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EPIGRAPH

Out of the night that covers me,
Black as the pit from pole to pole,
| thank whatever gods may be

For my unconquerable soul.

In the fell clutch of circumstance
| have not winced nor cried aloud.
Under the bludgeonings of chance

My head is bloody, but unbowed.

Beyond this place of wrath and tears
Looms but the Horror of the shade,
And yet the menace of the years

Finds and shall find me unafraid.

It matters not how strait the gait,
How charged with punishments the scroll,
| am the master of my fate,

| am the captain of my soul.

Invictus, William Ernest Henley
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ABSTRACT OF THE DISSERTATION
Development of a versatile gene delivery system using silica nanobowls
by
Madhura Som
Doctor of Philosophy in Nanoengineering

University of California San Diego, 2020

Professor Ratneshwar Lal, Chair

Professor Liangfang Zhang, Co-Chair

Non-mesoporous Janus silica nanobowls (NBs) are unique in that they possess
two different non-porous surfaces per particle for loading biological molecules and can
thus be designed with multifunctional properties. Although silica NBs have been
successfully employed for both targeted therapeutic and diagnostic applications, their
ability to deliver DNA has not yet been fully explored. The purpose of this study was to
design and develop an in vitro transfection agent that would exploit the distinct
characteristics of the silica NB. In this work, we have demonstrated that such silica NBs
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can be used for in vitro (cell lines and primary neurons) and ex vivo transfections (dorsal
root ganglia, DRG). We have shown that the NB system can be effectively used for
supercoiled as well as linearized DNA loading and delivery in cells with dose-modulated
protein expression efficiencies in a cell line dependent manner. NBs were shown to
successfully internalize in vitro (cell lines and neurons), ex vivo (rat DRG) and in vivo (rat
DRG and salivary gland) with high cell viability. This work also demonstrates the use of
lipid encapsulation on the silica NBs to overcome vesicular entrapment following

endocytosis, which is a well-known bottleneck to non-viral nano delivery systems.

After the characterization and optimization of the lipid encapsulated silica NB
system (LNB), four different gene delivery applications show its versatility. First, controlled
release of linearized DNA was demonstrated with NBs in the presence of reducing agents
and their relative protein expression efficiencies were compared with other constructs i.e.
linearized and supercoiled. Second, the LNB system was used to transfect neurons and
glia in the DRG of rats in vitro or ex vivo. Thirdly, the LNB system was used to co-deliver
three different constructs simultaneously to functionally reconstruct the coupling of two
membrane proteins relevant in opioid-dose response in the nervous system. G-protein
coupled opioid receptors and G-protein coupled inversely rectifying K* channels (GIRKS)
were functionally co-expressed by LNB transfection in HEK cell line and demonstrated as
an in vitro model for testing potent opioids like fentanyl and oxycodone with a high
throughput membrane potential assay. Finally, the LNB system was further modified with
SPIONS and explored as a dexamethasone/silencing RNA co-delivery platform relevant

in therapeutic interventions in cancer and infectious diseases like Covid19.
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Overall, these results lay the foundation for the use and further development of

silica NBs as non-viral transfection agents.
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Chapter 1

Introduction to gene delivery

1.1 Background

Nucleic acids like DNA (deoxyribonucleic acid) and RNA (ribonucleic acid), due to
their phosphate backbones, are highly negatively charged, large molecules extremely
prone to degradation from enzymes in the extracellular space. Additionally, the cell
membrane, due to the charged ends of the phospholipids and embedded proteins,
present a net negatively charged phospholipid bilayer barrier to the passage of nucleic
acids. In nucleic acid delivery, the goal is to deliver different types of nucleic acid
constructs from the extracellular space to the interior of the cell, overcoming physiological
barriers like the plasma membrane. The overarching goal for nucleic acid delivery is to
tune protein expression in a target cell either for investigative research into protein
function/localization/interactions or for therapeutic reasons (gene therapy). In either case,
delivering the gene will lead to expression of a protein when it is not normally expressed
by the cell or silence/down regulate the expression of a protein that is naturally expressed
by the target cell. Following the principles of the ‘central dogma’ of molecular biology [1],
we know that the code for a protein is encrypted in the genome of the cell in the form of
chromosomal DNA located within the nucleus. In order to produce the protein, the first
step is the ‘transcription’ of the gene coding for the protein into messenger RNA or mRNA,
a process that occurs in the nucleus. After transcription, the mRNA travels to the
ribosomes in the cytoplasm and here, it is used as a template for the synthesis of the

protein i.e., translation. The final destination of the nucleic acid delivery within the cell



could be the nucleus or the cytoplasm. It depends on the type of nucleic acids delivered

and where they are processed inside the cell.

From a clinical perspective, with advances in human genome sequencing and
newer gene engineering tools[2] like TALEN, ZFN and CRISPR/Cas 9, more and more
diseases are being recognized as application targets for gene therapy efforts[3]. There
are many current clinical approaches that are being investigated to apply gene therapy-
1) Replacing a mutated/defective/malfunctioning gene with a correct one 2) Blocking the
function of a defective gene to prevent it from producing an aberrant protein/down
regulate the expression of the protein 3) Introducing new genes (not naturally present in
the genome) into the cells transiently or permanently into the genome to a) express a
protein not naturally produced by the target cells for therapy b) for future protection from
diseases (vaccines). In recent times, gene therapy is being used for a multitude of
diseases, including ones caused by single gene defects like cystic fibrosis[4][3], and
acquired ones like cancer, cardiovascular disease, neurodegenerative disorders[3], [5],
and infectious diseases[3]. The ongoing Covid19 pandemic has also seen the clinical
application of gene therapy by companies like Moderna, Pfizer etc. towards vaccine

