00 3.90 7.80 1.56 117.20 2.34 8.75 875 165.90 12.40
4 10.00 42.90 125.00 3.90 7.80 1.56 117.20 2.34 875 875 144.45 6.20
5 20.00 85.80 125.00 3.90 7.80 1.56 117.20 2.34 875 875 101.55 3.10
6 0.00 0.00 125.00 3.90 7.80 1.56 117.20 2.34 875 875 187.35 0.00
Concentration of
Solution Added 4.29 5.00 50.00 1.00
(ug/ pL)
(B)
DNA, HSA, HSA 405
DNA DNA HSATOTAL HSATOTAL HSA405 Hsados oA HSA b ppy  Ultrapure )
Sample unlabel unlabel Water N/P ratio
Hg [ ug uL HE [ Hg [ HE ul uL
1 1.00  0.23 125.00 2.85 1.95 0.39 123.05 2.46 0.00 0.00 96.92 61.80
2 2.50  0.58 125.00 2.85 1.95 0.39 123.05 2.46 0.00 0.00 96.57 24.50
3 5.00 117 125.00 2.85 1.95 0.39 123.05 2.46 0.00 0.00 9598 12.40
4 10.00  2.33 125.00 2.85 1.95 0.39 123.05 2.46 0.00 0.00 94.82 6.20
5 20.00 4.66 125.00 2.85 1.95 0.39 123.05 2.46 0.00 0.00 92.49 3.10
6 0.00  0.00 125.00 2.85 1.95 0.39 123.05 2.46 0.00 0.00 97.15 0.00
Concentration of
Solution Added 4.29 5.00 50.00
(ve/ pL)

Table 3-2. The formulas for generation of the calibration curve presented in the previous

calculation of SPNP loadings (Chapter 2). (A) with PEI present (B) without PEI present.

chapter and used for

4. The solutions are vortexed again for 2-3 seconds, then the calculated amount

of HSA is added to each solution mixed well by vortex again for 2-3 seconds.

The samples are then loaded one per well into a black-walled 96-well plate with

a clear polystyrene bottom.

Note: | never use the wells on the perimeter of a 96-well plate, as they can

suffer from evaporation and change solution volumes.

Using the SpectraMax m5 plate reader, fluorescent measurements are taken

from 550-700 nm with a step size of 5 nm, excitation 495 nm, Cutoff Filter 530

nm.
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Note: These values are chosen to encompass the peak maxima of Cy3, and
the cutoff filter is chosen to eliminate the Ramen signal obtained from the
presence of water in the system. The reader can change these settings to
a wavelength range suitable for their fluorophore, but the same conditions

must be used when analyzing the fluorescence of any product.
7. The fluorescent intensity of the Cy3-DNA at the peak maxima wavelength (575
nm) is used to generate a calibration curve for Cy3-DNA emission at the peak
intensity by graphing the amount of dye (uUM) vs. the fluorescence (a.u.) at each

point.

Note: | have prepared graphs that report dye concentration (UM) vs. the
fluorescence signal read from the plate reader (a.u.). To do so, convert from
mass of DNA added per Table 3-2, then use the molecular weight of your
nucleotide to concert to moles, then moles of BP (depending on your
nucleotide’s formulation). Next use the molecular weight of your dye and
the known dilution of bp/dye (here 500 bp/dye) to convert to mol of dye, then

your known volume (here, 100 pL) to convert to molarity of the dye.

Note: You can graph a.u. as a function of mols of dye or uM dye, the curve
will be similar (linearity, not scale) just be sure to use the correct equation
when calculating how much DNA present in your particles later.
8. The amount of DNA (uM) can be easily calculated from the known amount of
Cy3-DNA at each point in the curve by converting the known molar amount of

Cy3 per BP to Cy3 per DNA and then total DNA mass to molarity.
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Note: If it is not provided by the manufacturer, an approximation of the
plasmid molecular weight can be obtained by using the equation found on
the ThermoFisher website:
[https://www.thermofisher.com/us/en/home/references/ambion-tech-
support/rna-tools-and-calculators/dna-and-rna-molecular-weights-and-
conversions.html]

9. Then, the equation for the calibration curve is established using a linear

regression and the goodness of the fit is analyzed using the r? values calculated

upon linear regression in GraphPad Prism v.9.2.0.

Note: Once calculated (UM dye or mol dye), the values can be entered into
Prism, but you cannot calculate in Prism. If you want to use Origin Lab, you

can do it in there, but | use Prism here.

400
Y = 6.9°10%x + 16,
2= 0.9703

3004
- -m- HSA Cy3-DNA

: -e- HSA Cy3-DNA, PEI

3 200
™ - .
p - Y =5210"+ 3.5
’ " ] 2
w . 2= 10,9995
100 .
L.
ol
0* T I T 1
0.00 0.05 0.10 0.15 0.20
uM Cy3

Figure 3-1. Calibration curves generated by the formulations in Table 3-2. The decrease in the slope upon addition of
PEI is 32% but the linearity remains high (both r2 > 0.97) and the p-value for the slopes of the lines is p = 0.0277,
meaning there would be a 2. 77% change of randomly choosing a data point, and therefore we can conclude that the
slopes are significantly different.
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10.Three samples were prepared and measured in triplicate at each point and the
line of best fit equations were found to exist within a 95% confidence interval
(CI) of each other so they can be described by a single linear equation, which

was utilized as the calibration curve equation in subsequent steps.
Note: Again, the linear regression and determination of a 95% CI was done

in Prism once the uM dye had been established in Excel.

Note: The final calibration curve graphs are reported in Chapter 2.

3.6 Preparation of Cy3-DNA Loaded Synthetic Protein Nanoparticles

SPNPs with a Cy3-DNA payload were prepared by electrohydrodynamic (EHD)
jetting as described in Chapter 2. Once the previous steps have been taken to calculate
the degree of labeling for Cy3-DNA (dye per DNA), the resultant conjugation product is
diluted with unlabeled DNA to a dye per BP concentration of 1:1000. This mixture is used
in SPNP fabrication. This ratio was established based on preliminary cell studies where
a variety of dye to BP concentration were examined from 1:500 — 1:2500. HepG2 cells
were transfected using Lipofectamine and identical amounts of DNA. The chosen
concentration, 1:1000, was the highest ratio at which confocal microscopy could clearly
capture of Cy3 and GFP resulting from DNA expression at 48 hours after treatment

(Figure 3-2).
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Cy3 GFP-DNA

Courtesy of Yao Yao

Figure 3-2. The chosen ratio of 1 dye per 1000 base pairs was tested in HepG2 cells using Lipofectamine and the
resultant Cy3 and GFP expression can be clearly imaged using confocal at t = 48 hours. This image was captured by
Yao Yao and is included to strengthen the explanation given here.
Note: Be sure to calculate the weighted concentration of DNA for use in the
formulations, as it is very likely different from the 1 mg/mL that the unlabeled DNA
is already at. You can generate the concentration of DNA in the Cy3-DNA using
the nanodrop attachment of the SpectraMax m5 as described above or with a

traditional nanodrop instrument, but knowing the concentration is vital to using the

proper amount of DNA solution in SPNP formulation.

1. Arepresentative 4.5 m/m% DNA SPNP is presented in Figure 3-3.

2. Dilute the Cy3-DNA generated from the conjugation reaction to the desired BPs

per dye ratio and calculate the concentration of the resulting solution.
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(A)

(B)

Jetting Solution
Stock . Volume
Component Concentration
mg/mL pL
DNA 1 578.9
PEI 25kDa 50 22.42
HSA 250 40.00
HSA 405 5 10.0
NHS-PEG 400Da 500 2.0
Ultra Pure Water n/a 143.1
Ethylene Glycol n/a 200
Total Volume (pL) 1000.0

Carrier Protein

Crosslinking Macromer

Contrast Agent

Genetic Material

PEI

mass

mass

Name
HE

% Total

mass| mass

Name
% Total

ue

Name

mass

mass

g

% Total

mass | Mass

Name

HE | % Total

Name

Mass mass

Target N/P

HE % Total

Ratio

HSA 5000

76%

NHS-PEG
400Da

500 8%

HSA 405

33

0.5%

EGFP pDNA 351.00 5.33%

PEI 25kDa

680.0 10%

15

Figure 3-3. Formulation of a 4.5 m/m% DNA loaded SPNP. (A) Jetting Solution for a 1.0 mL SPNP prep. (B) The
resulting formulation in SPNP.

Note: All preparation of SPNPs in the lab is done based on the volume used,

so it is important to account for changes in density that may result from

addition of even a small amount of the Cy3-DNA solution.

Note: It is necessary to utilize the same order of addition used to generate

the calibration curve. The established order of addition: water, DNA, PEI,

HSA.

temperature for 30 minutes.
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Add the Cy3-DNA to the solvent solution.

Add 80:20 vol% of water-to-ethylene glycol solution to a microcentrifuge tube.

Add the PEI to the solution. Incubate the Cy3-DNA mixture and PEI at room



Note: The formulation | use for a 4.4 m/m % loading of DNA in SPNP is
listed in Table 3-3 below.

6. Protein solutions were prepared by addition of DNA/PEI, 10% w/w NHS-PEG-NHS
crosslinker, 1% w/v HSA, and 0.5% w/v HSA-405 to the solvent system. The
solution was pumped using a syringe pump at 2.0 mL hr'* Once a droplet formed
on the end of the needle, an electric field (5 kV) was applied to obtain the
characteristic Taylor Cone. Due to the voltage applied, the solution was atomized
and pulled towards the grounded plate 20 cm away, resulting in electrospray of
particles. The resultant SPNPs were then allowed to crosslink for 7 days in a 37°C

incubator before being collected using an established protocol.?®

3.7 Determination of Cy3-DNA Percent Loading in Synthetic Protein Nanoparticles

Gravimetric analysis and fluorescence readings are used together to assess the
amount of Cy3-pDNA loaded into crosslinked sPNPs. The sPNPs are prepared and
collected according to the established protocol described above. The final step of this
protocol requires a 1-hour centrifugation to collect the product in the pelleted form. For
gravimetric analysis, the pellet is obtained, the supernatant is removed, and the pellet is
covered in 200 pL of Milli-Q water for 2 minutes then removed. This is repeated once
more, then the washed pellet is lyophilized overnight to ensure that any residual water is
removed from the sample.

The lyophilized pellet is then weighed gravimetrically using a Thermogravimetric
Analyzer (TGA) instrument. This mass is recorded and used for calculations of Cy3-pDNA

loading and dosing for cells. The lyophilized product is resuspended in 1x PBS to a

62



concentration of 1 ug/uL, the concentration is used for in vitro dosing. 100 uL of this
sample is used for fluorescence measurements and the required amount to total 100ng
per sample in a 96-well plate is used for cell work and assessment via flow cytometry.

A fluorescent sweep of the sSPNP solution was performed with the same excitation,
cutoff filter, and step size as the calibration curve. A black walled 96-well plate is again
used, and the volume is held constant for these measurements (100 pL), consistent with
the volume used in generating the calibration curve. The fluorescent intensity values (a.u.)
obtained at 575nm are then used to calculate the amount of Cy3, and therefore Cy3-DNA
present in the solution using the equations described above for generation of the
calibration curve. The amount of Cy3-DNA put into the preparation mixture was taken as
100% and the average actual loading vs. target loading. This was determined by
calculating the concentration of DNA measured by the plate reader at 575 nm and
comparing it to the known input amount Equations 3-(6-10). Equation 3-6 is obtained
from a linear fit of the points generated with the calibration curve and solved for x, which
is the amount of dye in the solution (uM). This value is then used to calculate the puM of
BP in the solution (Equation 3-7) where BP per DNA is the value established earlier for
jetting and will be known. uM BP is converted to M of DNA using Equation 3-8 and finally
the g/L DNA in the solution is calculated using Equation 3-9. In Equation 3-10 the mass
of HSA is obtained from gravimetric analysis and the known volume of solution measured
to obtain the concentration, then the DNA and HSA concentrations are simply divided to

arrive at actual loading percent.
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a.Ug;s=mx+Db (6)
Base Pair (uM) = x * (Base Pair per DNA) (7)
Base Pair (uM)

DNA (M) = Base Pair per DNA * 10° ®)
g
DNA (Z) = DNA (M) * DNAyotecuiar Weight 9)
pna (%)
Actual Loading % = 100 * . (10)
HsA &

Equation 3-(6-10). Equations used to calculate the actual loading of pDNA into Cy3-SPNPs

3.8 Determination of Particle and Payload Distributions

Now, using the actual loading obtained from the PBL strategy, this information can
be used in combination with particle size distribution data to obtain both particle and pDNA
payload distributions. First, the particle size distribution of the SPNPs is obtained using
dynamic light scattering (DLS) and the number average sizes are used in the work
(nDLS). The nDLS spectrum is then used to calculate the plasmid per particle at each
size bin measured by nDLS using Equations 3-(11-18). The raw nDLS spectrum is given
in percent of total and is not normalized. This is converted to counts per bin (Equation 3-
11) and then the volume of spheres with that diameter is calculated (Equation 3-12).
From there, the mass of the SPNP in that bin can be calculated with an assumed density

of HSA (Equation 3-13).110
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Percent,p;s

C t= 11
oun Percent of Total (11)
4 rd\?
v=or(t (12)
3" (2)
Mspnp = VPHsa (13)
mpya = Actual Loading % * mgpyp (14)
plasmid _ mpy, * 6.02 x 102 (15)
SPNP B DNAMolecular Weight
plasmid plasmid
= Count 16
bin oUmt* TSpNp (10)
_ [ZBmmax(pigmeterg;,); * Count;]
Diameter Average SPNP = Z?z”gzlax Count; 4
Bi plasmid
Plasmid [ i;g-znax( bin )l- * Count;] (18)

particle VB MAx Count;

Equations 3-(11-18). Equations used to calculate the particle and pDNA distribution within a SPNP population

The mass of DNA is then calculated with Equation 3-14, and this is used to
calculate the number of plasmids per SPNP within a given bin (Equation 3-15). These
values are used to generate heat maps of particle population distribution for various
SPNP populations as well as the average number of plasmids per particle within various
populations.

This can also be expressed as plasmids per bin (Equation 3-16). Finally, the
diameter of the number average SPNP can be calculated using Equation 3-17. The
average plasmid per particle can also be obtained (Equation 3-18). Identical calculations
are done for SPNPs with a diameter of 150 nm, which are reported in Chapter 2. These
calculations can be used both either target (input) pDNA within the solution and the
observed pDNA measured via the PBL strategy. In this way, comparisons between the

target and observed SPNP loading can be made. Graphs comparing the two are
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presented in Chapter 2 along with fitting of various lines to these data to yield more
information.

This works stands as a guide for researchers to use and adapt these methods in
whole or in part, to new systems so that the whole community has access to efficient

workflows to quantify gene delivery vehicles with confidence.
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Chapter 4

Structure Function Relationships Between Synthetic Protein Nanoparticle

Composition and Reporter Gene Expression

The material in this chapter has been adapted with minor modifications from the following
article:
1. L. Saunders, A. Mauser, N. Habibi, J. Gregory, J. Raymond, J. Lahann. “Rational

Design of Synthetic Protein Nanoparticles for Gene Delivery”, in preparation.

4.1 Introduction

This work presents a rational design strategy for development of plasmid DNA-
loaded synthetic protein nanoparticle (SPNP) gene delivery systems. Currently, there are
no SPNP systems capable of DNA delivery, despite the success of using the platform for
siRNA delivery in vitro and in organismal studies.®?33111 To develop a system capable of
delivering DNA for gene therapy purposes, a foundational understanding of how SPNP
composition affects gene expression is needed.

While hundreds of examples of DNA delivery vehicles exist in the literature, there
are several components common across engineered delivery systems.511?
Polyethylenimine (PEI) content, a nuclear localization signal (SV40), and plasmid DNA
(pDNA) dose are components that are considered to be some of the most important

ones.!13114 Effective engineered nanoparticles for gene delivery are often engineered
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using a common workflow.'> First, many NPs are prepared with diverse formulations.
Next, these NPs are tested in vitro for their ability to induce the desired biological changes.
While this approach is common, it is time consuming and inefficient. Therefore, it is
necessary to develop a rational design approach to optimizing NPs for pDNA delivery that
is capable of efficiently scanning a diverse design space. The work presented here is a
step in that direction and can be easily built upon and adapted in subsequent studies,
making this platform readily adaptable to various potential applications that are detailed
in Chapter 6.

This SPNP pDNA delivery platform represents a plug and play technology that can
be widely applied. The rational design strategy outlines clear and straightforward methods
for assessing changes to SPNP formulation on biological outputs for future applications.
Taken together, both a pDNA delivery platform and a streamlined workflow for assessing

and tailoring said platform to certain disease states and applications is presented here.

4.2 Background and Motivation

4.2.1 Introduction to Synthetic Protein Nanoparticles for Gene Delivery

Nanoparticles hold great promise for gene delivery and have been heavily
investigated as alternatives to virus-based gene delivery vehicles. There are several
different material classes commonly used in fabrication of non-viral nanoparticles for gene
delivery such as inorganic nanoparticles!*®11° lipid vectors'®&, polymeric
nanoparticles'%312 and protein nanoparticles.32:38121

Synthetic protein nanoparticles (SPNPs) are formed using the established

technique of electrohydrodynamic (EHD) jetting which is explained in detail in Chapter
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1.26.122 SPNPs prepared by EHD jetting have numerous favorable properties, including
high uniformity and high circularity across a particle population. Furthermore, the
modularity of EHD jetting enables the ability to tune parameters to achieve particle sizes
that are desirable for their intended system,?® and vary the protein solution that is loaded
into the syringe.

SPNP components are carefully chosen to endow the SPNPs with specific
qualities. SPNPs are prepared using a bulk protein and crosslinked via an NHS-PEG-
NHS ester to form stable nanogel particles.'?* The pDNA payload is electrostatically
complexed with a cationic moiety, here polyethyleneimine (PEI) to protect and condense
the pDNA. A cationic nuclear localization signal (SV40) is also electrostatically complexed
to the pDNA prior to the addition of PEI to aid in its incorporation into the SPNP.

Additional design considerations affect the SPNPs function. For example, benefits
of using human serum albumin (HSA) as the bulk material for SPNPs include high stability
and solubility in aqueous solutions, favorable drug loading capacity, and high
biocompatibility and biodegradability in mammalian cells and organismal studies.37:12°
Albumin has also been used in many gene delivery applications in combination with

polyethyleneimine (PEI) and other cationic macromers.39:126.127

4.2.2 Considerations for Synthetic Protein Nanoparticles Formulation for DNA

Delivery

The complexation and delivery of the pDNA must be accounted for in planning for
the inclusion of certain moieties and the design space. PEI is a cationic, branched polymer

that is critical for electrostatic complexation with the anionic pDNA and is hypothesized to
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play an important role in intracellular delivery of the pDNA payload.5”:128 Following cellular
uptake via an endocytic pathway, the SPNP is trapped within the endosome, which
acidifies as it ages, eventually developing into a lysosome, at which point the contents of
the endosome will be degraded.®’ It is therefore necessary for nanoparticles that are
endocytosed to escape the endosome to achieve downstream effects. Since PEI is a
cationic polymer with primary and tertiary amines and a pKa of 7.1, the amine groups on
the PEI become positively charged upon entry to the endosome due to the increasing
acidification below physiological pH.'?° This attracts water molecules and causes osmotic
swelling of the endosome, leading to rupture and subsequent release of endosomal cargo
into the cytosol. This cascade of events is termed the proton sponge hypothesis, and is
the accepted mechanism for endosomal escape of PEI-containing nanoparticles.>® For
these reasons, PEI is included within the formulation of pPDNA-loaded SPNPs.

A common issue with non-viral DNA delivery systems is low efficiency resulting
from the many intracellular barriers DNA must overcome prior to having its intended
effect. To have a therapeutic effect, DNA must not only enter the cell and escape the
endosome, it needs to further be transported into the nucleus.®® The nuclear membrane
represents a formidable barrier to effective DNA delivery, as active transport across the
membrane through a nuclear pore complex or during mitotic disassembly of the nuclear
membrane is necessary.’® This feat is accomplished through either exploiting the
breakdown of the nuclear membrane during cell division or incorporating nuclear
localization signals (NLS) in the gene delivery vehicle.** Traditionally, NLS are derived
from viruses, as they evolved to efficiently transfect mammalian cells and can therefore

enter the nucleus at a high rate.'3! Improvement of non-viral DNA delivery systems has
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been seen upon inclusion of NLS proteins and peptides.5°132 Here, SV40, a NLS peptide
derived from the simian virus, will be included in the SPNPs to increase nuclear uptake.
Numerous considerations in the formulation of SPNPs for pDNA delivery, including
the bulk material, the pDNA complexing macromer, and additional moieties to assist in
exploiting the biology of the target cells, affect the efficacy of gene delivery of the SPNPs.
In this work, three components (PEI content (N/P), SV40 content, and pDNA loading)
were varied and SPNPs were prepared with different compositions. The diverse set of
SPNPs were assessed using the biological outputs that they produce in HepG2 cells,
such as the viability of the cells, percentage of particle positive cells (uptake), and the
percentage of cells that express the reporter gene (GFP). These biological outputs were
guantified using flow cytometry. The various formulations of SPNPs reported here were
then examined based on their biological outputs to characterize the structure function

relationships between changes in SPNP design changes and reporter gene expression.

4.3 Methods

4.3.1 Determination of DNA Viability — Restriction Enzyme Digestion Assays

To investigate the effects of EHD jetting on plasmid DNA, pCMV-GFP pDNA
solutions were jetted at voltages concomitant with EHD jetting of HSA SPNPs that
achieve the characteristic Taylor Cone (10-12 kV). Identical DNA solutions were prepared
at 50 w/iv% in PBS, the same concentration of DNA in the 4.4 m/m% DNA/SPNP
formulations. These samples were then either subjected to tip sonication for 1 minute at

an amplitude of 5, incubated with HSA at room temperature for 30 minutes, or jetted in
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PBS alone. The resultant jetted solutions were collected and subjected to a restriction
enzyme digestion to assess the viability of jetted DNA.

The resultant pDNA solutions were assessed using UV-Vis for DNA content, and
then digested with an appropriate amount of restriction enzyme (Blpl or Nsil) according to
manufacturer instructions. This reaction was carried out per manufacturer instructions in
1x NEBuffer and using 5 units of enzyme per pg of DNA for a 1-hour digestion. The
resultant products were run on a standard 1% agarose gel and run at 100V for 30 minutes

prior to visualization under a UV lamp.

4.3.2 Determination of N/P Ratio — Gel Shift Assays

The N/P ratio was calculated using Equation 4-1 and samples were prepared that
spanned a dynamic range of N/P = 0 to 30. A standard 1% agarose gel was prepared and
loaded with the samples listed in the table below. The gel was run for 30 minutes at 100

V and then visualized under a UV lamp.

4.3.3 Preparation of Synthetic Protein Nanoparticles

SPNPs were prepared by the established electrohydrodynamic (EHD) jetting
method. First, the GFP pDNA and SV40 peptide were incubated together at room
temperature for 30 minutes at the desired molar ratio. Next, this mixture was added to the
required amount of polyethyleneimine (PEI) to achieve the target nitrogen to phosphorous
(N/P) ratio and incubated at room temperature for 30 minutes. For the solvent, 80:20 by
volume of water-to-ethylene glycol ratio was used. Protein solutions were prepared by

addition of 4.5 w/w% DNA per SPNP, 10% w/w NHS-PEG-NHS crosslinker, 1% w/v HSA,
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and 0.5% w/v HSA-405 to the solvent system. The solution was pumped using a syringe
pump at 2.0 mL hrl. Once a droplet formed on the end of the needle, an electric field (10-
12 kV) was applied to obtain the characteristic Taylor Cone indicating that the
electrospray of the protein solution was stable. The resultant SPNPs then crosslinked for
7 days in a 37°C incubator before being collected in phosphate-buffered saline (PBS),

followed by serial centrifugation to obtain SPNP sizes of less than 250 nm.

4.3.4 Synthetic Protein Nanoparticle Uptake and Expression in HepG2 Cells

Internalization of fluorescent SPNPs loaded with DNA by HepG2s was visualized
using confocal microscopy and quantified using flow cytometry. Fluorescent SPNPs were
obtained by addition of Alexa Fluor 405 conjugated to HSA (HSA-405) at 5 mg mL* to
the solvent mixture for electrospraying of SPNPs.

For this study, HepG2 cells were maintained in a humidified incubator at 37°C and
5% CO:2. Flow cytometry was used for quantitative uptake, viability, and reporter gene
expression studies. HepG2s were plated in a 96-well plate at a density of 18,000 cell per
well in EMEM media with 10 v/iv% FBS. After 24 h, media was removed from the wells
and wells were washed once each with serum-free EMEM. Fresh serum-free media with
1% v/v Penicillin-Streptomycin containing the SPNP groups at 100ng DNA per well or
Lipofectamine 2000 with various amounts of DNA was added to each well. Groups treated
with Lipofectamine were incubated for 4h, then washed once with EMEM and 100uL of
EMEM + 10% v/v FBS was added to each well. After 24-hour incubation of cells with

SPNPs, the cells were washed once with EMEM and then 50uL of 0.25% Trypsin was
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added to each well. The cells were trypsinized in the incubator for 3 min at 37°C, then
removed from each well and added FACS buffer. Cells were centrifuged at 300 G for 4
minutes and washed and spun down once more. The cells were resuspended in 1mL
FACS buffer and stained with SYTOX red before analyzing them via flow cytometry using
a CytoFLEX cell analyzer at the Flow Cytometry Core of the University of Michigan. Data

were analyzed using FlowJo software.

4.3.5 Characterization of Synthetic Protein Nanoparticles by Number Average

Dynamic Light Scattering (nDLS)

A Zetasizer Nano ZS (Malvern Panalytical) was used to carry out DLS
measurements. Following collection of SPNPs, the particle size distribution in was
measured at room temperature in 1x PBS. Three individual measurements were carried
out per sample and averaged to determine SPNP size. Number average DLS (nDLS)
data was extracted from the intensity DLS (iDLS) measurements reported by the

instrument and used for reporting of diameters.

4.3.6 Analysis Software

Microsoft Excel 2020 was used for all data manipulation and for the general summary of
statistics. GraphPad Prism v9.2.0 was used for presentation of graphs and fitting of linear

calibration curves.
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4.4 Results and Discussion

To establish the bounds of the design space to be tested, a literature search was
conducted to establish biologically relevant ranges for SV40 peptide content.5® N/P ratio
(PEI content) is established using experimental methods described here. The range of
these parameters must be wide enough to encompass any changes to the biological
outputs.

The range of PEI (N/P) content for SPNP preparation was established via a gel
shift assay. A GFP reporter pDNA of 3487 bp was used in this work, and the amount of
PEI needed to fully complex with it was established using this technique. The gel shift
assay is a common electrophoretic technique used to study PEI-DNA interactions. Briefly,
cationic PEI and anionic pDNA were mixed at various nitrogen to phosphate (N/P) ratios
and loaded onto an agarose gel (Appendix B). An electric field was then applied and
charged molecules migrated through the gel. If a band was visible running towards the
positive end of the cell, then the anionic pDNA had not been fully complexed with the PEI.
If there was no band visible, then the PEI and pDNA have fully complexed. Here, by N/P
= 3 there was no band present and so a complex had been formed (Figure 4-1a).
Therefore, this was the minimum N/P used and the maximum bound is set at N/P = 20
for this iteration of experiments.

_ (Y g PEI) *x (1 mol PEI)

N/P Ratio = 75, 000 g

(1)

Equation 4-1. Calculation of the N/P ratio is done using this formula.
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The range utilized for pDNA content was from 1 — 6 m/m% of the total SPNP. Upon
further inspection of the SPNP system, a maximum value of 4.5 m/m% pDNA was
established, as higher pDNA percentages induced precipitation of the solution used for
SPNP formation. SPNPs of lower mass percentages pDNA were not used in transfection
of HepG2 cells, as a pDNA loading with such low values would require a large amount of
SPNP to be delivered and would not be efficient. SPNPs of 4.5 m/m % were prepared

and their physicochemical properties were measured.

N/P Ratio

Figure 4-1. A standard gel shift assay is run on 1 v/v% agarose gel electrophoresis. By N/P = 3 no band is present
indicating full complexation. N/P = 0 corresponds to naked pDNA.

A polymeric delivery system has been reported to have increased nuclear import
and transfection efficiency upon inclusion of an SV40 peptide electrostatically bound to
pDNA.5° This methodology was the basis for experiments conducted here, and a similar
molar ratio of 10:1 (SV40 to DNA) was used as the minimum bound with 100:1 set as the

upper limit.
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4.4.1 3D Design Space of Synthetic Protein Nanoparticles

The design space and workflow presented here enable efficient iteration over the
entire parameter space and facile visualization of trends in biological outputs as a result
of formulation changes. The design strategy presented here is inspired by statistical
design of experiment (DoE) approaches but does not require the rigorous analysis
necessitated by DoE, making this rational design approach easily adaptable by
researchers.133.134

In this rational design approach, the three parameters of pDNA delivery systems,
namely PEI (N/P ratio), SV40, and DNA Loading are defined. Each parameter was treated
as an axis in a N-dimensional design space, which was here limited to the 3D space
represented in Figure 4-2a. The bounds imposed on each axis in this design space are
discussed in detail in subsequent sections. For the purposes of this work, the 3D design
space was then restricted to 2D by fixing the SPNPs prepared at 4.5 m/m% DNA loading,
removing the third axis. The SPNP formulations are also represented in Figure 4-2b as
weight percent of total SPNP mass at various N/P ratios, as inclusion of an ionizable or
cationic moiety is often reported as the most important parameter in the literature, but the

optimal amount of PEI varies between reported delivery systems.112.135
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Figure 4-2. The design space of SPNPs reported in this chapter. (a) 3D representation of the SPNP design space
with each axis corresponding to a parameter that was varied (N/P, pDNA amount, SV40 content). (b) bar charts
corresponding to the normalized weight percent of each SPNP without HAS grouped by N/P ratio tested.

4.4.2 Physicochemical Analysis of SPNPs

As mentioned, a plane is taken of the 3D design space at a DNA loading percent
at 4.5 m/m% so that the design space is now constrained to two dimensions (Figure 4-
3a). The axes are now PEI content (N/P) (y-axis) which is varied from 0 - 20 and SV40
molar content (molar ratio of SV40:pDNA) (x-axis) which is varied from 0 - 100:1. The
SPNPs designed and tested are graphed on these axes and described by their x and y
coordinates. These same SPNP formulations are presented in bar charts where the
weight percentage of each component is normalized to 100% of the overall SPNP weight

(without HSA present) for easy visual inspection of each formulation (Figure 4-3b).
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Figure 4-2. 2D design space and physicochemical analysis of SPNPs. (a) The 2D design space at 4.5 m/m%
DNA/SPNP (b) Bar charts representing each of the SPNP formulations reported in subsequent steps. All values are
weight % normalized to total SPNP without HSA present. (c) Surface charge of each SPNP as measured by zeta
potential. (d) Diameter of each SPNP as measured by nDLS.

A representation of the HSA content for each SPNP tested is available for reference in
Appendix B.

For each formulation, the impact of SPNP composition on physicochemical
properties was assessed. The zeta potential of each SPNP is measured and the surface
charge assessed (Figure 4-3c). All SPNPs prepared have a zeta potential ranging from
-7 to -12 mV. The sizes of each SPNP are also assessed for any outliers or deviations

from the expected size, as compared to the empty (no pDNA) SPNP. Here, number

average dynamic light scattering (nDLS) is used to determine the mass average diameter
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of each SPNP (Figure 4-3d). These results indicate that stable SPNPs of expected size

can be prepared across the chosen formulation space.

2x Digest 2x Digest
a b 2x Digest Sonic. ~ Sonic. Jetted Jetted
Ladder pDNA pDNA pDNA  PDNA  pDNA  pPDNA

Nsil

3487bp
Blpl

Map of GFP pDNA

Figure 4-3. DNA stability following EHD jetting. (a) Schematic map of the pDNA examined here with the sites at which
the restriction enzymes will cut the backbone marked in orange. (b) a standard agarose gel electrophoresis of al
experimental and control groups was run. Importantly, the native and jetted pDNA appear similar, and the double
digested pDNA and jetted digested pDNA also appear similar.

4.4.3 DNA Stability Following EHD Jetting

To ascertain whether the high voltage applied during the jetting process was
damaging to the integrity of the pDNA, a double restriction enzyme digestion (RED) assay
was conducted. The RED assay cuts the nucleotide at two predetermined sites on the
backbone, resulting in two linear strands of pDNA (Figure 4-4a). A native pDNA was used
as a negative control, whereas pDNA sheared by sonication (amplitude 5, t = 1 min) was
used as the positive control. Jetted pDNA was run as a sample and subjected to
degradation via the RED assay. All controls and experimental groups were run on a
standard agarose gel and compared to each other. The native pDNA and jetted pDNA

appear similar, and the double digested pDNA and jetted digested pDNA also appear
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similar (Figure 4-4b). This indicates that the integrity of the pDNA is not altered by EHD
jetting. The stability of the pDNA is further confirmed by comparison between the
sonicated/sheared pDNA and jetted pDNA, which looks markedly different than the jetted

experimental group.

4.4.4 Effect of N/P and SV40 Content on Biological Outputs

The biological outputs examined are quantified using flow cytometry following
transfection of HepG2 cells with the SPNPs and controls. The imaging scheme for SPNP
preparation and measurement is presented in Appendix B. HepG2 cells are treated with
Lipofectamine 2000 as a positive control and empty SPNPs as a negative control 48 hours
prior to collection and measurement on a flow cytometer.