development[6].
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Finally, because of the barriers to nucleic acid delivery i.e. plasma membrane and
nuclear membrane, the usefulness of all the constructs listed in Table 1.1 is solely
dependent on the ability to deliver them successfully to their intracellular target and do so
efficiently. In fact, the efficiency of each of these nucleic acids towards their final goal is
only as good as the efficiency of the delivery system[7], [8]. Although plasma membrane
is the ultimate barrier to nucleic acid delivery, from a clinical perspective, apart from in
vitro, ex vivo and in vivo gene delivery are also important goals for therapeutic
development. The holy grail of gene delivery technology development for clinical use is
achieving high loading of genetic efficiency and low toxicity/immunogenicity from the
delivery vehicle. Therefore, engineering of an efficient nucleic acid delivery system is of
utmost importance to the outcome. Efforts towards pushing the boundaries of the delivery
system has far reaching implications on removing the bottlenecks that exist today in gene
delivery[7] and will therefore have far reaching implications on the future of medicine and

healthcare, especially in a post Covid19 world.

Today, there is a broad array of technologies at play for nucleic acid delivery. They
can be broadly classified into (a) Biological techniques (b) Physical techniques and (c)
Chemical techniques. This chapter has focused on the biological (viral) and physical (non-
viral) techniques. Chemical techniques mostly consist of synthetic nanomaterials used for

gene delivery which is discussed in the following Chapter 2.



1.2 Biological gene delivery systems

Biological gene delivery systems consist of viruses that have been genetically
modified to carry and deliver the gene of interest [9]-[12] . This process is called
transduction. Viruses are highly evolved biological entities that can efficiently enter host
cells and use the cell’'s own machinery to replicate (infection pathway). Ideal viruses for
transduction are those that can exploit this infection pathway to deliver genes of interest
without the expression of the viral gene itself and its subsequent replication and toxicity
in the target. Viral transduction technique in theory can be applied to somatic cells or
germline cells but in practice gene delivery is limited to the former due to ethical concerns

[10]. Viruses used for transduction fall in the following 5 categories[9].

a. Adenoviruses : Adenoviruses (Ad) represent one of the oldest and, clinically and
biologically most studied gene delivery system [9]. They are non-enveloped double
stranded DNA virus with the packaging capacity of 8 kbp, which does not integrate into
the host genome. Since an unfortunate death of an 18-year-old patient due to the toxicity
related to a high dose of adenoviral (Ad) vectors for via the hepatic artery, Ad vectors
have undergone extensive engineering to remove immunogenic effects for clinical use.
Through many generations of development, the helper dependent Ad vectors which have
all their viral genes deleted shows the most promise for less immunogenicity and
prolonged transgene expression with increased theoretical packaging capacity to 30 kbp

[9], [13], [14].

b. Adeno associated viruses (AAV) : AAV is a single stranded DNA carrying

parvovirus[9], [10], [13]. 96% of its genome can be modified to package a foreign



expression cassette. After receptor binding mediated endocytosis and release from
vesicles, they enter the nucleus where they un coat and release their ssSDNA, which is
then converted into a double stranded DNA template for the transcription and translation
of the gene. AAVs have several unique advantages for clinical applications i.e., broad
tropism, low immunogenicity and ease of production and it rarely integrates into the host
genome. Many clinical applications of gene therapy have used AAVs and most
prominently, in 2019, the FDA approved AAV-based gene therapy drug Zolgensma for

the treatment of spinal muscular dystrophy [13].

c. Herpes simplex virus : HSV1 is a promising viral delivery system for therapeutic
applications. It is a complex virus that is one of the largest being considered for gene
therapy applications[9], [12], [15]. The main reason for this is that this is a virus that has
a very large packaging capacity (40 kbp) of foreign DNA that can potentially deliver single
large or multiple cassettes of therapeutic protein expression sequences in one vector.
Using an amplicon approach, this capacity can be further expanded to 150 kbp that allows
for delivery of very large genomic sequences of therapeutically relevant genes that are
not possible by other viral transduction methods e.g., the complete genomic human
hypoxanthine phosphoribosyltransferase locus (115 kb). HSV-1 has a natural tropism
towards sensory neurons and therefore finds applicability in many disorders of the

nervous system.

d. Retrovirus : Retroviruses are enveloped viruses that carry two copies of a single
stranded positive sense RNA genome. Upon entry to the host cell, the virus uses reverse

transcriptase to transcribe its RNA genome to a double stranded DNA which



subsequently integrates into the host genome by the viral integrase. This ability to
permanently alter the host genome is the biggest advantage of this viral vector family.
RVs have been extensively used for clinical gene therapy applications like monogenic
disorders, cancer, and infectious diseases[9], [15]. Currently, RV mediated gene therapy

applications have been reinvigorated with lentiviral delivery systems described below.

e. Lentivirus : Lentiviruses are RNA viruses of the retrovirus family and uses reverse
transcription to convert into a cDNA in the host cytoplasm[9], [16]. The lentiviral cDNA,
complexed with other viral factors (pre-initiation complex) and a structural feature called
the ‘DNA flap’, able to translocate through nuclear membrane and lead to successful
transduction of differentiated, non-diving cells as well as cells of monocyte/macrophage
lineage [16]. Lentiviral vectors have broad tropism and can get integrated into the host
genome. This integration can induce oncogenesis in some applications. There are 2 main
types of lentiviral vectors (a) human derived (HIV1 and HIV2) (b) non-human primate
derived (simian, feline, equine, etc.). Non-primate origin LVs need a lot more engineering
of their genome to prevent unwanted immunogenicity in the clinical setting. LVs are
characterized by their long latent incubation periods with low level of viral pathogenicity
[16]. Kymriah and Yescarta are two FDA approved chimeric antigen receptor (CAR-T) cell
therapy targeting B cell lymphomas in the US. In this therapy, the T-cells of a patient or
host are genetically modified ex-vivo with lentiviral vectors and then transfused into the

patient’s circulation[16].