In the following bubble charts (Figures 4-5, 4-6, and 4-7), the axes are identical
to the 2D design space presented earlier, with PEI (N/P) on the y-axis and SV40 content
on the x-axis. The output of interest is included as a third variable, where the size of the
bubble is positively correlated with the size of the biological output value. The legend next
to each graph shows this correlation in further detail. The percent relative standard
deviation (RSD %) is calculated based on the biological output pertaining to the specific
figure, which is included as the bubble and its size varies depending on the value. RSD
% is incorporated into the bubble charts as a color gradient to enable an understanding

of the variability of the values to be visually inspected.
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4.4.5 Impact of SV40 and PEI Content on Cell Viability

The viability of HepG2 cells treated with SPNPs and controls was measured at 48
hours after treatment on a flow cytometer (Figure 4-5). All SPNP treatment groups
reported viabilities above 80%. There does not appear to be a strong relationship between
incorporation of either SV40 or PEI content and the viability of the treated HepG2 cells.
These uniformly high viabilities and the small spread, as measured by the standard error

of the means (SEM) suggests that all SPNPs are tolerable to the cells.
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Figure 4-4.Viability of HepG2 cells (t = 48h) treated with SPNPs and controls as measured on a flow cytometer. The
viabilities for each SPNP were above 80% and the small spread indicates that all treated groups tolerate the SPNPs
well.

4.4.6 Impact of SV40 and PEI Content on Uptake of SPNPs

Uptake percentage is defined as the percentage of cells with particles as measured
by a flow cytometer. Across the board, empty SPNPs with no pDNA content exhibit the

highest uptake. The uptake between pDNA-loaded SPNPs varies widely. SPNPs
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exhibiting both the highest and lowest uptake have similar PEI content and identical SV40
content. This might indicate that neither N/P nor SV40 content are positively or negatively

correlated to changes in uptake.
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Figure 4-5. Uptake of SPNPs in HepG2 cells (t = 48h) treated with SPNPs and controls as measured on a flow
cytometer. There does not appear to be a correlation between composition and uptake.

4.4.7 Impact of SV40 and N/P Ratio on Reporter Gene Expression

Here, a rational design strategy is used to arrive at the SPNP formulation that
maximizes the percentage of cells expressing the reporter gene, GFP, as measured by
flow cytometry. All SPNPs reported here contain 5 m/m% DNA to HSA content, equating
to 4.5 m/m% of the total SPNP. The first three formulations of SPNP tested were (10, 10),
(50, 3) and (100,5). Of these first three SPNPs, (10, 10) had the highest GFP expression,
with (100, 5) trailing it. From these first three SPNPs tested, it is clear that formulations
with higher PEI content exhibit higher GFP expression. This information was used to

iterate on the formulations, and the next set of three SPNPs each increased PEI (N/P)
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content while maintaining the SV40 amounts used in the most successful formulations of
the first set to arrive at (10, 10), (10, 20), and (100, 15). In this second set of experiments,
(100, 15) exhibited the highest GFP expression. Now, the three SPNP formulations
exhibiting the highest GFP expression are (10, 10) , (100, 15), and (10, 20). By visual
inspection of Figure 4-7, it is clear that increasing N/P increases GFP expression. As
such, the PEI content was increased, and SV40 was maintained to arrive at (100, 20).
This SPNP (100, 20) exhibited the highest GFP expressing in HepG2 cells, as was
expected. By simple visual inspection of the preceding SPNP formulations tested as
graphed in Figure 4-7, the important biological output, GFP expression, could be
optimized.

Graphing the biological outputs against the SPNP formulation enables quick
interpretation of potential design rules and trends. As is seen in Figure 4-7, SPNPs with
a higher N/P ratio result in a higher GFP expression. In general, higher amounts of PEI
(higher N/P ratio) are predictive of higher GFP expression with a Pearson r = 0.91. The
other parameter that is varied, SV40 incorporation, is not itself predictive of GFP
expression (r = 0.42), but visual inspection reveals that for the same N/P ratio, an increase
in SV40 increases reporter gene expression (Figure 4-7). This trend might have been
overlooked if only statistics were considered, and a visual inspection of the parameter

space was not conducted.
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Figure 4-6. Reporter gene expression (GFP %) in HepG2 cells (t = 48h) treated with SPNPs and Lipofectamine controls
as measured on a flow cytometer. PEI appears positively correlated with GFP expression, whereas SV40 may not be.

4.4.8 Viability and Uptake Do Not Predict GFP Expression

Upon inspection of the bubble plots presented in Figures 4-5 through 4-7, it can
be observed that there is poor or no correlation between SPNPs that exhibit high uptake
or viability and those with the highest GFP expression. To confirm this, the viability versus
GFP expression and the uptake versus GFP expression are plotted against each other
and a linear regression is applied (Figure 4-8). Visual inspection of the graphs reveals
that neither viability nor cellular uptake predict a high GFP expression, as high GFP
expression is seen for both higher and lower uptake and viability. Statistical analysis of
correlation reveals a Pearson r = -0.65 for viability versus GFP expression and r = -0.73
for uptake versus GFP expression, indicating poor correlation. As noted, the viability

ranges are not broad, and the difference in viability between the highest GFP expressing
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cell population and the lowest is only 10%. The range of cellular uptake is larger,
representing a spread of 59%, but there is no correlation between percentage of particle-
positive cells and GFP expression. These results indicate that neither the viability nor the
uptake of SPNP-treated cell populations can be used to predict GFP expression of the
same populations. That is, the only predictor of transfection efficiency as measured by

GFP expression is the incorporation of PEI and to some extent SV40.
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Figure 4-7.Lack of correlation between (a) cell viability and gene expression and (b) uptake and gene expression. In
both cases, the biological output is graphed on the x-axis and there is no apparent trend between the x- an y- axes.

4.5 Discussion

Due to the role that PEI plays in escaping the endosome during endocytosis and
the active transport hypothesized to be induced by the SV40 protein, they were both
expected to correlate positively with GFP expression induced by SPNPs. It is, however,

surprising that neither uptake percentage nor viability are predictive of the percentage of
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GFP expressing cells. This is especially apparent when examining the high GFP
expression rate induced by some SPNPs, namely (50, 3) and (100, 5), that entered cells
at a high rate, but did not induce expression at a higher rate than other SPNPs.
Paradoxically, the SPNP that induced the highest GFP expression (100, 20) exhibited
both viability and uptake that was consistent with other lower performing SPNPs. Visual
inspection revealed that the correlation between viability and GFP expression and uptake
and GFP expression is non-existent, while the correlation between N/P ratio and GFP
expression is strong (r = 0.91).

The conflicting results and unexpected findings presented here stress the
necessity of a rational approach to designing vehicles for gene delivery. The use of the
design strategy allows researchers to test a hypothesis and adapt the experimental plan
at each endpoint based on the results gathered from the important outputs. Graphing the
ongoing experiments in this way has several advantages including both ease of
interpretation and planning the next steps. Additionally, trends that may have been
overlooked when considering statistics are apparent when inspected visually in this way.
This type of analysis also lends itself to rapid adaptation and allows researchers to be
highly agile when designing their next set of experiments while quickly optimizing two
parameters at once.

Rational design allows the ability to predict the functionality of different SPNP
formulations based on biological output. By graphically mapping the design space and
setting the anticipated important parameters, here PEI (N/P ratio) and SV40 content, this
allows researchers to visually see where on the map the data is directing them to move.

Thatis, by visual inspection of a graphed set of data, a researcher can pick the formulation
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of the next two SPNPs to be tested. Subsequent analysis of the data can reveal or confirm
trends readily observed in the graphs. This is done with calculation of Pearson’s r for
correlation between constituent components and biological outputs. Each experiment
yields information on optimization around the two axes graphed, speeding up optimization
of output more than optimizing parameters one at a time.

Of course, it is important to recognize the limitations of this study as well. First,
inspection of the trends revealed here begs the question of whether a higher incorporation
of SV40 would further improve SPNPs that exhibited higher GFP expression. Future work
would benefit from exploring higher ratios of SV40 at the highest GFP expressing SPNP
formulations. Second, it is possible that the champion formulation (100, 20) would change
with a different pDNA loading. As the effect of pDNA loading was not examined in this
study, it cannot be ruled out that this will have an effect. Third, this work only examined
in vitro reporter gene expression. Moving to organismal studies or a therapeutic payload
may alter the results of this study and should be taken into consideration for future work.

While there are several limitations to the study as presented, the SPNP platform
and strategy presented here enables future work to be streamlined and establishes a
workflow that can be easily applied to various systems. This outline makes the SPNP
pDNA delivery platform widely applicable and highly adaptable to various therapeutic

uses, which are discussed in Chapter 6.
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Chapter 5
On the Impact of Previous Work

In this chapter, | present work that | conducted during my Ph.D. study that was formative
in my approach to research and allowed me the opportunity to develop a foundational
understanding of a variety of techniques and disease states. Several manuscripts from

these experiences have been published and have been well-received in the field.

5.1 Review Paper: Self-Healing Supramolecular Hydrogels as Biomaterials

The work discussed in this section is reported in Appendix C but can be read in its

entirety in the following article:

1. L. Saunders, P.X. Ma, "Self-Healing Supramolecular Hydrogels for Tissue

Engineering Applications” Macromol. Biosci. 2019, 19, 1800313

One of the critical experiences that | had earlier on in graduate school came when |
was tasked with writing a review on supramolecular interactions present in self-healing
hydrogels for biomedical applications.'3¢ In a matter of six weeks, | was expected to
become an expert in the subfield and to write a meaningful review on the topic. From this

experience, | learned that a thorough literature review is not about how much you have
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read or how much knowledge you can gather, but about addressing what the reader of a
review would want or need to know. | gained the ability to rapidly distill scientific papers
and extract the information that | needed in a way that differed from conducting previous
literature reviews in my Ph.D. studies. In the process of writing the review, | gained an
appreciation for the amount of work and reading that conducting a “good” review
demands. This experience gave me perspective on conducting literature reviews in the

future, even if they were for my own knowledge and never formally reported.

Knowledge gained from this literature review was also instructive to the direction of
my earlier research. The supramolecular moieties covered in this paper included the
widely reported quadruple hydrogen bonding motif ureidopyrimidinone (UPy). | attempted
to use UPy to drive autonomous and spontaneous self-assembly of a dextran-based
hydrogel at physiologically relevant conditions in a project focused on cardiac tissue
engineering (unpublished data, not reported here). The result of this period of intensive

focus is a work that | am very proud of and was well-received by the field.

5.2 Bone Tissue Engineering

The work discussed in this section is not reported elsewhere within this thesis but can be

read in its entirety in the following articles:

1. M. Dang, L. Saunders, X. Niu, Y. Fan, P.X. Ma, "Biomimetic delivery of signals for

bone tissue engineering” 2018, Bone Res 6, 25
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2. Z.Liu, X. Chen, Z. Zhang, X. Zhang, L. Saunders, Y. Zhou, P.X. Ma, “Nanofibrous
Spongy Microspheres to Distinctly Release miRNA and Growth Factors to Enrich
Regulatory T Cells and Rescue Periodontal Bone Loss” ACS Nano, 2018, 12, 10

9785-9799

The focus of my first two years of graduate study was on utilizing RNA interference
mediated by miRNA, siRNA, and influenced by growth factors for bone tissue
engineering. Specifically, | worked on projects concerned with the distinct release of these

factors and the spatiotemporal control of their release towards rescuing bone tissue loss.

mMiRNA delivery was the first topic in my graduate school experience that | took
ownership of and my work with polymer complexes (polyplexes) for rescuing bone tissue
loss culminated in publication of two manuscripts: one review article on biomimetic signals
for bone tissue engineering'®” and a data paper on nanofibrous spongy microspheres to
distinctly release miRNA and growth factors to enrich regulatory T cells and rescue

periodontal bone loss.138

This data paper aimed to locally increase the number of regulatory T Cells (Tregs) to
have an immunomodulatory effect and enhance tissue regeneration in periodontal bone.
For my contribution to this paper, | used a new synthetic method to generate injectable
poly(lactic acid-co-glycolic acid) microspheres (PLGA MS) and load them with miR-10 to

recruit T cells and stimulate their differentiation into Tregs.

For the review paper | conducted a literature review of nucleic acid usage in bone

tissue regeneration using immunomodulatory pathways. Towards this, | looked at the
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ability of both non-coding (siRNA, miRNA) and coding (DNA) genes to regulate cell
activity and enhance or stimulate the healing process. As | conducted the literature review
for both papers simultaneously, | was able to use insights from one process to inform the
other and vice versa. These two papers were instrumental in piquing my interest in
injectable scaffold delivery systems and the wider application of genetic engineering in
the biomedical space. These themes were featured heavily in my successful F31
application titled “Development of a Polymeric Delivery System for Efficient in vivo
Cellular Reprogramming for Cardiac Regeneration” which | was awarded in 2019 from

the National Heart Lung Blood Institute at the National Institutes of Health.

5.3 Towards Cartilage Regeneration

The work discussed in this section is not reported elsewhere within this thesis but can be

read in its entirety in the following article:

1. Q. Liu,J. Wang, Y. Chen, Z. Zhang, L. Saunders, E. Schipani, Q. Chen, P.X. Ma,
“Suppressing mesenchymal stem cell hypertrophy and endochondral ossification
in 3D cartilage regeneration with nanofibrous poly(l-lactic acid) scaffold and

matrilin-3” Acta Biomaterialia, 2018, 76, 29-38

Another formative experience that | had in graduate school was contributing to the first

data paper of my Ph.D. career that focused on utilizing 3D nanofibrous scaffolds to
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suppress mesenchymal stem cell hypertrophy and endochondral ossification for cartilage
regeneration. In this project, | worked with senior graduate students to learn established
methods of scaffold production. Through this work | gained a mastery of fabricating
nanofibrous poly(L-lactic acid) (NF PLLA) scaffolds and contributed to the writing and
editing of this manuscript. The readings that | did while participating in this work were
foundational to my knowledge of tissue engineering and informed the direction that |

pushed my research in for the remainder of my time in the Ma Lab.

5.4 Investigating Syringe Filtration as An Alternate Processing Method to

Centrifugal Filtration for Synthetic Protein Nanoparticles

The material in this section is intended to serve as a guide for those who want to
adapt filtration as an alternative processing method for synthetic protein nanoparticles
(SPNPs) but is unpublished. This method has only been tested so far with NHS-PEG-
NHS crosslinked SPNPs made with Human Serum Albumin (HSA) and would require

preliminary testing with other proteins or crosslinking methods prior to adaptation.

5.4.1 Motivation

Currently, the method of processing SPNPs in the Lahann Lab uses serial
centrifugal filtration (CF) until the desired diameter is reached according to dynamic light
scattering (DLS) traces. Here, a method is reported that in certain circumstances,

improves upon this process. The syringe filtration method reported here is more efficient
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in terms of materials, time, and is repeatable, achieving number average diameters
between 60 — 94 nm as reported by number average DLS measurements. This size range
is favorable for endocytosis of nanoparticles, the hypothesized method of uptake for
SPNPs.3048 A schematic overview of the workflow described here is presented in Figure

5-1.

In addition to challenges with sample mass loss and inconsistencies between
users, the processing of SPNPs is not conducted under aseptic conditions. This presents
an issue as the SPNPs are often used in vitro, necessitating the use of antibiotics during
cell culture. Antibiotics can obscure cellular function and issues that may arise during cell
culture, making results from experiments more difficult to troubleshoot. The aim of this
project was to test whether the use of a sterile, 0.22 pum filter can be used to
simultaneously decrease the processing time, establish a repeatable process, and

generate sterile SPNPs for use in in vitro and in vivo work as necessary.

sPNP Formulation: Filter:
1% wiv HSA Fisherbrand Durapora
0.1% wiv PEI Hydrophilic PVDF Membrane

NHS-PEG-NHS 400Da Crosshinker 5 pm, 0.45 pm, 0,22 pm
20:80 Ethylene Glycol © Water

1] 2 3 4] 5

Fi EJ EJ Erocessing Time
ﬂ' - . I . . :;I-'”.! . :i;ﬁ::ml . ﬂ Total: 3+ hours
— - \ \J, \?/ \J/ \?/ - | - .
P \‘)’
L] /'f

. E . Total: < 2 minutes

Figure 5-1. A general overview of the process for centrifugal filtration (above) and the finalized syringe filtration protocol
(below) following collection of SPNPs. The SPNP formulation used in this set of experiments is detailed as well as the
material used in the syringe filtration. Schematic made in part with Biorender.com.
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5.4.2 Limitations to Centrifugal Filtration

The centrifugal filtration (CF) processing of the SPNPs is time-consuming, induces
significant mass loss, is subject to interpersonal variability, and does not yield consistent
SPNP populations. CF takes about 3 hours to perform and has been used in the Lahann
Group to acquire SPNPs of the target size, as dictated per project. This process is
subjective, though, and the accuracy and volume of refuse removed from the sample
once it has been pelleted down varies from person to person. The volume collected from

a sample is varies even between experienced lab members.

CF can also suffer from the inability to reproduce similar particle size distributions
even amongst identical SPNPs. When the target size is not achieved according to DLS
measurements, the SPNP solution is fractionated. The fractionation requires an additional
centrifugation at 15,000 rpm (13,130 rcf) for 1 minute, then measuring this supernatant
on the DLS. If the target size is still not achieved, this may be repeated for 5 minute and
finally, if necessary, 10-minute spin-down times. As one might expect, this results in
higher losses of product both due to transfer inefficiencies associated with measurement
and increasing mass of SPNP product within the pellet. Once the product solution is
deemed to be within an acceptable size range, the solution is transferred to a new
microcentrifuge tube for storage, again increasing the lossiness due to transfer.
Fractionation of SPNP solution is not routinely done for each sample, and thus it has not
been investigated in this work. In addition to being used irregularly within the lab, projects
presented in this thesis have not needed to employ this method and thus it was not

investigated.
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5.4.3 Filtration Method and Calculations Required

In this work, three different syringe filters of various pore size were used: 5 pum,
0.45 pum, and 0.22 um. The material they are made with, hydrophilized PVDF, is already
used with SPNPs in our lab. The filters were tested in order of pore size from largest to
smallest on HSA SPNPs and the starting, intermediate, and ending populations were
assessed using nDLS. The general workflow along with materials used is presented in

Figure 5-1.

Each sample has its own concentration and the attenuator in the instrument
adjusts automatically to ensure that the laser power that passes through the sample and
hits the detector is at a level that will not harm it. A great guide with relevant information

can be found at: https://physics.nyu.edu/grierlab/manuals/ZetasizerNanoUserManual.pdf

Two machine parameters are defined here that are critical to understanding of the
Zetasizer and calculations performed. Attenuation Index: The laser power is attenuated
by the software so that count rates are within the limits of the detector. Count Rate: The
number of photons detected per second, the methods for mass approximation presented
here are only accurate for solutions containing more than 1000 particles. The count rate

per second must exceed 10,000 but remain below the aggregation limit of the sample.

Using the attenuation index to transmission conversion (Figure 5-2a) and data
acquired from the Zetasizer (Figure 5-2b), the Relative Loss percent versus initial mass

can be calculated (Equation 5-4):
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Transmission = 100
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m, = Relative Mass = Transrrlzission (2)
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Relative Loss % vs.m; = 100 ———— 4)
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Equation 5-(1-4) . Equations to calculate mass los and compare this between SPNP populations.

This measure of relative mass loss is used going forward to compare all sample
masses to their respective starting populations. That is, this method is used to compare
the initial sample mass to the sample mass at each step in either the CF or filtration

processes and comparisons can be made between each.

5.4.4 Centrifugal Filtration for Human Serum Albumin Synthetic Protein

Nanoparticles

A representative CF clean-up is presented in Figure 5-3, with each step analyzed
using number average DLS. Using Equations 5-(1-4) and the attenuation index from the
Zetasizer instrument (Figure 5-2a), the relative mass loss (%) is calculated for each step
detailed in Figure 5-3. This process and calculation protocol is repeated two more times
to ensure consistency. All diameters obtained with the CF and reported by DLS are typical

for HSA SPNPs.26:32
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Figure 5-2. Readout from the Zetasizer when running DLS measurements. (a) Attenuation index and the % nominal
transmission of laser light that corresponds to each attenuator reading as well as sample information, obtained from
the Zetasizer Manual. (b) System information, and results that will be used for calculation and better understanding of
this method are presented.

5.4.5 Collection Method of Synthetic Protein Nanoparticles

The process begins with collection of SPNPs from the pans on which they were
jetted. Once the solution is collected, the entire population is sonicated using a tip
sonicator for 30s while submerged in an ice-water bath. This well-dispersed solution is
measured via DLS then split into two equal parts by volume. One part undergoes CF and
the other undergoes syringe filtration to ensure that the starting population is identical and
to enable direct comparison between the initial DLS traces and measurements taken after

each step in the workflow.

Following sample splitting, the CF sample is filtered through a 40 um cell strainer,
then a DLS trace is taken. Next, the CF sample is centrifuged at 4000 rpm / 3220 rcf for

5 minutes, and the supernatant is again measured via DLS. It is at this step that the first
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user judgement is required, and interpersonal variability is likely first introduced. When
collecting the supernatant, the user employs a pipette to collect as much of the
supernatant as they can, without disturbing the pellet, which is waste. Depending on the
comfort and skill level of the user, a different amount of supernatant is collected, and the

pellet may or may not have been disturbed during the process.

Next, the supernatant is loaded into microcentrifuge tubes and spun at 13,130 rcf
for 1 hour. This again has the same potential for collection error as the previous transfer
step. The resulting supernatant is the final SPNP solution and is analyzed using DLS. For
DLS measurement, the pellet is resuspended in 1x DPBS using the same sonication
protocol as above. Finally, this solution is measured on DLS. The resulting DLS traces at

each step are presented in Figure 5-3.

From the relative mass loss calculations, it is clear that this method cannot capture
the mass changes in the resuspended pellet but is consistent for the 2 repeats up until
that point. It can be assumed that the mass loss expected in the resuspended pellet would
be 100 — relative mass loss % achieved up to that point, and then might be close to 70%.
That is, mass loss measured after the 5-minute spin-down is approximately 40% and the
supernatant mass loss is around 70%, taking 70% of 40% and summing that with 40%
results in 68%. The mass loss seen across the samples as the CF process is carried out
is concerning both from a processing standpoint and for those researchers that work with
precious samples, such as SPNPs loaded with difficult to manufacture and/or expensive

therapeutic materials.
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Figure 5-3. Representative CF clean-up of HSA SPNPs. Each panel (a, b) is a repeat of the same process with a new
population. The orange trace is the resultant SPNP population following processing and each trace is color-coded with
the corresponding value in the resultant SPNP population following processing and each trace is color-coded with the
corresponding value in the table.

5.4.6 Syringe Processing Filtration of Synthetic Protein Nanoparticles

Prior to using a filter for the first time, the filter must be hydrated to prevent
lossiness of solution in the holdup volume and ease the passage of the solution through
the pores. To do this, 1 mL of dPBS is passed through the sterile filter to prime it for the
SPNP solution. Following sonication and sample splitting, the SPNP solution is loaded
into a 1 mL luer-lock syringe. The primed filter is attached to the luer-lock and the entire

system is loaded into the syringe filter for use with SPNP solution.

A syringe pump is used to ensure the rate at which filtration is conducted remains
constant throughout the experiment as well as making the process repeatable for any
user. A pump rate was chosen based on the diameter of the syringe being used. In this
experiment, a flow rate 0.3 mL/min was set for a 1 mL syringe. The entire volume of SPNP

solution is pumped through the filter into a collection vial. Next, the filter is removed and
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retained while the syringe is charged with air, the filter is reattached, and the entire volume
of the syringe is again pumped down into the collection vial to ensure that losses of SPNP

product are minimized. This solution is the final product.

5.4.7 Appropriateness of a 5 um Filter for Synthetic Protein Nanoparticle

Processing

Following the sonication of the starting population, the half of the sample reserved
for syringe filtration is passed through a 5 pm syringe filter to remove dust particles and
large precipitates that are present. This step is done to mimic the 5-minute low-speed
centrifugation step that results in removal of large aggregates and other refuse in the
collected SPNP sample. A DLS trace resulting from this process is presented in Figure
5-4. Filtration through a 5 pm syringe filter is done three times in series on the same
population to see if there are inconsistencies within this step. Of particular concern was
the possibility of SPNP anisotropy that would lead to the filters producing a different sub-
population each time. Also of interest was the relative mass loss and how that would

increase across filtration steps.

The DLS traces (Figure 5-4) indicate that the filtered populations are nearly
identical even following repeated passage through the filter. This experiment shows
repeatability, and a relative mass loss similar to the supernatant achieved following the 5
minute 3220 rcf centrifuge step as seen is Figure 5-3. Importantly, there are no decisions
or judgement calls in the syringe filtration process, like is seen at this point for CF. Also

of interest, this entire sample is pumped through the syringe filter in under 2 minutes and
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there is no sonication required to resuspend the pellet, as there is no pellet. This removes
a step of state transition (solution to solid to solution) as well as the aggressive sonication
needed to resuspend the pelleted mass. With biomolecules and proteins, often the less

manipulation, the closer they resemble their native state.3°
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Figure 5-4. A DLS trace of the starting population and resultant DLS traces following serial filtration of the population
using a 5 pm syringe filter. The 5 pm filter was successful in obtaining a repeatable population with a center of mass
diameter between 60 and 76 nm.

The nDLS in Figure 5-4 shows that the three populations acquired from the 5 um
syringe filter have similar particle size distributions with number average diameters
between 60 — 76nm. The slight change in mass across the 3 passes indicates that while
some material is retained within the filter itself, the SPNPs may have a low anisotropy as
they pass through the filter repeatedly. If they were highly anisotropic due to being oblong
or extended in one direction, one would expect to see more mass loss and potentially

higher degree of change in number average diameter, neither of which is seen here.

Use of the 5 um filter was successful in obtaining a repeatable population in the

target size range (<150 nm). Syringe filtration also induced less mass loss than
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centrifugation up until the 5-minute spin-down and assuming the balance of supernatant
is retained in the pellet. As noted above, the actual population of the final solution cannot
be accurately measured, as all relative mass loss % are negative. The negative mass
loss read by the DLS may also indicate that the population is changing. This could be due
to aggregation between particles and a resultant change in the amount of surface
available to read. This is supported by both the broadening of the nDLS peak in the
resuspended SPNPs vs. filtered populations and the increase in size of the nDLS trace

of the 5 min population vs the 1-hour population (Figure 5-2).

5.4.8 Appropriateness of a 0.45 um Filter for SPNP Processing

As the 5 um filter met the metrics, a filter of 0.45 pum pore size was next used to
determine if any residual SPNPs at 450 — 500 um could be removed or decreased in
number. SPNPs in this size range can be seen in Figure 5-4, and are often too large to
be effectively endocytosed.** First, the particle size distributions of the initial population
and a subsequent 5 um syringe filter are measured using DLS. Then that same solution
is passed through a 0.45 um syringe filter. The population size distribution changes with
each pass through the 0.45 um filter and is broader than the population passed through
the 5 um alone (Figure 5-5). This indicates that the 0.45 um filter appears to be shearing
the SPNPs. In addition to the unreliable sizes obtained and higher dispersity seen, the
mass loss of SPNP solution following use of the 0.45 um filter was around 80% or more.

Since the intention of this project was to establish a repeatable filtration method, the use
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the 0.45 pm filter was discontinued due to its mass loss and inconsistent size distributions

resulting from its use.
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Figure 5-5. A DLS trace of the starting population and resultant DLS traces following syringe filtration first with a 5um
pore size filter, then with a 0.45 pm filter in series (3 times). The 0.45 um filter appears to be shearing the SPNPs as
the population changes with each pass and is broader than acquired by the 5 pm.

Originally, use of a 0.22 um “sterile” filter was the aim for this work as it would
remove the need for culturing cells with antibiotics or preparing the SPNPs with ethanol
to sterilize them. However, this was abandoned as a 0.45 um filter resulted in shear of
the SPNPs. Furthermore, preliminary results indicated that a 0.22 um filter induced mass

loss over 90%, preventing collection of reliable DLS traces.

5.4.9 Effect of Filtration Rate on Particle Size Distribution

Next, increasing the rate of syringe pump filtration was tested to obtain the
maximum rate at which repeatable results can be achieved with the lower mass loss than
CF. Regardless of the starting population, the diameter peaks resulting from 5 um filtration
at various flow rates are between 79 - 88 nm at their center of mass (Figure 5-6). The

syringe pump was tested at a range of flow rates of 0.14 — 1.71 mL/min for a 1 mL syringe.
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Again, after undergoing syringe filtration, all populations observed were compared against
their respective starting populations, which varied in number average size from 90 to 403
nm. All populations resulting from 5 um filtration had average diameters between 79 and

94 nm regardless of the syringe pump rate. Additionally, all samples
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Figure 5-6. Investigation of the resultant population following varying the pump rate and method of sonication on the

syringe pump. Regardless of the starting population or sonication method used, the resultant diameter peaks are
between 77 - 94 nm at their center of mass.

resulting from 5 pm filtration have a DLS peak in the 200 - 300 nm range, which may be

the result of aggregation within the sample that is not removed in the 5 um size range.
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Regardless of the starting population or filtration rate, the 5 um filter results in a consistent
final population, which is important to the reliability and reproducibility of SPNP
populations. Therefore, it is believed that pump filtration rate does not affect the size
distribution of the particles. However, a lower relative mass loss % was observed in the

highest pump filtration flow rate.

5.4.10 Effect of Sonication on Particle Size Distribution

As mentioned, the aggressive solution disruption induced by the tip sonicator was
of concern as it contributes to formation of aggregates and can compromise the integrity
of delicate biomolecules. Therefore, the effect of sonication amplitude using both a tip
and a horn sonicator was tested. First, the initial SPNP solutions were tested using the
two different methods and amplitudes to ascertain the result of sonication on the initial
populations. If gentler sonication resulted in populations consistent with populations
obtained using the tip sonicator, this would enable less sonication of the SPNP
populations. Following various initial sonication methods (Figure 5-7), the SPNP samples
were passed through a 5 um syringe filter and the resulting populations were assessed
via DLS. The starting population is not reliably changed due to sonication (Figure 5-7a),
but once passed through a 5 um syringe filter, final SPNP populations of around 75 nm
were reliably obtained (Figure 5-7b,c). This indicates that future work might not require
substantial sonication if a syringe filter is utilized to process a SPNP population, which

would be advantageous to researchers using delicate payloads within the SPNPs.
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5.5 Conclusions
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Figure 5-7. Effect of sonication on starting populations and efficacy of 5 um syringe filtration. (a) Varying sonication
methods results in unreliable starting populations of SPNPs (b, ¢) syringe filtration consistently yields similar SPNP

This work established that syringe filtration using a 5 pm pore size results in
consistently sized SPNP populations with mass loss similar to CF regardless of the

starting population. Across each experiment, SPNP solutions resulting from the use of a

number average diameters ranging from 60 — 94 nm. These

diameters are within the biologically relevant size range for endocytosis of SPNPs. Adding
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to the reproducibility of this method, use of syringe filtration is done with a syringe pump
to ensure constant and precisely controlled pumping rates. This consistency cannot be
replicated using CF where the recovery of the pellet and supernatant following

centrifugation depend on the user’s judgement and introduce interpersonal variability.

Additionally, this method benefits from less manipulation of the SPNPs than CF,
resulting in less mass loss of the SPNP sample. The mass loss in CF can be attributed
to incomplete recovery of sample after spin-down and to transfer inefficiencies between
multiple centrifuge tubes. While these are non-existent in the syringe filtration method,
there is some mass loss associated with holdup in the syringe filter itself. This is expected,
and a mass loss of zero is not possible in any system, as the SPNPs are not
monodisperse, meaning there will always be some portion of the population outside the
intended size range. Also, the collection method used to obtain the SPNPs may result in
collection of dust and aggregates that are not part of the sample. These may contribute

to the measured initial SPNP mass if they are not filtered out.

Finally, the syringe filtration method represents a time-saving processing step that
simplifies the process of obtaining consistently sized SPNP populations. Syringe filtration
takes under 15 minutes to complete. It requires only pre-wetting the filter, loading the
syringe, pumping the sample through the filter, and passing air through the filter to collect
any residual sample held up in the filter. Due to the ease of application and promising
preliminary results, this method should be further investigated for future applications

within the Lahann Lab.

108



5.6 Future Work and Outlook

The syringe filtration method represents a promising step towards a repeatable
and streamlined workflow, but there are some questions to be addressed. Future work in
this area should include testing of various SPNP concentrations, as pressure-based
filtration might change due to sample concentration. Higher concentration might cause
the filtration to be more inefficient and induce higher mass loss or necessitate a lower
pump rate. The inability to concentrate samples without addition of another technique is
a limitation of the method presented here. Regardless, this should be explored prior to

application of the method to very concentrated solutions.

Another consideration is whether filtration influences the surface charge of the final
SPNP population. The zeta potential can be readily measured and compared between
the final populations obtained using CF and syringe filtration methods. Future work should
include this prior to applying SPNPs to in vitro work. It is likely that the surface charge
measured would change slightly, as larger SPNPs have more surface area than smaller
SPNPs. | would expect the surface charge to increase for smaller SPNPs that have a

higher surface area to volume ratio.

Aside from DLS measurements, these results should be corroborated with
nanoparticle tracking analysis such as the NanoSight as this can offer greater resolution
of the particle size distribution. NanoSight can also ascertain particle concentrations
(number/mL) more accurately than DLS can, and mass loss can be validated in this way.
This was not done in this work, as DLS is higher throughput and offers a wider range of

nanoparticle sizes making it ideal for screening in preliminary work such as this.
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Generally, SPNPs are produced in the Lahann Lab for use in either cell or
organismal studies, and as such, this work should be extended to in vitro experiments.
The viability and uptake of resultant SPNPs should be tested in cell lines to ensure that
they exhibit similar properties to SPNPs processed using CF, although it is unlikely. A
change in the surface charge of the SPNPs, consequent of differences in surface area to
volume ratio, might confer differences to the viability and uptake and should be

considered.