1.2.1 Preparation of viral vectors for gene delivery

For the preparation of therapeutic viral transduction systems, some of the coding
regions from the viral genome are deleted, especially those which lead to toxicity, leaving
intact only those genes in cis that are responsible for packaging the viral genome within
the capsid and the integration of the viral DNA into the host's genome. Then the
expression cassette i.e., the genetic sequence of interest is added in place of the deleted
genes in the edited viral DNA. At this point, the deleted viral genes that are responsible
for packaging functions like replication or capsid protein expression are engineered into
a different construct to provide helper functions to the main edited viral DNA in trans. Both
the constructs are then transfected into a packaging host cell line where viral
recombination and scale up occurs. The viral particles are then purified usually by

chromatographic separation methods in high titers for clinical use[9].

1.2.2 Advantages and drawbacks of viral transduction systems

Viruses are still the most efficient gene delivery system for cell lines but more
importantly with primary cells, tissue targets in vivo and, most importantly, difficult to

transfect non-dividing cells like neurons [9].

The main drawback of viral transduction systems is their various toxic side effects
on the host system. Firstly, viruses can trigger an immune response as in many cases
the body’s immune system is unable to differentiate between therapeutic viral loads and
wild types. AVs are the most immunogenic viral systems as they are known to have

cytotoxic T-lymphocyte responses from transduced cells and also potent cytokine



inflammatory response to the viral capsid. Lentiviral and AAV vectors on the other hand
show less immunogenicity. Viral transduction induced immunogenicity is complex,
dependent on viral titers used and the route of administration. Another cause of adverse
side effects of viral vector-based gene delivery is the risk of insertional mutagenesis for
integrating retroviruses and integrating rAAV. Besides the immunogenicity and toxicity of
viral systems, most viruses have broad tropism and therefore are not selective in their
target. Although viruses are extremely efficient in their ability to deliver genetic material,
one viral particle can only carry one expression cassette gene copy. This means that to
reach therapeutic doses, often high titers are administered. All these factors combine into
the fact that at therapeutic doses, it is often exposing the whole body to the various
inflammatory, immunogenic, toxic, and mutagenic side effects of the viral titer. Although
viral systems are constantly undergoing engineering to improve capsid targeting,
synthesis of hybrid/recombinant varieties and reduce immunogenicity by viral genome
modifications, these design efforts require incredible infrastructure and expertise that will
make this operation quite expensive, slow, and complicated. From a clinical perspective,
handling most viruses also requires higher expenditure maintaining Biosafety Level 2
(BSL2) workspaces to prevent exposure to the staff. Although a number of labs and
biotech companies are invested in this technology, in the face of the Covid19 pandemic,
most of the companies developing a vaccine (Moderna/NIH, Pfizer/BioNTech) have
chosen a non-viral technology possibly because of such drawbacks and the considerably
less complicated route to regulatory approval in a global pandemic where speed of

development/regulatory approval could potentially save millions of lives across the globe.



Table 1.2 Characteristics of viral transduction systems in gene therapy [9], [15].

Virus Nucleic | Packagi | Tropism | Host NIH Advantage
family acid ng genom | Risk
payload | capacity e Group
(kb) integr
ation
Adenovir | dsDNA 8 Broad Episo |2 Highly
us mal efficient
30 (BSL2) | transduction
(AV) of most
(helper tissues
depende
nt)

Adeno SSDNA <5 Broad Episo |1 Nonimmuno
Associate mal genic, non-
d Virus (>90%) | (BSL1) | pathogenic

(AAV) Integra
ted
(>10%)
Retroviru RNA 8 Dividing Integra 2 Persistent
S cells ted gene
only (BSL2) | transfer in
(RV) most
tissues
Lentivirus RNA 8 Broad Integra 3 (HIV) Persistent
ted gene
(LV) (BSL2) transfer in
most
tissues
Herpes dsDNA 40 High, Episo 2 Large
simplex mal packaging
virus 150 Sensory (BSL2) capacity,
(HSV1) (amplicon neurons specificity
) for sensory
neurons
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1.3 Physical gene delivery systems

Physical gene delivery systems create transient holes in the cell membrane of
the target and directly deliver the nucleic acids in the target cell cytoplasm without any

external vehicles. These techniques are categorized into the following:

1.3.1. Electroporation

Electroporation is the technique of using a short series of high voltage pulses
applied to cells/tissues in suspension in a buffer containing the nucleic acids to be
delivered[17]-[20]. The application of the voltage allows physical pores to form transiently
on the cell membrane of the suspended cells allowing buffer with nucleic acids to diffuse
physically through them. Voltages like 100 V/cm for larger cells and 1-2 kV/cm for small
cells like bacteria are common[17]. The voltage, pulse lengths, numbers of pulses and
amount of nuclear material in suspension require optimization to reach a protocol that is
not too toxic for cells. Electroporation works well with various nucleic acid constructs like
DNA, RNA, silencing RNA, etc. DNA of various sizes up to 100kbp can be used, however,
larger DNA sizes are expressed with less efficiency[17], [18], [20]. This is because,
electroporation is a multi-step process, starting with interaction of the DNA with the cell
membrane pores, trafficking into the cytoplasm, intracellular transport, and entry into the

nucleus[17].