The aim of this work was to establish a repeatable method to sterile filter SPNPs
while maintaining tolerable mass loss compared to CF. Part of this was achieved, with a
5 um syringe filter offering a consistent and time-saving method while achieving mass
loss lower than or approaching CF. However, sterile filtration was not achieved due to the
0.22 pum syringe filter causing more than 90% mass loss of the sample. Therefore,
resultant SPNPs still require antibiotics for use in vitro. The repeatability of this work lends
itself to scale up, as the parameters can be controlled and replicated. Overall, this work
represents a promising step towards improved processing of SPNPs, and a streamlined

workflow for SPNP production.

110



Chapter 6
Outlook and Future Work

6.1 Conclusions

The work presented in this thesis establishes methods to formulate and
characterize plasmid-loading in nanoparticle delivery systems for gene delivery. First,
plasmid DNA (pDNA) loaded synthetic protein nanoparticles (SPNPs) were prepared and
fully characterized using a method presented in Chapter 2. The plasmid backbone
labelling (PBL) strategy quantifies the amount of pDNA present in a system. Compared
to three commercial DNA quantification methods, the PBL strategy showed the lowest
measurement bias in SPNPs. It is the only approach of the four methods tested that is fit
for use in the presence of protein and in crosslinked SPNPs. An in-depth protocol for
utilizing the PBL strategy is presented in Chapter 3 to enable researchers to adapt this
strategy to their needs.

Next, the impact of altering the formulation of pDNA loaded SPNPs was examined
to understand the effect of engineering decisions on biological outputs of the SPNP
platform. A rational design strategy was established and the impact of polyethyleneimine
(PEI) and SV40 peptide content on reporter gene expression mediated by various SPNPs
was examined in Chapter 4. We found that PEI content positively correlates with reporter

gene expression in HepG2 cells. While SV40 alone was not correlated with reporter
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expression, it did increase the efficacy of SPNPs across formulations with the same PEI
content.

Also examined within this thesis was a new method for processing SPNPs to
reduce the mass loss and increase the repeatability of the process. A syringe filtration
system was established that might allow future work to be done more efficiently. When
the syringe filtration system was compared to centrifugal filtration, it decreased the
processing time eight-fold and led to significantly lower mass loss.

This work will be instructive to future researchers looking to design new and
improved gene delivery vehicles as well as those looking for new ways to analyze and
better characterize their systems. Laid out below are some immediate applications of this
work, potential combinations of the presented technologies, and considerations for

translation of this work to organismal studies.

6.2 Applications of the Plasmid Backbone Labeling Strategy to Various

Nucleotides

Chapter 2 presented a set of fully characterized SPNPs with a pDNA payload using
the newly developed PBL strategy. This is beneficial and important for work done in the
Lahann Lab, as there is now an established strategy for quantifying the loading of pDNA
within the SPNPs. Additionally, Chapter 2 discusses the framework of a tandem
PBL/Dynamic Light Scattering (DLS) approach that allows researchers to determine the
distribution of the pDNA payload within the particle population with a level of granularity
not widely reported in the literature. It was found that the PBL strategy had lower

measurement bias than UV-Vis spectroscopic methods, fluorescent groove-fitting assays,
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and colorimetric assays in SPNPs. The PBL strategy was suitable for pDNA quantification
in both a protein-rich solution and in crosslinked SPNPs as determined by the low bias.
In this work a roadmap was created that will allow future researchers to apply the methods
detailed in Chapter 2 in part or in whole to various systems. This blueprint is useful for
researchers that would benefit from this level of granularity in their particle analysis, as
characterization of DNA payloads in nanoparticles remains underinvestigated in the field.

With the ability to fully quantify the amount of pDNA present, future efforts could
focus on applying the PBL strategy to a variety of systems to quantify other parameters
of interest. For example, the PBL strategy could be employed to determine release of
pDNA from SPNPs, as well as the stability of these SPNPs in aqueous solutions. The
pDNA loss associated with sonication or other purification techniques such as
centrifugation could also easily be measured with accuracy. This would allow researchers
to gain further insight into pDNA loaded systems and understand the usage of their
nanoparticles.

Although developed for use with pDNA loaded SPNPs, the PBL strategy could be
extended to SPNPs with different nucleotide payloads. The siRNA SPNPs used within
the lab might benefit from application of the PBL strategy to quantify loading, release
kinetics, and other parameters of interest. Since these parameters have been measured
indirectly thus far, and dosing information for future studies could be obtained using the
PBL strategy to understand these parameters more accurately. Similar information for
SPNPs loaded with additional nucleotides of interest, including miRNA and mRNA could
also be easily gathered and assessed in the same way presented in Chapters 2, 3, and

4. By quantifying loading and release kinetics more accurately using the PBL strategy,
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the design of SPNPs can be optimized to improve their intracellular fate which can be

interrogated via imaging or flow cytometry.

6.3 Applications of the Plasmid Backbone Labeling Strategy to Intracellular

Tracking

Although not tested within the work presented in this thesis, the fluorophore kit
used herein is designed for intracellular tracking, allowing the intracellular trafficking of
SPNPs to be observed. While the path that DNA must take to be expressed by a cell is
well-known, the fate of DNA-loaded SPNPs has not been investigated and remains a
black box. By following the path of the nucleotide through cells that have been
transfected, researchers can identify if there are stumbling blocks to the expression of the
nucleotide. A natural extension to this work would be to test different SPNP formulations
to see if they can overcome these hurdles.

To enable researchers to apply the PBL strategy for intracellular tracking, Chapter
3 describes in-depth the methodology employed and considerations that need to be taken
when adapting PBL to a new nucleotide or fluorophore system. It should be emphasized
that the broad applicability and modularity of the PBL strategy is a strength and provides
a key tool for quantification of the SPNP system but could be broadened to use with other

bio macromolecular gene-host systems.
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6.4 Towards Improving Reporter Gene Expression

Chapter 4 lays out the rational design of pDNA loaded SPNPs to achieve the
desired output of GFP expression using a two-dimensional parameter space. Although
this work presents a clear rational for the design of future SPNPs, the maximum GFP
expression achieved was still modest and there is room for improvement. Future work
should focus on developing a SPNP system with improved reporter gene (GFP)
expression so that it can be applied to induce a therapeutic effect. While the expression
observed in Chapter 4 may be sufficient to induce a therapeutic effect, a higher efficiency
would likely result in a more effective treatment.

While optimizing the GFP expression induced by SPNPs, certain design rules
became apparent. It was found that increasing PEI (N/P) content increased GFP
expression, however, upon attempting higher N/P ratios than reported, precipitation of the
solution was observed and SPNPs could not be reliably formed. As reported in Chapter
4, increasing SV40 content in the SPNP results in a modest increase in reporter gene
expression, although it is not predictive. Therefore, use of higher SV40 peptide amounts
should be investigated to ascertain whether that has a positive effect on GFP expression.
While higher GFP expression is investigated, it will be important to ensure that the cell
viability does not drop too low, decreasing the overall efficacy of the SPNPs. Although
there was also not a reported effect of SV40 on the uptake of SPNPs into the cells, this
is biological output should be monitored.

As this work was constrained to a two-dimensional design space, future work could
benefit from exploring other parameters, including increasing the pDNA loading amount

or delivering a higher pDNA amount to cells. Increasing the pDNA dose has been shown
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to increase SPNP-induced GFP expression in other work (Figure 6-1). The pDNA loading
was held constant (4.5 m/m%) and the amount of pDNA delivered into each well was
varied from 50 — 500 ng per well in a 96-well plate. In each case in Chapter 4, the dosage
tested was 100 ng per well in a 96-well plate. Figure 6-1 shows that although the SPNP
tested had minimal (~3%) GFP expression at 100 ng, raising pDNA loading continued to
increase GFP expression. The GFP expression (10%) achieved at 500 ng neared the
highest expressions achieved in the studies reported in Chapter 4 while the viability
remained above 90%. Taking this into consideration, higher amounts of pDNA should be
tested in future work and might be a promising route to increasing GFP expression without

affecting other biological outputs such as viability.
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Figure 6-1. Increasing pDNA delivered to HepG2 cells using the same SPNP increases GFP expression. The typical
dose used in all work presented here was 100 ng per well in a 96-well plate and this was varied to 50ng, 200ng, and
500ng. A strong increase in GFP expression in seen as the pDNA dose delivered is increased.

116



6.5 Towards in vivo Application of Synthetic Protein Nanoparticles Mediated

pDNA Delivery

The foundational understanding of SPNP loading and characterization that this
work enables will be instrumental in applying and utilizing systems for biomedical
purposes. Further application of DNA loaded SPNPs will require translation into
organismal studies, which come with their own obstacles.*4%-142 The work reported here
to develop a platform for SPNP gene delivery was conducted entirely in vitro, however
the eventual goal of this work is to deliver therapeutic DNA to human patients. As such,
it is important to consider the steps needed to move this in vitro technology past potential
barriers that exist to animal models and eventual human studies. Barriers to effective
gene delivery exist at the cellular, organ, and organism levels, and different engineering
strategies and considerations must be exploited to overcome each unique hurdle.
Obstacles to effective cellular delivery have been discussed at length throughout this
thesis, and so considerations for organismal SPNP delivery will be reviewed here.

The method of SPNP delivery is a major consideration, as a systemic injection will
result in different obstacles than a direct injection or locally administered scaffold.
Discussion here will focus on systemic injection, which has been performed with SPNPs
in the past.32123143 Upon systemic IV injection, SPNPs enter the bloodstream and are
subject to clearance by the reticuloendothelial system and the mononuclear phagocyte
system.'4* A critical hurdle for all nanoparticles is crossing the cell membrane to be taken
up into the target cell before they are cleared from the body.''? In vitro, this barrier is not
as formidable as it is in animals, as in vitro experiments are designed such that the cells

in the dish are the target cells for transfection, and typically the only cell type present.
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There is also no consideration taken of clearance time and the treatment is directly
delivered to the dish in which the target cells reside. In animals, active targeting of
nanoparticles to specific organs using surface-available ligands such as RGD, GalNAc,
or folate has benefits such as improving cellular uptake and decreasing non-specific
uptake in other organs while allowing nanoparticles to utilize more than one endocytic
route to uptake.*647.145 For these reasons, active targeting of SPNPs to cells is expected
to be much more beneficial in vivo than in vitro.

Within an organism, organs and organ systems are not equally accessible to
therapeutics and different strategies are required to increase delivery to target organs.
Some organs such as the liver, are easily reached by nanopatrticles, a property which has
been exploited by dozens of research and clinical trials for gene therapy.146-147 For hepatic
delivery this is advantageous, however for delivery to other organ systems, this can
present an additional and formidable barrier.#¢ The biodistribution of gene delivery
systems is of great importance to the efficacy and off-target effects generated by the
platform.3214® |ndeed, active targeting agents for particular organ systems are often
utilized to enhance localization of the gene delivery vehicle to an organ or tissue.

Utilizing active targeting for organ specific delivery of therapeutics is a promising
and established strategy for improving efficacy of the therapeutic by enhancing delivery
to the intended site.'*° Increasing the efficacy would be of particular advantage in delivery
platforms which exhibit modest efficacy, as seen with the pDNA SPNPs presented in this
thesis. Of note, GalNAc has been utilized with siRNA-conjugates to enhance hepatic
delivery*”159 and inflammation markers (ICAM, VCAM) have been used in stroke models

to increase the recruitment of nanopatrticles to inflammation sites.'>! This technique can
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be extended to red-blood cell hitchhiking that crosses the blood brain barrier, one of the
most formidable barriers in the human body.*%? HSA, the protein used as the bulk material
in SPNPs, has many sites available for conjugation of various targeting ligands. This
presents ample opportunity for modification of HSA SPNPs and tailoring to specific
disease states or for delivery to target organs. The ability to easily add targeting ligands
further enhances the broad applicability and facile adaptability of the SPNP pDNA system
presented in this thesis.

Another strategy for tailoring SPNPs to a specific organ or disease state involves
replacing the HSA with another protein that has specific or complimentary biological
features to enhance therapeutic efficacy. Proteins such as transferrin, hemoglobin,
insulin, and ovalbumin have been reported to form stable SPNPs.26:121.124 Choosing a
different protein depends on the biology that one wishes to exploit. The HSA used to
formulate the SPNPs for pDNA delivery is a generic protein with many favorable features
including wide availability, good biocompatibility, and prior use in gene delivery
systems.3237 However, this system can be adapted to a specific disease state or biology
with a facile change in the bulk protein used. Due to the plug and play nature of SPNP
preparation, doing so requires swapping the HSA with the new protein prior to EHD jetting
and proceeding with formation and collection in a manner identical to HSA SPNPs.

While the work here utilizes a GFP reporter pDNA, preclinical and clinical trials will
utilize various genes delivered to address different therapeutic targets. Considerations for
changing SPNP formulation to accommodate changes to the gene delivered mainly
revolve around the size of the gene. The presented formulation of SPNP was calibrated

for a certain molecular weight of pDNA (3487 bp), and therefore a change in PEl amount
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to retain the desired N/P ratio will be required. Additionally, SV40 is added in a molar ratio
to the pDNA in the formulation, which will change depending on the molecular weight of
the gene delivered. These changes to formulation will be necessary to maintain the
optimized formulation presented in this thesis. It may be, however, that a significantly
smaller or larger gene is required, and in this case, in vitro testing consistent with that
presented in Chapter 4 should be conducted prior to application. The strategy for SPNP
optimization is detailed in Chapter 4 and can be readily applied to new genes and SPNP
formulations if needed. Further, the PBL strategy in Chapter 2 can be utilized to establish
the pDNA loading after modifications so that the dose of the new gene can be known and
iterated upon if need be.

The SPNP pDNA system is a plug and play system that is almost endlessly
adaptable, presenting a broad platform for delivery of therapeutics. As described, the
preparation and formulation of SPNPs enable a facile change in bulk protein, amount of
PEI and SV40, and the gene (pDNA) used. This platform can be expanded towards
delivery to certain organs by conjugation of different ligands to the SPNP surface in a
post-processing step. With this arsenal of readily available modifications and strategies
for quantifying the loading and optimizing the formulation of SPNPs after modification,

application towards animal and human health models is feasible.

6.6 Towards Therapeutic DNA Delivery in Human Patients

The broad applicability of pDNA delivery with SPNPs is promising for various

applications in human health. A potential application should fulfill the requirements of
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utilizing pDNA delivery, requiring a lower immune response than is induced by currently
available vectors, and using of the plug and play capabilities of the SPNP platform.

One such application is vectored immunoprophylaxis (VIP), the practice of
inducing immunity in a population via delivery of genes that code for antibody secretion.
VIP uses the host as a sort of factory to make antibodies against a particular virus. This
approach has implications in providing immunity without vaccination and requires efficient
delivery of a pDNA. Current technologies, however, utilize adeno-associated viruses
which have safety and immunogenicity issues. pDNA loaded SPNPs offer a safer
alternative approach to this application, with many benefits and considerations discussed
here.

Despite success developing effective vaccines for a number of diseases,
immunization against some of the most devastating diseases in the world remains an
elusive goal.153154 Strategies for immunoprophylaxis against viral diseases include active
prophylaxis conferred by vaccines and passive prophylaxis conferred by antibody-based
preparations to protect an individual against a specific disease.'® Vaccines are
ineffective in those who cannot mount an effective immune response, such as the
immunocompromised and elderly, necessitating an alternative approach to protection
against infectious diseases.'*® Use of conventional vaccines against HIV in particular has
remained impossible despite remarkable research efforts.>* Therefore, as an alternative
to vaccination, the field has turned towards viral vector-mediated gene transfer to induce
host production and secretion of broadly neutralizing antibodies.'>* This approach, termed
VIP, has been investigated for applications in human health and has been the subject of

intense research and at least one clinical trial.'>” VIP requires transfection of non-
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hematopoietic cells with genes encoding the neutralizing antibody of interest and
subsequent secretion of the monoclonal antibodies.'>3158 To facilitate gene transfer,
pDNA has been investigated as part of many preventative measures against infectious
and acquired diseases, including Human Immunodeficiency Virus (HIV).1%°

SPNPs represent a promising delivery system for immunoprophylaxis against HIV
infection, as current viral vectors exhibit several efficacy issues. These include limited
carrying capacity and inability to re-dose or administer a booster if the host has mounted
an immune response to the vector.'8° Therefore, VIP necessitates an alternative delivery
strategy. It would be advantageous to expand the SPNP gene delivery platform reported
here towards this therapeutic goal.

VIP against HIV infection is a particularly appealing application of the SPNP pDNA
delivery platform, as the efficacy of pre-exposure treatment suffers from a lack of
adherence to the recommended treatment remgimens.6! Delivery of a one-time SPNP-
mediated VIP treatment would remove continued patient compliance from the equation.
Additionally, due to the lack of antibodies specific to SPNPs following treatment in mice,?
there is not a reason to believe that difficulty redosing, or utilizing this delivery system for
another SPNP mediated VIP treatment would suffer from the same immunogenicity
issues associated with viral vectors.

While VIP has been heavily investigated against HIV transmission, it can be
extended towards malaria, dengue, hepatitis C, influenza, and other transmissible
diseases that researchers have struggled to develop immunization or vaccines against.53
As such, a SPNP delivery system capable of efficient non-viral VIP would serve as a

broad platform with applications in many disease states.
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Another potential use for SPNP mediated gene delivery in human health is
targeted pDNA delivery to muscle cells to restore lost function. Restoring muscle function
in skeletal muscle is of great interest as it is necessary to treat Duchenne’s muscular
dystrophy (DMD). Polyploid skeletal muscles represent a target for direct injection, and
the causal gene in DMD has been estimated to be restored with as little as 4% of the wild
type function, meaning a lower efficacy is needed to treat this disease than is typically
expected.'2163 This among other genetic diseases not listed here represent a promising
target for SPNP mediated gene delivery.

Some consideration should be taken for the initial in vitro experimental design as
it relates to the eventual organismal or human trials intended. VIP is performed in vivo on
humanized mice and in vitro using HEK293T and other non-hematopoietic cells.
HEK293Ts are a common choice as they represent an easily transfected and rapidly
dividing cell type, which is beneficial for transfection and rapid secretion of the monoclonal
antibodies. As another example, in this work HepG2 cells were used as a model cell line.
Future work could utilize similar cells and study the effect of GalNAc targeting ligands on
cellular uptake and eventual expression.

In general, both the SPNP formulation and experimental design can be easily
modified to interrogate the disease state or environment of interest. Overall, the SPNP
pDNA delivery platform is robust and represents a broad system that can be readily

altered for application in different disease states.
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6.7 Applications of Syringe Filtration to Synthetic Protein Nanoparticle

Processing

In Chapter 5, a new method for processing SPNPs once they have been collected
was presented. Processing the collected SPNPs via syringe filtration increased the
repeatability of the SPNP sizes while removing the need for the user to make judgement
calls during the centrifugal filtration (CF) process. This method also exhibited similar mass
loss to the traditional CF process, while decreasing the processing time from 3 hours to
approximately 15 minutes, a 90% reduction in processing time.

While the syringe filtration method was tested using Human Serum Albumin (HSA)
based SPNPs crosslinked via an NHS ester, it can be readily adapted to other SPNPs
and streamline SPNP processing to improve repeatability and reproducibility between
users and batches. If the intention is to utilize different formulations of SPNPs, future work
should first ensure that preliminary testing of syringe filtration with the new SPNP is done.
The same conditions (pump rate, filter size) should be used and DLS spectra should be
obtained for the intended carrier protein and crosslinking method. This will ensure that
the mass loss is similar and that shearing of the SPNPs does not occur as seen with the
0.45 um syringe filter, reported in Chapter 5. It is possible although unlikely that different
proteins would respond differently to syringe filtration. It is more likely that different
crosslinking methods would result in different SPNP populations, however, this might be
intrinsic to the crosslinker. Nonetheless, preliminary testing should be done so that this
method can be adapted with confidence to new SPNP formulations.

A natural extension of this work would be examination of cell viabilities, uptakes,

and other biological outputs resulting from use of SPNPs processed with syringe filtration.
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It is likely that different sized SPNP populations result in different cellular uptakes. It has
been shown that nanoparticles with lower diameters, as seen in SPNPs that have been
filtered, result in higher rates of endocytosis compared to larger diameter nanoparticle
populations.** Therefore, it is likely that higher cellular uptake can be expected from
syringe filtered SPNPs, which had smaller diameters, than SPNPs processed by CF. This
might impact other biological outputs, and even on the required dose to have the intended
effect, as more of the drug or gene could be entering the cells. For example, if the drugs
encased in the SPNPs are cytotoxic, cell viability could decrease. Viabilities should be
carefully monitored to avoid an unexpected increase in cytotoxicity.

Since cell viability and uptake depend on SPNP, cargo, and cell type, each
scenario will require testing to understand any potential differences that syringe filtration
imposes on the SPNPs. While preliminary testing needs to be done prior to utilizing the
syringe filtered SPNPs in cell or animal work, the streamlined workflow presented here
can improve repeatability and decrease hands-on time for SPNP processing. This method
leads to less manipulation of the SPNPs and a higher degree of confidence in the SPNP

product, which could be critical in future collaboration and in vivo studies.

6.8 Future Outlook

The work presented in this thesis was developed with the goal of understanding
the formulation and the loading of pDNA carrying SPNPs to improve reporter gene
expression. The loading information that is gained by application of the PBL strategy can
be combined with intracellular tracking as mentioned previously, but also with the rational

design strategy presented in Chapter 4. By combining technology established in Chapter
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2 for loading quantification and Chapter 4 for formulation design, the SPNP delivery
platform can be further examined, and the intracellular route interrogated. By elucidating
the cellular path that the pDNA takes and determining stumbling blocks to efficient gene
expression, the SPNP can be engineered to overcome these challenges, using the
rational design strategies presented here to reach a SPNP formulation that maximizes
the desired output.

The goal of DNA delivery is to move beyond reporter gene expression and
ultimately achieve a therapeutic effect. Future work will be able to combine these
technologies and the insight gained from this work to move towards delivery of a
therapeutic DNA. Already, siRNA has been used in the Lahann Lab to mediate RNA
interference and knock-down certain pathways at the mRNA level.3233 DNA has further
knockdown utility, including delivery of CRISPR/Cas9 systems that generates work at the
DNA level.1%4 This can completely and permanently silence genes to cure diseases rather
than treat them transiently. By engineering a SPNP that can induce significant reporter
gene expression, these tools detailed in this work pave the way for achieving therapeutic
delivery of DNA. Applications and barriers to doing so have been discussed here, along
with the engineering considerations for formulating ne SPNPs based on the platform
developed and presented in this thesis.

Overall, the work presented here establishes methods to formulate and quantify
plasmid DNA-loading in SPNP delivery systems for gene delivery. pDNA loaded SPNPs
have been fully characterized and the impact of altering the formulation on biological

outputs has been examined. Foundational understanding is critical to applying and
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utilizing systems for ultimate clinical translation, and the work presented here contributes

to doing so.
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Appendix A

Materials:
Reagents:

Human Serum Albumin, Alex Fluor 405 NHS Ester, polyethylenimine 25kDa,
Ethylene Glycol, Anhydrous DMSO, Amicon Ultra-15 Centrifugal Filters, and 96-well flat
bottom black walled plates were purchased from Sigma Aldrich (St. Louis, MO). 7.5%
Sodium Bicarbonate Buffer was purchased from Thermo Fisher (Waltham, MA).
UltraPure DNase/RNase-Free Distilled Water was purchased from Invitrogen (Waltham,
MA). Dulbecco's phosphate-buffered saline (DPBS) was purchased from Gibco
(Waltham, MA). 0O,0'-bis[2-(N-succinimidyl-succinylamino) ethyl]polyethylene glycol
(NHS-PEG-NHS) with a molecular weight of 400 Da was purchased from NANOCS (New

York, NY).

Instrumentation

A SpectraMax M5 plate reader from Molecular Devices (San Jose, CA) was used
in these studies. A Qubit 4 Fluorometer, Molecular Probes Quant-iT Qubit dsSDNA HS and
dsDNA BR Assay Kits, Qubit Assay Tubes, Ultrapure DNA/RNAse free water were
purchased from Invitrogen (Waltham, MA). A Thermo Fisher Nova 200 Nanolab SEM/FIB

was used to capture micrographs of the SPNPs. A Discovery TGA from Texas
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Instruments (New Castle, DE) was used for gravimetric analysis. A Zetasizer Nano ZS
from Malvern Panalytical (Malvern, UK) was used to carry out particle size distribution

measurements.

Analysis Software
ImageJ v1.53c was used for image analysis. Microsoft Excel 2020 was used for all
data manipulation and for the general summary of statistics. GraphPad Prism v9.2.0 was

used for presentation of graphs, linear calibration curves.

Methods
Generation of DPA Calibration Curve

For quantitative analysis of the DNA loaded SPNP, the diphenylamine assay was
generated using the same dynamic range of unmodified plasmid DNA concentration as
described above. The formulations for sample preparation are listed in the Cy3-DNA
calibration generation section with no additional modification.

For absorbance measurement, a SpectraMax m5 plate reader was used for
intensity reading with a black-walled 96-well plate with polystyrene bottom. At a sample
to DPA reagent ratio of 1:2, a total of 150 pL was added to each well for absorbance
reading simultaneously after a 4-hour incubation at 37°C. Absorbance readings at 595
nm were recorded and a plotted curve of optical density (O.D.) versus DNA concentration
(ug/mL) was made.

A mathematical equation of the linear regression curve was calculated with

GraphPad Prism and a goodness of fit can be evaluated with the r? value. Measurements
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were made with 3 repeated samples of each concentration and readings were made in
triplicates to establish confidence in the linear regression and repeatability of the assay.
The average and standard deviation are provided. The desired concentration of the DNA
containing SPNP was back calculated through plugging the absorbance intensity back

into the previously derived equation.

Determination of DNA Amount with DPA Assay

The diphenylamine assay prepared according to a protocol established by Burton
et. al. Modifications were made accordingly to accommodate volume changes. Briefly,
0.75g of diphenylamine was first dissolved in 50 mL of acetic acid and 0.75 mL of
concentrated sulfuric acid was added sequentially. The mixture was stored in the dark at
room temperature. At time of use, premade aqueous acetaldehyde (16 mg/mL) was
added to the mixture at a volume ratio of 1 aqueous acetaldehyde to 200 acid-
diphenylamine mixture. Sample and the diphenylamine assay were mixed at a 1:2 ratio
and were incubated at 37°C for 4 hours. Absorbance measurements were made with

reading at 595 nm on a microplate reader.

Fluorescent Labeling of HSA with Alexa Fluor 405

For the purpose of imaging protein particles, a fluorescently labeled albumin was
generated. In brief, 60.0 mg of human serum albumin (Sigma, A3782) was dissolved in
25 mL of 0.1 M sodium bicarbonate buffer (pH 8.3). Once completely dissolved, 0.5 mL
of a previously prepared solution, consisting of Alexa Fluor 405 NHS Ester (Sigma,

A30000) dissolved in anhydrous DMSO (10 mg/mL), was added, and mixed well. The
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resulting mixture was incubated in dark conditions, at room temperature, for 2h under
constant rotation. Upon completion of the reaction, the removal of reaction byproducts
and unreacted dye molecules was performed through a series of buffer exchange steps.
The solution was split and transferred to two Amicon Ultra-15 (30 kDa MWCO) centrifugal
filter devices. Filtration was performed by centrifuging the solution for at 4,000 rcf for a
period of 1h. Once concentrated, the remaining solution was diluted with DNase/RNase-
Free water before concentrating again. The filtration and buffer exchange steps were
performed a total of three times to ensure complete removal of free dye molecules before
characterization of the resulting conjugate was performed.

To characterize the resulting protein-dye conjugate and quantify the number of dye
molecules per albumin, both dye and protein concentration of the resulting solution were
determined independently. Protein concentration was determined using a Pierce 660nm
Protein Assay. In parallel, Alexa Fluor 405 dye content was determined through
fluorescent measurements (Ex’Em 395/425) compared against a previously generated
calibration curve. Sample measurements were made at multiple dilution points within the
linear range. Prior to introducing the resulting Albumin-405 to the jetting process, the final
concentration was adjusted to 5 mg/mL in ultra-pure water, aliquoted for future use, and

stored at -20°C.
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Diphenylamine Assay Calibration Curve
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Figure A-. The DPA calibration curve used to calculate DNA content presented in Table 3 in the main body. The range
of values and conditions (solvent system, DNA, HSA and PEI content) and the preparation method is identical to the
calibration curve generated for fluorescent measurements (PBL).
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Figure A-2. Fluorescent spectra of varying Cy3-DNA amounts from 550-700nm step size 5 nm EX 520nm Cutoff Filter
530nm. Curve resulting from experiment with HSA + DNA in water.
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Figure A-3. Fluorescent spectra from 550-700nm step size 5 nm EX 520nm Cutoff Filter 530nm. Curve

experiment with DNA and PEI in water
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Figure A-4. Fluorescent spectra from 550-700nm step size 5 nm EX 520nm Cutoff Filter 530nm. Curve resulting from

experiment with HSA + DNA + PEI in water.
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Figure A-5. Representative SEM micrographs of each formulation reported in the main text. For PSD analysis, n > 400
was used. Scalebar 3 pm.
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Figure A-6. Representative nDLS traces of the SPNPs analyzed in Table 3. Each trace is the average of 6
measurements
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Appendix B

Presented here are the materials and methods for experiments reported in Chapter
4 of this thesis as well as Supplemental Figures generated as a result of experiments

reported in Chapter 4.

Reagents:

Human Serum Albumin, Alex Fluor 405 NHS Ester, polyethylenimine 25kDa,
Ethylene Glycol, Anhydrous DMSO, Amicon Ultra-15 Centrifugal Filters, and 96-well flat
bottom black walled plates were purchased from Sigma Aldrich (St. Louis, MO). 7.5%
Sodium Bicarbonate Buffer was purchased from Thermo Fisher (Waltham, MA).
UltraPure DNase/RNase-Free Distilled Water was purchased from Invitrogen (Waltham,
MA). Dulbecco's phosphate-buffered saline (DPBS), Trypsin EDTA (0.25%), Fetal Bovine
Serum, and Penicillin-Streptomycin were purchased from Gibco (Waltham, MA).
SYTOX™ Red Dead Cell Stain were purchased from Invitrogen (Waltham, MA). Nsil and
Blpl restriction enzymes were purchased from New England Biolabs (Ipswich, MA). O,0'-
bis[2-(N-succinimidyl-succinylamino) ethyl]polyethylene glycol (NHS-PEG-NHS) with a
molecular weight of 400 Da was purchased from NANOCS (New York, NY). eGFP-pDNA
was purchased from Plasmid Factory (Bielefeld, Germany). 96-well flat bottom black

walled plates were purchased from Sigma Aldrich (St. Louis, MO).
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Instrumentation

A SpectraMax m5 plate reader from Molecular Devices (San Jose, CA) was used
in these studies. A Thermo Fisher Nova 200 Nanolab SEM/FIB was used to capture
micrographs of the SPNPs. A Zetasizer Nano ZS from Malvern Panalytical (Malvern, UK)
was used to carry out particle size distribution measurements. Flow cytometry
measurements were taken using a CytoFLEX Flow Cytometer from Beckman Coulter

(Brea, CA).

Analysis Software

Microsoft Excel 2020 was used for all data manipulation and for the general
summary of statistics. GraphPad Prism v9.2.0 was used for presentation of graphs and

fitting of linear calibration curves.

Methods

Determination of N/P Ratio — Gel Shift Assays

pDNA Solution | 100x PEI Dilution | UltraPure Water | Total .
Control/Lane ) ) ) ) N/P Ratio

Ladder 0 0 0 25 n/a
Control 1 0 24.00 25 0

3 1 0.26 23.75 25 1

4 1 0.52 23.48 25 2

5 1 0.78 23.22 25 3

6 1 1.04 22.96 25 4

7 1 1.30 22.70 25 5

8 1 2.60 21.40 25 10

9 1 5.20 18.80 25 20

10 1 7.80 16.20 25 30

Table B-1 Sample preparation for gel shift assays
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Representation of Prepared Synthetic Protein Nanoparticles on a Molar Basis
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Figure B-1The design space of SPNPs. (a) Pie charts indicating for each SPNP formulation the portion of HSA present
on a mass basis. (b) Each SPNP formulation is presented as normalized to 100 mol% of the total particle without the
presence of HSA.
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Appendix C

Self-Healing Supramolecular Hydrogels for Tissue Engineering Applications

The material in this section has been adapted with minor modifications from the following
articles:
L. Saunders, P.X. Ma, "Self-Healing Supramolecular Hydrogels for Tissue Engineering

Applications” Macromol. Biosci. 2019, 19, 1800313

C.1 Introduction

In recent decades, increasing demand for biomaterials capable of aiding in
regeneration or replacement of damaged tissue motivated the development of new tissue
engineering constructs.® Due to their unique biocompatibility and biomimetic properties,
hydrogels have been widely used in many biomedical applications such as contact
lenses, wound dressings, and drug delivery vehicles.1%5-168 The properties of hydrogels
follow from their structure: namely their highly swollen, hydrophilic 3D cross-linked
polymer network that may be either chemically or physically cross-linked to form a
material that mimics advantageous properties of the highly hydrated extracellular matrix

(ECM) and facilitates nutrient and oxygen transport due to its porous structure.167:169
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While hydrogels offer many useful properties, the permanent covalent cross-links in
traditional hydrogels are often not ideal for tissue engineering applications, considering
the dynamic nature of tissue regeneration and integration with the host. Tissue
engineering has yet to achieve anticipated clinical impact, largely due to a failure to
integrate with existing vasculature and host tissue.'’° The irreversible covalent cross-links
result in a material that is unable to heal after breaking, making such hydrogels ineffective
in  sustaining their function or maintaining their desired mechanical
properties.t’1172 Covalent cross-links also constrain the movement of polymer chains in
the hydrogel bulk, decreasing their flexibility and creating an elastic material, which
contrasts with the viscoelastic and deformable ECM of native tissue.”® While hydrogels
formed by dynamic covalent cross-links have been investigated for biomedical
applications, the reversibility of the linkages can rely on harsh conditions such as elevated
temperatures, low pH, UV light, or a combination of these.'’4'82 Such hydrogels are
therefore limited to applications that utilize their harsher cross-linking conditions such as
cancer therapy, where pH sensitive gelation can occur only in the acidic tumor
microenvironment.18 The tissue-specific microenvironment is an important design
component of effective tissue engineering scaffolds as cells are constantly interacting
with, remodeling, and moving through the ECM to perform normal functions.'4-18 Recent
work has looked into dynamic covalent chemistries including Schiff's Base, imine cross-
links, and disulfide exchange that would allow for cellular remodeling and tunable
cleavage of the hydrazone or disulfide linkers.172:173.179.187-189 These gels undergo
dynamic chemical degradation while maintaining the bulk properties of the hydrogel and

have been used primarily as self-healing 3D cell culture substrates. These materials often
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exhibit slower reversibility than their supramolecular counterparts and can require the
addition of a catalyst, but they have still been used for 3D printing as their shear-thinning
and self-healing behavior makes them desirable candidates for extrusion-based
printing.188190.191 Compared to permanently cross-linked hydrogels, the incorporation of
cells into dynamic hydrogels is relatively new, and work remains to be done toward the
development of adaptable covalent hydrogels for tissue engineering!’3.