In the case of DNA, once it reaches the cell cytoplasm, it still needs to make its
way into the nucleus to access the transcription machinery while battling rapid

degradation in the cytoplasm due to nucleases. For this reason, the efficacy of
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electroporation is the highest in mitotic cells, whereby the DNA can enter the nucleus due
to the absence of the nuclear envelope between metaphase and anaphase and remain
trapped inside when the nuclear membrane is reformed at telophase[20]. There have
been reports of enhancements to electroporation (called ‘iontoporation’[20]) by combining
it with nuclear membrane disrupting amphipathic molecules like TCHD to improve delivery

of plasmid DNA into the nucleus of post-mitotic primary cells like mature neurons[20].

Because of the inherent risks of voltage application, transfection with
electroporation is most applicable for in vitro on suspended cells and tissues. From a
clinical perspective, CAR-T cell therapy is the most promising application area for
electroporation-based gene delivery[18]. Since a lot of viral delivery systems suffer from
drawbacks of immunogenic responses from introduction of transduced cells in vivo as
well as limitation to the size of nucleic acid payload delivered by viruses, electroporation
is clearly far more advantageous. To deliver several expression cassettes concurrently to
express chimeric antigen receptors, electroporation is a good strategy. It allows delivery
of large plasmids (up to 100 kbp) and no immunogenicity downstream[18]. In vivo
electroporation has been reported for a number of tissues like skin, liver, lung, kidney
bladder, brain, adipose tissue[17], [20]. In vivo electroporation can be quite invasive with

various types of needles and array electrodes.

1.3.2. Sonoporation/ultrasound assisted gene transfer (UAGT)

The physical disruption of cell membranes by acoustic pressure waves in the
ultrasound range of the spectrum (20K-GHz) resulting in holes from nanometers to

several microns is called sonoporation[21]-[25], [25], [26]. It has been used to deliver
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DNA of various sizes, and less popularly antisense oligonucleotides, siRNA, and mRNA.
In many cases, ultrasound i.e. sonoporation technique is used in conjunction with other
gene delivery vehicles like viruses[17], [26], [27], gold nanoparticles, polymers, etc. to
achieve much higher efficiencies that can be individually achieved by either method. The
two main mechanisms ascribed to ultrasound mediated cell permeabilization[28] are (a)
stable cavitation mediated microstreaming where cavitation bubbles are oscillating close
the cell membrane (b) jetting forces due to inertial cavitation induced by a cavitation
bubble collapse[22]. Although the final goal of sonoporation is in vivo delivery, in vitro
work by many researchers have helped understand the inherent mechanisms involved
and further optimize the system for in vivo use. One disadvantage of UAGT is the
cavitation induced local hyperthermia and reactive oxygen species formation, all of which
lead to significant loss of transfected cell population by apoptosis, necrosis, or cell
disruption. These effects can be more pronounced in vitro and therefore require extensive
tuning and optimization of ultrasound parameters. Therefore, many researchers have
concluded that in vivo applications are more promising with this technique[28]. By fine
tuning ultrasound parameters, very little overall toxicity is observed in a wide range of
tissues. In addition, exceptional targeting ability of UAGT can be achieved by using
diagnostic ultrasound to locate the organ of interest. Some promising in vivo targets [17],
[29]-[31] have been salivary gland of mouse, skin, tumors in mouse models, rat skeletal

muscles, mouse myocardium and rat/mouse kidneys.
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1.3.3. Biolistic particle delivery/gene gun

High velocity bombardment of exogenous nucleic acids bound to microparticles is
called biolistics or microparticle bombardment or micro bombardment [32]-[35]. The
microprojectile is aimed at biological tissues or cells for nucleic acid delivery whereby high
gas flow rates provide enough momentum to the microprojectiles to physically enter the
cells and nuclei. This type of transfection is non-specific and can be damaging to
cellsitissues due to high velocity impact from microprojectiles. Biolistics find wide
application in plant cells which are very large and have significant barriers to nucleic acid
delivery like cell walls composed of cellulose. Biolistics are used in various gene
expression studies in plants and in improving plant characteristics for agriculture (e.g.
soybean, corn, wheat [36], etc.) like increased resistance to abiotic environmental stress
and plant pathogens, weed control, increased antioxidants in fruits, increased yield,
increased oil production, improving fruit/seed quality, etc. [37]. Several types of animal
tissues have also been transfected with biolistics i.e. postnatal mouse cerebellum [33],
murine acute cortical brain slices [32], HEK cells, dissociated neurons [33], [38] and
mouse ear[38], porcine skin [39], human breast carcinoma cells[39] and in vivo in mouse
skin and liver[40]. There have also been reports of biolistics applied in microorganisms

like fungi, algae, and bacteria.

The branch of biolistics has recently also expanded into “nanobiolistics” where
instead of micron (~ 1-1.5 um diameter) sized beads (Gold or Tungsten) , nucleic acids
are condensed onto nanoparticles (<500 nm diameter) and applied into cells and tissues

as a projectiles in a similar gene gun set up[38]-[42]. The most commonly used
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nanomaterials for nanobiolistics are mesoporous silica, carbon nanotubes (CNTs) and
gold nanoparticles[43]. This is because: (a) these nanostructures can be made in different
sizes, shapes, porosities, and tunable surface chemistries. (b) plant cells are larger than
animal cells (up to 60um) often have organelles like chloroplasts that are in the same size
range as micron sized biolistic projectiles which can’t efficiently penetrate them (c) for
applications in animal tissues, several groups have demonstrated the advantage of
nanobiolistics in significantly less tissue damage with comparable transfection efficiencies
[38]-[41]. In the clinical sphere, biolistics seem most applicable to gene delivery in the
skin[44]-[47] i.e. genetic vaccinations that need to reach the epidermal layer, genetic
immunizations[44], [48], wound healing[47], and suicide gene therapy to treat cancer.
Some promising results have also been reported for liver[49] and brain [50], [51] as clinical

targets for biolistics.