To achieve properties that remain largely unrealized by covalently cross-linked
hydrogels such as self-healing and reversible linkages, supramolecular hydrogels have
been developed that combine the unique advantages of hydrogels and supramolecular
chemistry.'%2 The properties of these hydrogels follow from the dynamic nature of their
constituents: supramolecular bonding motifs that rely on hydrogen bonding, electrostatic
interactions, m—1T bonding, host—guest interactions, hydrophobic interactions, or metal
coordination act as dynamic cross-links between hydrophilic polymers to form
hydrogels.193-1%° The variety of supramolecular building blocks offers many tools for
development of a diverse range of biomaterials that offer promise as scaffolds for tissue
engineering.200.201

This review will focus on important work that has been done toward development
of self-healing supramolecular hydrogels for tissue engineering applications, with
emphasis on supramolecular bonding motifs used for hydrogel formation and recent
advances toward their use in regenerative medicine. We will conclude by looking forward
at important challenges facing the development of ideal hydrogels as both scaffolds and
drug or biologic delivery vehicles to regenerate, maintain, or improve lost or damaged

tissue.
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C.2 Supramolecular Bonding Motifs
C.2.1 Motivation

To advance the field of tissue engineering, new biomaterials capable of effective,
controlled delivery of drugs and biologics, and recapitulation of native tissue properties
must be developed. Cells exist in vivo within a dynamic, 3D matrix consisting of
polysaccharides, ECM biopolymers (proteoglycans and proteins), and soluble factors
secreted by nearby cells.?°? This 3D environment is critical to normal cell function, as it
enables important cell behaviors including cell adhesion, proliferation, migration, and
differentiation.202-206

Hydrogels have a long history as tools for tissue regeneration and 3D cell culture
as they may be engineered to mimic the desired aspects of the native local ECM
depending on their intended usage. Early attempts at recapitulation of the ECM included
hydrolytically cleavable and matrix metalloproteinase (MMP)-cleavable permanently
cross-linked but dynamic hydrogels. For example, a dynamic MMP-cleavable hydrogel
was developed to facilitate cell invasion and render the polymer networks degradable by
cells to mimic this feature in native tissue, however the enzymatic cleavage of the cross-
links is permanent, leading to degradation of the bulk material.?”2% |t was shown that
both hydrolytically and enzymatically degradable hydrogels were favorable over their
static covalent counterparts in in vitro cartilage regeneration.??® Later efforts toward
development of dynamic systems included a permanently cross-linked, pH-switchable
hydrogel to enable repeated self-healing via hydrogen bonding, however, the gelation

occurs at pH < 3 and is therefore limited in its application to tissue engineering.?®
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Supramolecular hydrogels have emerged as a promising tool for tissue regeneration as
they can be biocompatible and recapitulate the viscoelastic nature of the ECM better than
their elastic, covalently cross-linked counterparts due to the presence of dynamic
linkages. The resulting viscoelastic and dynamic behavior of these linkages are
responsible for other advantages such as self-healing and injectability. In addition to
offering advantageous scaffolding for tissue engineering, supramolecular hydrogels can
be engineered to effectively encapsulate, sequester, protect, and deliver cells, biologics,
and drugs for regenerative medicine.

Of particular interest are supramolecular hydrogels that can self-heal after damage
either spontaneously or in the presence of a physiological stimulus.?'° This characteristic
extends the lifetime of materials and makes them ideal candidates for applications
involving repeated mechanical stress or injection.1®®211.212 The dynamic nature of
reversible cross-links responsible for self-healing behavior also results in shear-thinning
(decrease in viscosity as shear stress increases) behavior, leading to injectable hydrogels
which have recently been heavily investigated, as they represent a critical step toward
less invasive delivery of therapies.?132 The properties of self-healing supramolecular
hydrogels may be selected for and tuned by careful choice of a hydrophilic polymer and
the supramolecular bonding motif utilized as a physical cross-linker (Table 5-1). Ideally,
hydrogels for tissue engineering should enable cell infiltration as well as encapsulate and
deliver cells and biologics, and be able to autonomously, rapidly, and repeatedly heal in
situ at physiological conditions.?'®> The most important supramolecular bonding motifs
used in hydrogel formation for tissue engineering applications, with an emphasis on

recent advances, are described below.
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Supramolecular Specific bonding motif Section References

category
Hydrogen bonding  Ureidopyrimidinone 2.2.1 [37, 48, 56-67)
Benzene-1,3,5-tricar- 2.2.2 [59, 68-76]
boxamide
Others 223 [77,78]
Macrocyclic Cyclodextrin 2.3.1 [80-96, 98, 99]
host-guest and derivatives
inclusion complexes ;i responsive 23.2 [100-110]
cyclodextrins
Hydrophobic Peptide amphiphiles 241 [116-133]
interactions Amphiphilic block 2.4.2 [134-139]
copolymers
Electrostatic 25 [140-150]
interactions
Metal-ligand 26 [20, 151-160]

complexation

Table C- 1. The categories of supramolecular interactions and the specific bonding motifs covered in this review.

C.2 Hydrogen Bonding Motifs

Hydrogen bonding is an important tool for self-assembly in biological systems as
it is responsible for nucleobase pairing in DNA and RNA as well as the 3D assembly of
proteins.?'® While the strength of a single hydrogen ‘bond' is relatively weak compared to
covalent and some other non-covalent interactions, multivalent molecules greatly
increase the degree of association possible between supramolecular moieties.?'’ In fact,
the cooperative effect of hydrogen bonding is responsible for some of the toughest
covalent materials known, including Kevlar and silk.2821° Hydrogen bonding has also

been utilized to great effect to generate self-healing permanently cross-linked hydrogels,
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however as was mentioned, the cross-linking occurs at a low pH and therefore is not

useful in tissue engineering.?1°

C.2.1 Ureidopyrimidinone

Multiple hydrogen bonding motifs such as the widely reported quadruple hydrogen
bonding motif ureidopyrimidinone (UPYy), first described in a pioneering work in the 1990s,
have been widely utilized in supramolecular hydrogels as a driving force for hydrogel
formation.195:220.221 Multiple hydrogen bonding units act as both hydrogen bond donors
and acceptors and intrinsically increase the concentration of hydrogen bonding motifs in
solution, leading to increased association between supramolecular building blocks. To
achieve hydrogel formation in an aqueous environment, inter- and intramolecular effects
must overcome water competition by either increasing the functionality per molecule, the
molecule concentration, or using a combination of driving forces. Hydrogel formation is
realized when a high enough association constant between supramolecular units is
reached. Above a critical concentration, hydrogen bonding, hydrophobic spacers (which
protect the hydrogen bonding groups from the solvent), and p—p stacking combine to

combat competitive water and drive hydrogel formation.?22-225
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Figure C-1. Design of a Dextran-Ureidopyrimidinone (Dex-Upy) hydrogel for multi-tissue regeneration. a) Schematic
illustration of Dex-UPy hydrogel formation and the mechanisms of the shear-thinning and self-recovery properties. Top:
multiple hydrogen bonds of UPy and their dynamic interactions. Bottom: hydrogel network formation through UPy
hydrogen bonds, the shear-thinning under shear stress and self-recovering of the hydrogel. b) Self-integration of the
hydrogel pieces to form various structures. Some hydrogel disks were dyed pink with rhodamine and the others were
left with the original light-yellow color to visualize the interfaces. Scale bar = 5 mm. Adapted with permission.181
Copyright 2015, Wiley.

Early work on supramolecular polymer networks formed through UPy interactions
found that while they exhibited viscoelasticity and shear-thinning behavior, they eroded
rapidly in agueous environments due to oligomer dissociation, making them unfavorable
materials for stable hydrogels.??6-228 More recently, work has been done on preparation

of biocompatible UPy-based hydrogels that are capable of autonomous and spontaneous

self-assembly at physiologically relevant conditions for tissue engineering purposes.9
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Figure C-2. In vivo testing of Dextran-Ureidopyrimidinone (Dex-Upy) hydrogel for bone and cartilage tissue
regeneration. a) Schematic illustration of self-integration and the application in cartilage—bone tissue complex
regeneration. Hydrogels encapsulating chondrocytes (blue) and Bone Marrow Stromal Cells (BMSCs)/Bone
Morphogenetic Protein 2 (BMP-2) (red) were integrated into a construct and then implanted subcutaneously in a nude
mouse to form the cartilage—bone tissue complex. b—e) Subcutaneous implantation of the cell-gel constructs. b) A
section of BMSCs/BMP-2 only group, stained with Alizarin red (positive staining represents mineralized bone tissue).
¢) A section of chondrocytes only group, stained with Alcian blue (positive staining represents cartilage tissue). d) A
section of the self-integrated group, stained with both Alizarin red and Alcian blue. e) A magnified image of the interface
region of image ‘c'. Adapted with permission.1®® Copyright 2015, Wiley
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Minimally invasive injectable hydrogels capable of carrying growth factors and cells
offer an attractive route to regenerate injured tissues. Injectable, self-healing
supramolecular hydrogels utilizing UPy interactions have been used as biologic
carriers and cell-delivery systems, and have been studied in vivo as minimally invasive
protein delivery systems for soft tissues including kidney, and cardiac regeneration after
injury.199:225,228.229 Eor example, a pH-switchable, self-healing UPy-modified polyethylene
glycol (PEG) hydrogel was delivered to the myocardium via local catheter injection to fast-
release growth factors to reduce infarct size and subsequently for sustained-release of
angiogenic factors to promote cardiac regeneration in a chronic infarct pig
model.?22230 These hydrogels are also useful for hard tissue engineering such as bone

and cartilage regeneration.*®® In contrast to the majority of hydrogels that utilize telechelic

150



UPy units to induce cross-linking a dextran-based hydrogel with multiple pendant UPy
units per chain was developed as a cell carrier and drug delivery system that does not
require the addition of hydrophobic spacers for gelation. This system has been used to
carry chondrocytes, bone marrow stem cells, and bone morphogenetic protein 2 (BMP-
2) in an integrated construct to induce seamless osteochondral tissue complex
regeneration in an in vivo mouse model (Figure C-1).1% Its self-healing and shear-
thinning nature allows possible cell migration and dynamic tissue modeling/remodeling
following injection, and it represents an important step toward clinically relevant self-
healing hydrogels for multi-tissue organ regeneration. (Figure C-2).

Another approach to generating shear-thinning supramolecular hydrogels is
incorporating UPy modified with bulky, hydrophobic adamantyl groups, instead of alkyl
spacers, to create “hydrophobic pockets” that shield the hydrogen bonds from solvent
interactions and act to stabilize the structure, resulting in a self-healing and viscoelastic
hydrogel that retains its rheological characteristics post injection.?3! This material is likely
nontoxic but its suitability for tissue engineering may be limited due to rapid erosion
because of progressive solubilization in highly aqueous environments and requires further

testing.

C.2.2 Benzene-1,3,5-Tricarboxamide

More recently, benzene-1,3,5-tricarboxamide (BTA) has been recognized as a
useful multiple hydrogen bonding unit for formation of supramolecular hydrogels.?32:233
BTA is a disk-shaped molecule functionalized with hydrophobic alkyl spacers and

oligo(ethylene glycols) to increase solubility in polar solvents, such as water.?32 In water,
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BTA uses a combination of its threefold hydrogen bonding, protective hydrophobic
pocket, and 17— interactions between the benzene rings to self-assemble into helical
fibers (Figure C-3).234235 At high enough concentrations, BTA-based hydrogels form as
a result of cross-linking of telechelic BTAs, and much like UPy-based hydrogels, are very
sensitive to the ratio between hydrophobic and hydrophilic spacers.?33234236 Recently,
this method of self-assembly has received increased attention, and has been combined
with principles of DNA-origami to enable precise control over the spatial distribution and
recruitment of proteins in adaptive scaffolds. Most recently, self-assembly of BTA
monomers were used to form 1D supramolecular polymers that allow facile incorporation
of various and DNA-functionalized BTA monomers that enabled efficient and dynamic
control of protein activity along the polymer.236-239 Functional BTAs have been
incorporated into hydrogels for siRNA capture that represent a versatile platform for
further development of various functionalized BTA polymers.?4° While promising and well
characterized, these materials have yet to be tested in vitro for cytotoxicity and have not

been developed toward use in regenerative medicine.
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Figure C-3. A) Structure of Benzene-1,3,5-Tricarboxamide (BTA). R,R'R" are alkyl chains/other substituents. B)
Threefold hydrogen intermolecular bonding and helical assembly of BTA. Figure Part B adapted with permission.71
Copyright 2009, American Chemical Society
C.2.3 Other Hydrogen Bonding Motifs

Poly(vinyl alcohol) may also form pH-sensitive self-healing hydrogels based on
hydrogen bonding and, to a lesser degree, hydrophobic interactions.?*! These materials
do not retain their mechanical properties upon re-integration, but hold promise for drug
delivery systems for cancer therapy, and require further investigation.?*2 While non-UPy
hydrogen bonding moieties remain largely un-utilized in tissue engineering applications,

they offer alternative routes to formation of self-healing hydrogels, and the novel

chemistries described here hold promise for advancing the field in new directions.