1.3.4. Microinjection

Microinjection is the process of physically and directly injecting nuclear material in
precise locations in the target cell i.e., cytoplasm or nucleus. When the injection is done
in the target cell’'s nucleus, usually for DNA delivery, it is called nucleofection[52]. Usually,
a cell membrane impermeable dye mixed into the sample is used to determine the
success of injection and cells that survive the injection process have 100% transduction
efficiency. Compared to other physical or chemical gene delivery systems, microinjection
is the least stressful to cells if done correctly and multiple constructs of any size can be
easily co-injected. Microinjections are most popular in primary cells like embryos and

neurons.
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Microinjections are extremely labor intensive, requires a dedicated equipment set
up and extensive training to acquire the expertise of injecting cells and ensure viability
post-injection. Although microinjections lead to theoretically 100% efficiency, only a few
cells can be transfected at a time and the results are not scalable for analysis with protein
expression assays like Western blotting, immunoprecipitation, etc. For diving cell lines,
the effect of gene delivery can easily be diluted as the cells divide. Clinically,
microinjections are relevant in producing transgenic animals, in understanding neuronal
communication and in vitro fertilization (IVF) applications within ethical and regulatory

guidelines.
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Chapter 2

Synthetic nano gene delivery systems

Non-viral vectors, such as nanomaterials, have been employed for gene delivery
applications for the past two decades[1], [2]. Nanomaterials have large surface area to
volume ratios, and their porosity allows for high DNA condensation efficiencies. In
addition to low cost and scalable synthesis, nano vectors possess other favorable
attributes[2]. For instance, their size, shape, surface chemistry, optical and magnetic
properties are tunable. Furthermore, their tunable biocompatibility and stealth properties
allow for a reduced immune recognition and efficient cellular internalization. Inorganic
nanoparticles[2], [3] are attractive candidates for DNA delivery as they have robust
structures that can retain their shape and chemical properties upon extended exposure
to the biological milieu. Moreover, inorganic nanoparticles possess optical and magnetic
properties that can be exploited for simultaneous tracking and diagnostic applications.
Finally, the emerging trend in nano materials engineering for gene delivery is to use
combinations or hybrids of two or more different types mentioned above. For example,
Zhuang et. al. showed the application of in vivo silencing RNA delivery with metal organic

frameworks (zeolitic imidazolate framework-8) coated with platelet membranes [12].

2.1 Lipid based delivery systems

Lipids are amphiphilic molecules with a polar head group (hydrophilic) and a non-
polar (hydrophobic) tail. Lipids can self-assemble into various nanostructures i.e.
liposomes or bilayer lipid vesicles, micelles, and solid lipid nanoparticles based on various
environmental conditions and concentration. Lipid based gene delivery systems are one
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of the oldest and most heavily investigated among all non-viral methods. In 1987, lipid
mediated gene delivery was coined ‘lipofection’[1]. In this method, a cationic head group
containing lipids (DOTAP, DOTMA, DMRIE, DODAP, DODMA, etc.) can complex with
nucleic acids (negatively charged) due to complex intermolecular interactions to form
‘lipoplex’ formulations. Cells endocytose the lipoplex which then ends up in an endocytic
vesicle where the lipid interacts with the endosomal membrane to destabilize it, releasing
the nucleic acid payload into the cytoplasm. Cationic lipids have 3 parts to their molecular
structure i.e. cationic headgroup, hydrophobic tail and a linker group between them[4].
Each of these moieties have been widely investigated and chemically engineered to
improve transfection efficiency. For example, tail group length, single vs. multivalent and
linear vs branched cationic head groups to increase charge density, linker group
modifications to cleave on light or pH trigger have been investigated to improve lipoplex
transfection efficiency[1]. There is a class of neutral lipids called ‘helper’ lipids which are
usually used in conjunction with cationic lipids for transfections, i.e., phospholipids like
DOPE, DSPC, DOPC. Helper lipids have been demonstrated to aid in membrane fusion
and endocytic vesicle destabilization for more efficient release of nucleic acid payload
into the cytoplasm. Additionally, to confer stability against degradation in serum for in vivo
applications, often other additives like cholesterol, PEG, etc. are added into the lipoplex
formulation[1]. Lipofectamine is a commercially available lipid formulation that is widely

used for in vitro transfections in research[5].

Solid lipid nanoparticles (SLNs) are another emerging lipid-based gene delivery
technology which combines advantages of polymeric nanoparticles and liposomes into

one system[6]-[8]. SLNs consist of a solid phospholipid-based core matrix that
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encapsulates the nucleic acid payload (DNA, RNA, oligonucleotides)[4], [7]. The matrix is
stabilized by surfactants and hence stable and solid at room temperature. SLNs can adopt
a micellar configuration or can have a bilayer configuration which is non-continuous along
the periphery of the core unlike liposomes[4], [7], [8]. SLNs have better stability, longer
shelf life, better protection of the payload from degradation, and ability to co-deliver
hydrophobic/hydrophilic drugs and functionalize the nano-bio interface in various ways to

tune targeting, surface charge, protein corona formation, etc. [4], [6]-[11].