C.2.4 Macrocyclic Host—Guest Interactions and Inclusion Complexes
One of the most studied non-covalent methods for formation of supramolecular

hydrogels is host—guest interactions based on macrocyclic compounds such as
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cyclodextrins (CDs), cucurbit[n]urils, crown ethers, catenanes, and cyclophanes. This
review will focus on self-healing supramolecular hydrogels based on CDs and their
derivatives. A comprehensive review of supramolecular host—guest systems for biological

applications can be found in the literature.?43244

2.3 Cyclodextrin Derivatives

CDs are a family of oligosaccharides first discovered in the late nineteenth century
and have a long history of use in biological applications due to their superior
biocompatibility, unique inclusion capability, and ease of functionalization.?4>-24” They
have a truncated 3D cone shape with a hollow, tapered inner cavity and a fixed length
(0.79 nm).2*8 The width of CDs may be increased with the number of glucose repeat units,
connected by a-1,4 glycosidic linkages (Figure C-5).24* Since their discovery, a-, B-, and
y-CDs, composed of 6, 7, and 8 glucose units respectively, have emerged as the most

commonly used members of the CD family.?*

Figure C-4. Molecular structures and dimensions of various cyclodextrins (CDs): A, a-CD; B, B-CD; and C, y-CD.
Adapted with permission.226 Copyright 2013, Elsevier B.V
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Members of the CD family have been successfully used as building blocks for self-
healing hydrogels capable of stimuli-responsive self-assembly based on host—guest
interactions between CDs and polymers.?*8 Most often, poly(ethylene oxides) or block
copolymers are used to further strengthen the hydrogels with hydrophobic segments that
experience intermolecular hydrophobic interactions.?*%2%0 These supramolecular
hydrogels have also been incorporated with covalent bonding to form materials systems
with unigque chemistry not seen in other supramolecular systems.?®! High molecular
weight PEG was first reported to be able to form inclusion complexes with a-CD to
assemble into supramolecular hydrogels.?®? Since then, the method of threading CDs
onto linear hydrophilic polymers to form a hydrogel has been used to create
supramolecular hydrogels (Figure C-4).253-2% The dominant driving force in most host—
guest systems are hydrophobic interactions that combat competitive water to drive self-
assembly. Aside from inclusion complex formation, supramolecular hydrogels have been
formed through co-assembling hydrophobically-modified polymers with polymers
containing pendant CDs (Figure C-5).24°

Another promising strategy is the preparation of supramolecular ‘monomers' with
host—guest functionality and subsequent polymerization using various techniques. Host-
and guest-containing CD monomers were polymerized via radical polymerization to form
poly(acrylamide) chains which then formed inclusion complexes with CDs from nearby
polymer chains to assemble a self-healing hydrogel network.?%¢ Although the cross-
linking conditions are mild, and it exhibits an unusual ability to retain its mechanical
integrity upon complete rejoining, acrylamide monomers are highly cytotoxic, so the utility

of the hydrogel may be limited.?>” More recently, a modified B-CD host molecule was
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developed that forms an inclusion complex to make three-arm host—guest
supramolecules.?®® This ‘monomer' unit was subsequently polymerized using UV light,
creating a noncytotoxic self-healing hydrogel due to reversible self-integration of the free
supramolecular host—guest units.?®” These hydrogels have been tested in soft tissue
engineering but have yet to be translated to in vivo studies. In another promising
application toward soft tissue engineering, a hyaluronic acid-adamantane and 3-CD
hydrogel construct were tested with secondary autonomous covalent cross-linking for

regeneration of myocardial tissue

Host-guest interaction

Cyclodextrin polyrotaxane

Figure C-5. Two different approaches for utilizing host—guest interactions to form supramolecular hydrogels. A)
Fabrication of hydrogels based on inclusion complexes between CDs and various polymers that can thread into CD
cavities. B) Supramolecular hydrogels formed by physical cross-linking through host—guest interactions between CD-
containing polymers and hydrophobically modified polymers. Adapted with permission.?** Copyright 2013, Elsevier B.V
post infarct.?>® After injection, this material acted as a support scaffold after injury and

significantly decreased the infarct size while increasing cardiac function in an in vivo

mouse model.
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CD-containing supramolecular hydrogels are promising alternatives to covalently
cross-linked hydrogels as injectable materials for drug and gene delivery. Many hydrogels
that require covalent cross-linking for gelation are limited in application as they are not
injectable, and it is time-consuming and inefficient to incorporate drugs by sorption,
limiting the loading.?%° Additionally, it can require delicate bioactive agents such as drugs,
proteins, RNAs, and DNAs to be exposed to organic solvents which may alter their
chemical integrity.?%° Therefore, the development of a system capable of simultaneous
gelation and drug loading in aqueous environment without covalent cross-linking is highly
desired. One such system uses supramolecular hydrogel formed by CD-polymer inclusion
complexes has been developed as an injectable drug delivery device, but work remains
to be done toward its in vivo usage.?5?

Given the biocompatibility, shear-thinning, and self-healing nature of CD-based
hydrogels, it is logical to extend their use toward 3D bioprinting. 3D bioprinting combines
cells with a shear-thinning and self-recovering hydrogel to mimic native tissue
characteristics and has received increased attention in recent years. A host—guest
hydrogel using hyaluronate modified with adamantane and 3-CD was developed that self-
assembles into a shear-thinning hydrogel.?®® To increase its long-term stability and
profusion, this hydrogel may be designed to undergo a secondary covalent UV cross-
linking while maintaining its injectability. This system is an exciting step toward 3D
bioprinting for tissue regeneration, as it was shown to have high (>90%) cell viability and
the incorporation of cells did not disrupt or alter the printing process besides necessitating
sterility. In the coming years, the use of self-healing supramolecular hydrogels will

continue to develop and further bioprinting for tissue engineering.
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C.2.3.2 Stimuli-Responsive Cyclodextrin Derivatives

In addition to autonomous assembly via inclusion complex formation, CDs can be
utilized in various self-healing stimuli-responsive applications including thermo-
responsive, redox, and photo-switching, leading to interesting properties such as shape-
memory hydrogels and precise spatiotemporal control over size and stiffness of the
hydrogel.?62263 Stimuli-responsive  CDs are useful in the construction of tissue
engineering complexes (scaffold, cells, and/or signaling molecules) with various
applications including engineering artificial muscle, cardiac tissue
regeneration, anticancer drug delivery, and delivery of biologics.?%4257 These
functionalities have been used toward development of ‘smart' hydrogels that respond to
their environment, enabling better drug delivery and tissue mimicry. Ferrocene (FC) and
its derivatives are widely used as redox-responsive molecules in supramolecular
chemistry applications, adding stimuli-responsiveness while preserving the bulk
properties.?®® For example, a self-healing supramolecular hydrogel where poly(acrylic
acid) (PAA) modified with 3-CD and a PAA-FC guest polymer undergoes redox-
responsive self-healing based on formation of inclusion complexes has been
reported.?® This work is promising for future applications in stimuli-responsive drug
delivery to tissues with a low local pH such as tumors, although cell toxicity and drug
encapsulation have not been verified.

Separately, a noncytotoxic hydrogel system that is dually electrochemical and
redox responsive was synthesized via formation of host—guest interactions between [3-
CD and FC and exhibits rapid self-healing capabilities.?”® This work is promising, but may

be improved by incorporating controlled drug or biologic delivery systems, as is often
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required for effective tissue regeneration. Inclusion complexes formed by trans-
azobenzene and B-CD as a photo-switchable cross-linker have been used to create a
dextran-based hydrogel system for light controlled release of DNA and
proteins.?6” Azobenzene is a photo-sensitive moiety that enables reversible sol-gel
transitions, and although it remains largely unutilized in tissue engineering applications,
it was shown in this work to be part of a system that was not harmful to
biologics.?’%272 While UV irradiation may be harmful to tissues, the tight spatiotemporal
control achieved makes it a promising stimulus for cross-linking in tissue engineering
applications.?” Given their high modularity, CDs are excellent candidates for

development of highly stimuli-responsive hydrogels for tissue engineering.

C.2.4 Hydrophobic Interactions

Hydrophobic interactions are one of the most important driving forces in the
supramolecular assembly of tissue engineering complexes.?’* They can form physical
cross-links between polymer chains, which are highly important in self-assembly of
biological materials such as fibrillar proteins, or cause the association and subsequent
self-assembly of supramolecular polymer fibers.?”> Hydrophobic interactions are driven
by the entropic gain that follows from burying the hydrophobic faces of molecules away
from the aqueous environment of the swollen hydrogel bulk and the subsequent release
of surface-bound water, a large net entropic gain with a small enthalpy penalty.?”® This
type of physical cross-linking can be combined with hydrogen bonding as in UPy and BTA
where it acts as a protective pocket for the hydrogen bonds, as well as in host—guest

interactions. It is often combined with chemical cross-linking to enhance the mechanical
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properties of the resulting gels, and unlike other supramolecular motifs, can be utilized to

generate tough, self-healing hydrogels.?"7:278

C.2.4.1 Peptides and Peptide Amphiphiles

Due to their inherent bioactivity and biocompatibility, peptides are excellent
choices for use in biodegradable supramolecular hydrogel building blocks.1%? Peptide
amphiphiles (PA) with hydrophilic peptide segments covalently bonded to long
hydrophobic polymer tails have been widely used to construct self-assembling, bioactive
supramolecular materials.?’9280 PA, consisting of a peptide(s) covalently bonded to a
carefully designed synthetic polymer, have been developed into self-assembling
hydrogels.?®! Supramolecular fibers formed from self-assembly of PAs have been shown
to allow bioactive cues such as the fibronectin-derived arginylglycylaspartic acid (RGD)
peptide to freely move along the backbone of the fiber to attain optimal and dynamic RGD
spacing, a benefit over covalent polymers, where the spacing and concentration of RGD
must be strictly controlled.?8?

Due to the biodegradability and nontoxic nature of PA hydrogels, they have been
extensively studied for 3D cell culture. For example, di-block co-polypeptide amphiphiles
that self-assemble into rapidly self-healing, degradable, and functional hydrogels have
been synthesized that have potential in biomedical applications.?®® Once injected, these
supramolecular hydrogels aid in establishing a preferential environment for therapeutic
cells, and can direct them toward the desired lineage. For example, the self-assembly of

amyloid fibers was utilized to develop a tunable, self-healing, thermo-responsive hydrogel
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that promoted cell attachment, spreading, and differentiation toward a neuronal
lineage.?®* This gel is nontoxic in various cell lines, an important step toward utilization in
vivo. Additionally, both in vitro and in vivo differentiation of mesenchymal stem cells into
chondrocytes without the use of exogenous growth factors was reported in hyaluronate
and heparin mimicking PA hydrogels.28°

Work has been done to improve the encapsulation of hydrophobic drugs in PA-
based materials for drug delivery purposes. To this end, aliphatic chains have been added
to peptide nanofibers to enhance the solubility of hydrophobic drugs in the aqueous
environment, allowing their use as efficient drug delivery vehicles, however these self-
assembling nanofibers were not able to form hydrogels.?2® Later work developed a smart
peptide-based logic-gate hydrogel that can sense various biological disease markers and
can be programmed for controlled drug release, answering both the need for hydrophobic
drug delivery and stimuli-responsive injectable hydrogel scaffolds.?®” Although these
works represent important steps toward clinical application of PA hydrogels, the many
advances made with PA nanofibers have yet to be incorporated into hydrogels for tissue
engineering.

The bioactive properties of self-healing peptide-based hydrogels have also been
used to good effect in the regeneration of hard tissues including bone, cartilage, and
dental tissue, which represents a deviation from traditional approaches to engineering of
hard tissues.?88-2%0 Self-assembling PAs have been used for dual delivery of dental stem
cells and growth factors to regenerate dentin.?8%2°0 Upon inclusion of a MMP-cleavable
linker within the peptide sequence, enhanced viability, spreading, and migration of human

mesenchymal stem cells was observed.?°! This material lacks the ability to completely
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self-heal, as the MMP-cleavable linkers are permanently cut during cell
invasion, however, PAs with repeated self-healing abilities have also been explored for
regeneration of nerves and angiogenesis.290.292:293

In addition to bone and dental engineering, recent advances have shown the
potential for self-healing peptide-based supramolecular hydrogels to improve outcome in
cardiovascular disease models by both improving angiogenesis and regenerating or
attenuating damage to cardiac tissue following injury. These hydrogels represent a
promising low-dose delivery system for growth factors given their many available binding
sites and biocompatibility.1®® These materials have also been used for their advantageous
mechanical properties and as delivery devices for cells to contribute to modest
regeneration of functional cardiovascular tissue.?®*2% While they exhibit many
advantageous properties, peptide-based systems also have drawbacks including their
high costs, potential difficulty with scale-up, and less-controllable enzymatic

degradation.?®®

C.2.4.2 Amphiphilic Block Copolymers

Although PAs are biocompatible and bioactive, due to the expense of large-scale
peptide production, it became necessary to develop cost-effective, scalable systems.
Amphiphilic block copolymers that self-assemble based on hydrophobic interactions have
been utilized for drug delivery, cell-encapsulation, cartilage regeneration, and 3D
bioprinting.2°"-301 Recently, an injectable star PEG-b-poly (propylene sulfide) scaffold for
wound repair was reported.3°? These hydrogel matrices self-assemble in agueous media

and effectively dissolve hydrophobic molecules, enabling local delivery of therapeutic
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doses of small molecules. Ultimately, these scaffolds improved cellular infiltration,
reduced inflammation, and promoted wound closure in vivo, representing one of the few

systems whose suitability for clinical translation has been tested.

C.2.5 Electrostatic (lonic) Interactions

lonically cross-linked hydrogels are biocompatible and self-healing based on the
mild conditions and reversibility of their gelation, which is due to the electrostatic
interaction between oppositely charged ions within the constituent materials.3°3 Alginate,
a naturally occurring, anionic, and hydrophilic polymer forms a cross-link in the presence
of cations, most typically Ca?*, and is the most well-studied ionically cross-linked polymer
for tissue engineering.2%4-3% |nitial hurdles to its use, including control of gelation rate,
and lack of uniform structure have been addressed.303:307

Various groups have introduced ionically cross-linked hydrogels with increased
mechanical strength and toughness, addressing a known drawback of these types of
hydrogels.3%830° Recently, hyaluronate-based hydrogels have been explored as scaffolds
for injectable cell delivery, an important area of development in tissue
engineering.31? Other materials such as PEG and clay have also been used to prepare
ionically cross-linked hydrogels with unique properties and potential applications in tissue
engineering, however, it should be noted that most ionically cross-linked hydrogels are
not inherently self-healing and often require many modifications to achieve this

property. 311312
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C.2.6 Metal Coordination

Metal-ligand coordination plays a critical role in adhesion, self-assembly, and
toughness in many biological materials.3!* Metal-ligand complexation has been widely
utilized in the formation of supramolecular self-healing hydrogels owing to their high
stability, rapid self-assembly, relatively high bonding energies, and the ease of
incorporating biocompatible polymers.34-316 A supramolecular metal-ligand complex is
formed between a transition metal ion and the electron-donating organic ligand to enable
a rapidly reversible and spontaneous linkage, the stability of which varies based on metal-
ion concentration and pH.34317 With careful selection of the metal-ligand pair,
supramolecular hydrogels with many advantageous near-covalent mechanical properties
may be developed.®4

Researchers have sought to mimic the viscoelasticity and the partial recovery of
the Young's Modulus that leads to the acellular self-healing abilities displayed by mussel
byssal threads.3'® The histidine-metal coordination acts as a sacrificial bond to dissipate
energy and is reformed upon removal of the applied load. Apart from histidine, the pH-
induced Fe3*-catechol cross-linking pair has been used to generate self-healing
supramolecular hydrogels that achieve near-covalent elastic moduli.3* This work
establishes a method for decoration of hydrophilic polymers with metal-coordinating
ligands but does not offer insight into their suitability for biomedical applications.
Subsequent work in the area resulted in histidine-based metal coordination hydrogels
made with PEG which establishes a robust self-healing biomaterial with mechanical
properties comparable to native soft tissues.3'®> These monovalent systems were not

designed for tissue engineering, and as such their biocompatibility has not been fully
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evaluated and their stability in vivo is likely low, making them less useful for longer-term
applications.3'° Recently, an injectable hydrogel that uses reversible poly-histidine-Ni
coordination bonds has been used to make a multivalent biomaterial stable enough for
use in sustained drug delivery systems but it's in vivo suitability is yet to be proven.32°
Other ligands for metal coordination hydrogels have been developed including
terpyridine, a pyridine derivative commonly used to form directed and stable but reversible
complexes with a variety of metal ions in biocompatible hydrogels, however, these remain
largely unproven in tissue engineering systems.?! Although not intended for tissue
engineering, a conductive, self-healing hybrid hydrogel has been reported which has
potential for prostheses given its conductivity, enhanced mechanical properties, and
elasticity.3?? Metal-ligand coordination-based hydrogels offer uniqgue materials with
potential to achieve high elastic moduli while maintaining their self-healing properties and

represent an interesting class of biomaterials for tissue engineering.

C.3 Conclusions and Outlook

Recent innovations in supramolecular chemistry and biology, including a more
complete investigation of ECM properties on cell fate and function, scaffold effects, and
growth factors, have been incorporated into supramolecular hydrogel design to develop
novel biomaterials with self-healing capabilities that are very useful in tissue engineering.
These materials have been explored for 3D culture of various cell types as well as
regeneration of dental and bone tissue in addition to soft tissue engineering such as

dental pulp, cartilage, and cardiovascular tissues.
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Looking forward, major advances in self-healing supramolecular hydrogels will
come from the continued incorporation of novel chemistries into biocompatible hydrogels
that can advantageously recapitulate native tissue architecture and offer controlled
delivery of cells and signaling cues. Specifically, supramolecular ‘monomer’ units will
continue to be developed that direct spatiotemporal control of drugs and biologics.
Structural, mechanical, and dynamic behavior are a hallmark of native tissue, and some
of the most difficult aspects to mimic given the large range of cell types and tissue
systems. One could envision that future ‘smart' materials would be able to not only react
to stimuli but respond and adapt to mechanical and biological changes in the scaffold,
controlling release of drugs and biologics in advantageous spatiotemporal patterns over
a controlled timeframe. In addition to materials chemistry, cell adhesion is critical to cell
infiltration and therefore to tissue integration, a goal for many tissue engineering
constructs.

The mechanical properties of these soft hydrogels may need to be improved for
applications that require stiffer scaffolds, a slower rate of erosion and clearance, repeated
self-healing, or a combination thereof. This may be achieved by the advent of biomaterials
that repeatedly self-heal under physiological conditions, allowing sustained release of
drugs and biologics as well as the retention of bulk properties.

Many currently available supramolecular hydrogels, although they have been
extensively characterized, have yet to be tested in vivo, and in some cases, have not yet
been evaluated in vitro, meaning their suitability for clinical application is to be
determined. The development of future hydrogel biomaterials for tissue engineering

purposes should include studies on biocompatibility and host integration, including
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potential immune response, to enable regeneration or complete replacement of lost or

damaged tissues, eventually leading to improved patient outcomes and quality of life.
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