From a clinical perspective, lipid-based gene delivery systems have many
advantages i.e., ability to deliver any nucleic acid construct, co-delivery of
hydrophobic/hydrophilic drugs, high cellular uptake, and transfection efficiency. Cationic
liposomes were successfully used for in vivo DNA delivery to many organs like lung, brain,
tumors and skin[3]. Some disadvantages of lipid-based gene delivery system is their
acute toxicity to primary cells like neurons, inflammation, hematologic and serologic
changes reported in studies of systemic administration. There are also concerns
regarding their pharmacological properties and bioaccumulation in liver and RES system
due to their large size and positive surface charge[4]. Therefore, there are widespread
efforts within both academia and industry to synthesize a library of lipids and adopt a
combinatorial approach to lipid formulation development to maximize transfection
efficiency with improved biocompatibility and pharmacology. Additionally, to avoid
immunogenicity of synthetic lipids, there is an emerging area of therapeutics using the
phospholipid bilayer sourced from biological source i.e. cell membrane of RBCs and
platelets [12]. The first FDA approved non-viral gene therapy drug was ‘Onnpatro’, which

was an IV formulation of silencing RNA targeting the gene for transthyretin encapsulated
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in an optimized ionizable cationic lipid DLin-MC3- DMA for treatment of amyloidosis in the
liver[4]. Today, in the Covid19 pandemic, there are various mRNA vaccine candidates in
phase 3 clinical trials that are encapsulated in solid lipid nanoparticle-based formulations
for delivery[13], [14]. There are many ongoing clinical trials for lipid nanoparticle mediated

gene delivery for cystic fibrosis and cancer therapyl[4].

2.2 Polymeric systems

Polymeric systems are also extensively studied for in vitro and in vivo gene
delivery[1],[15]-[17]. Among the various polymers, Polyethyleneimine (PEI), a cationic
polymer, is still considered a gold standard of transfection efficiency much like
Lipofectamine[1]. This success of transfection is usually attributed to its ability to release
DNA from vesicles post-endocytosis due to the proton sponge effect. PEI can be
synthesized in linear or branched conformation, with a range of molecular weights, of
which 5-25 kDa is known to be most efficient[1]. Various chemical modifications have
been done on PEI to improve its transfection efficiency (e.g. addition of cholesterol groups
to amines), stability (e.g. PEGylation) and reduce cytotoxicity (e.g. conjugation with
cyclodextrin), increase biodegradability (i.e. add reducible/hydrolysable disulfide/ester
linkages)[1],[15]-[17]. Many other polymeric systems have been investigated [15]-[17]
for gene delivery like synthetic (PLL, PDMAEMA, PAA, PAMAM) , biodegradable (PHP,
PAGA), carbohydrate-based (dextran, chitosan, cyclodextrin), dendrimer forms
(PLL,PPI, PAMAM) and polypeptides (Tat peptide, MPG peptide). Switchable, controlled
release systems have also been engineered with polymeric systems where DNA delivery
was triggered by chemical reactions, pH changes and light [18]-[21]. Although polymeric

systems are highly versatile, efficient and have the ability to multi-functionalize with
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modifications, they have shown poor performance in clinical trials for various reasons like
immunogenicity and complex interactions with the biological milieu to create
unpredictable protein coronas[15], [16]. Nonetheless, polymeric systems are also
continually used in conjunction with other gene delivery systems like SLNs and inorganic
nanoparticles to provide additional stability, desirable in vivo circulation properties and for

protection of payloads from degradation and diffusion[3],[22].

2.3 Metallic nanomaterials

The synthesis and chemistry of nanomaterials made of metals like gold, silver,
palladium, platinum, etc. are well characterized in literature[23]. Usually, they are
synthesized in solution, from their corresponding metal salts by controlled reduction, often
in the presence of surfactants or other stabilizers to prevent aggregation during nucleation
and growth[23]. Metallic nanoparticles have easily tunable sizes and shapes like
nanospheres, nano shells, nanowires, nanorods, etc. Au nanoparticles and clusters are
the most widely reported nanostructures for gene delivery for their lower toxicity than
other metallic systems like silver[3], [24]-[28]. AUNP surface chemistry is easily tunable
by grafting various ligands, polymers, proteins, peptides, fluorophores, nucleic acids as
well as RBC membranes by forming a self-assembled monolayer on the surface using
the Au-S bond or by electrostatics mediated assembly on the surface. The same
strategies have been used extensively to graft oligonucleotides on the Au surface. Many
of these applications deliver silencing RNA for biomedical applications[3], [24]-[28]. Some
applications of oligonucleotide delivery with Au nanoparticles have explored controlled
release of nucleic acid payloads by (a) chemical bond cleavage[29] (b) DNA denaturation

due to local heating caused by plasmonic excitation with a light source[29]-[31] (c) DNA
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release due to breaking of the Au-S bond due to Au NP surface melting caused by
plasmonic excitation by a pulsed femtosecond laser[30]. One of the drawbacks of
silencing RNA loaded nano gold systems is that they become highly negatively charged
which makes it difficult to shuttle them across the negatively charged plasma membrane
of the cell. In a recent study, this issue was circumvented by using ultrasound guided
propelling on siRNA loaded Au nanowires [32]. Au nanomaterials are also valuable for
diagnostics due to their plasmonic properties[33]—-[35] as well as photodynamic therapy
due to their ability to generate local hyperthermia in response to NIR excitation[26]. These

properties make them attractive candidates for use in gene therapy applications.

2.4 Carbon based nanostructures

The family of carbon nanomaterials includes carbon nanotube (CNT), graphene,
zero-dimensional graphene, and carbon quantum dots. These carbon-based
nanomaterials are highly attractive candidates for biomedical applications due to their
unique surface properties and interactions with DNA[36]. They have been demonstrated
for DNA delivery[3], [36]—-[42] as well silencing RNA delivery[3], [38], [43], [44]. They have
also been used to supplement other transfection systems like PEI[38].Although carbon-
based nanomaterials are generally biocompatible and have an inert surface, they are not
naturally dispersed or soluble in aqueous media and need robust functionalization for
biomedical applications in such media. Their greatest advantage is the high surface area
to volume ratio and in the case of single or multiwalled carbon nanotubes, the presence
of two different surfaces for loading payloads like DNA/silencing RNA/oligonucleotides
and simultaneous outer functionalization[3], [38]. Generally, carbon-based nanomaterials

are not degradable, and therefore, their eventual biological fate, bioaccumulation and
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adverse effects on the biological system need further clarity and therefore they are not as

attractive for therapeutic gene delivery applications[3].

2.5 Iron oxides

Iron oxide nanopatrticles, especially magnetite (FesOs) are attractive for gene
delivery applications because of their magnetic properties and their sorting, guiding and
magnetic hyperthermia properties[3]. Usually, iron oxide nanoparticles are often used with
suitable coatings to make them more stable, biocompatible and improve their ability to be
chemically modified and functionalized appropriately for various applications[3]. The most
commonly used coating is a silica shell around a magnetite core[3], [45]. Iron oxide
nanoparticles have been demonstrated for both silencing RNA as well as DNA
delivery[46]-[50]. Many of these applications load nucleic acids on magnetic iron oxide
nanoparticles by covalent bonds rather than using electrostatics based interactions[46],

[47], [51].

2.6 Quantum dots

Quantum dots are small nanoparticles (usually < nm) comprising of 1I-VI or IlI-V
semiconductors e. g. CdS, CdSe, ZnS, ZnSe, ZnO, GaAs, InAs, etc[3], [52]. They are
relevant in biomedical applications due to their superior optical properties caused by
guantum confinement giving them the ability to fluoresce at high quantum efficiency and
resistance to photobleaching[3], [52]. Quantum dots are wusually capped with
ligands/surfactants to retain their size and prevent aggregation[52]. But in addition, they
can be coated with silica, polymers, peptides, antibodies for improving solubility, stability,
biocompatibility, or specific targeting[3]. Because of their small size, they are very
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efficiently taken up by cells. Quantum dots have been demonstrated for both silencing
RNA[3], [53], [54] and DNA delivery[3], [55], [56]. One of the biggest hurdles to
applications of quantum dots in gene therapy is their toxicity. It has been shown that QDs
can start the formation of photoinitiated radicals in the presence of Cd?*, as well as
surface dissolution and diffusion of ions by cellular metallothioneins. Even if their outer
surface is passivated by coatings like silica, their long-term biodegradation, accumulation,
and toxicity to the biological system is complex and depends on a number of contributing
factors like composition, capping, etc.[52]. Their main application is still in imaging[52]

and tracking of nucleic acids in cells[56].

2.7 Upconversion nanomaterials

Upconversion nanomaterials are an emerging type of nanoscale material that have
unique optical properties useful for gene delivery and other biomedical applications. They
are made of trivalent ions (Er3*, Tm®*, Ho®*) from the Lanthanide group of elements in
the periodic table doped into a compatible inorganic matrix (NaYFa,Y203,La203 and
Lu203). These materials demonstrate upconversion luminescence, which is an emission
phenomenon where several low energy photons are absorbed (NIR) and a higher energy
photon (red, green, blue or UV) is emitted by appropriate choice of dopant[57]. They are
also able to emit at multiple colors with single excitation, making them favorable for image
guided in vivo diagnostics and imaging applications[58], [59], [59]-[61]. The efficiency of
emission is several orders of magnitude higher than other non-linear multiphoton
absorption phenomena, allowing the use of low cost continuous wave lasers rather than
pulsed laser systems for multiphoton imaging[58]. They have been shown to be generally

biocompatible (75% or higher viability) in various cell lines at 2-2500 pg/ml concentrations
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from 4-48 hrs incubation times[57]. They are easily scalable in size and their surface
chemistry can be tuned in various ways (surface silanization, ligand exchange, ligand
removal, ligand attraction, layer-by-layer assembly) with silica, polymers like PEG and
PEI, and proteins [57]. Both DNA [57], [59], [62], [63] and siRNA [57], [58], [60], [64]
delivery has been widely explored with these nanomaterials. The real advantage of this

delivery system is the ability to monitor/track gene delivery during transfection[58], [64].

2.8 Calcium phosphate

Calcium phosphate are inorganic nanostructures made of the inorganic
component of biological hard tissues like bones. This is a very simple technique whereby
DNA/oligonucleotides are simply mixed in with calcium chloride and phosphate buffered
saline solutions and allowed to complex and grow into nano and microstructures.
Subsequently the complexes are added to cells for transfection. The advantage of this
material is its high affinity to DNA for complexation and inherent biocompatibility[3]. The
complexation is usually uncontrolled, leading to precipitates of various sizes. The
transfection efficiency with this method depends on pH, temperature, calcium chloride
concentration, temperature and time between DNA addition and transfection. Results of
transfection vary widely between cell lines and were not easily reproducible. However,
several groups have investigated controlled nanocomplex formations of defined sizes by
rapid precipitation and surface passivation with nucleic acids/proteins like BSA and
precise control of Ca:P ratios[3]. Nucleic acids loaded onto calcium phosphate
nanoparticles are often prone to diffusion and degradation, which can be prevented by

DNA incorporation in multi-shell calcium phosphate delivery systems. Finally, although
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calcium phosphate systems are highly biocompatible and biodegradable, they still can

lead to toxicity due to accumulation and increase of Ca?* concentration inside the cells[3].

2.9 Silica based nanomaterials

Among inorganic nanomaterials, silica nanomaterials[65]-[67] are particularly
useful for DNA delivery. Silica nanostructures are categorized into mesoporous and non-
mesoporous. Both microporous|[1] and mesoporous silica nanostructures[2], [3], [65]-[69]
have been previously employed in vitro gene delivery. The difference between the two
types of nanostructures is the nature of their porosities. By IUPAC nomenclature,
materials with pore sizes <2 nm, 2-50 nm and >50 nm are categorized as microporous,
mesoporous, and microporous, respectively [70]. Therefore, mesoporous silica
nanomaterials (MSNs) have a porous matrix with porosities ranging from 2-50 nm that is
engineered into the matrix during a sol-gel synthesis method with appropriately chosen
surfactants that create the pores of different sizes[l], [65]-[68]. These pores are
resolvable in transmission electron microscopy and can be used for loading and release
of appropriately sized payloads like small molecule drugs, etc. However, for
gene/oligonucleotide delivery with MSNs due to the large sizes of nucleic acid molecules
like RNA and DNA, these pores are still not sufficiently large for loading/release from
inside the matrix[68]. However, there are examples of delivery of GFP, IL-10 genes and
silencing RNA with MSNs. Most applications of gene delivery with MSNs use the external
particle surface for nucleic acid loading, which still leaves the payload vulnerable for loss
in transmission by diffusion or nuclease degradation. Some applications use lipid/polymer

encapsulations to protect the DNA and add additional functionalities to the delivery
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system like targeting, stability, etc. Nevertheless, the MSNs have the advantage of having

two surfaces, potentially to load other smaller therapeutic molecules e.g. cancer drugs.

In contrast, microporous silica have pores that are much smaller <2 nm, usually
synthesized by one of two approaches (a) Stbber synthesis (b) microemulsion method.
In Stdber synthesis method, a silica precursor like tetraethylorthosilicate (TEOS)
undergoes simultaneous polymerization and condensation in water and alcohol,
catalyzed by ammonium hydroxide[71], [72]. The size of the particles formed can be tuned
by the stoichiometry of solvents and precursors, and reaction time. The porosity of these
nanoparticles are not resolvable in TEM, the pore structures are very complex and
tortuous inside the matrix, and therefore not readily available for molecules larger than
gases or solvents to easily access[73]. Due to this reason, only the outer surface is
available for gene loading and no additional surfaces for drug/diagnostic molecule
loading. Such microporous silica nanoparticles have been demonstrated for their
application in gene delivery as well as in aiding other DNA transfection systems by acting
as the mediators of DNA delivery. Irrespective of the type of silica nanomaterial both are
highly attractive candidates for gene delivery applications because of the following

favorable properties.

1. Low cost and scalable synthesis- The synthesis of silica nanoparticles of any kind

are easily scalable and use low-cost reagents for synthesis and purification.

2. Controllable porosities, sizes, and shapes-The particle size in any of synthesis are
easily tunable from sub-100 nm sizes to larger going up to 1 um. Porosities of MSNs are

controllable by the size of the surfactant chosen. Different shapes can also be
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synthesized easily by using surfactants to bind to certain facets of the seed during
nucleation and direct polymerization/condensation in a specific direction giving shapes

like rods.

3. Tunable surface chemistry-The silica matrix consists of a complex network of Si-O-
Si siloxane bonds whereas both types of silica nanoparticles have silanol groups
(terminated with -OH) that are easily chemically modifiable using different types of
chemistries. One popular approach is changing the silica nanoparticle surface chemistry
to amine or thiol groups by using appropriately functionalized silanes like
aminopropyltriethoxysilane (APTES), mercaptopropyltriethoxysilane (MPTMS), etc. After
these chemical modifications, further modifications are still possible with the salinized
surface. Thus, the surface chemistry of silica nanoparticles are easily tunable for the

different demands of gene delivery applications.

4. Two different surfaces- In case of MSNs, because of their porous matrix, we have
access to two different surfaces for loading of multiple different types of payloads i.e.
large, charged nucleic acid molecules and small hydrophilic/hydrophobic drug/diagnostic

molecules[68].

5. Easy wet or dry storage- Silica nanoparticles can be stored in aqueous or in

lyophilized forms.

6. Biocompatibility-Most in vitro work report less than 20% toxicity from various viability
assays like MTT, CellTracker etc. Cell morphologies and dividing capabilities are

maintained well after treatment[74]-[76].
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Silica Nanobowls [69], [77]-[80] are a new class of Janus nanoparticles with an
engineered cavity to hold different types of payloads. The outside and inside surfaces of
the cavity can be differentially functionalized to add stabilizing polymers like polyethylene
glycol (PEG), specific targeting moieties and special properties like ferromagnetism,
plasmonic scattering[77], [78]. However, the use of non-mesoporous silica
nanobowls[78], [80] as gene delivery vehicles have not yet been explored. These silica
nanobowls are non-mesoporous, however, because of the cavity engineered into its
structure by a polymeric template, it also has the benefit of two different surfaces that can
be independently functionalized and loaded with drugs, nucleic acids, etc. In addition,
past reports have demonstrated that these nanobowls can be functionalized with
superparamagnetic iron oxide nanoparticles and gold coating, which give them additional
functionalities like magnetism and plasmonic scattering that are relevant in diagnostics
and photothermal therapies. However, the use of non-mesoporous silica nanobowls [78],

[80] as gene delivery vehicles have not yet been explored.
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Chapter 3

Characterization of the silica NB system

3.1 Physico-chemical characterization of NBs

3.1.1. Methods

NB synthesis and functionalization.

NBs were synthesized with 100 nm carboxyl terminated polystyrene (PS) spheres
(Polysciences, Inc.) as templates as previously described as either large (60 ml) or small
scale (6 ml) as previously described[1], [2]. Briefly, 7 ml (or 0.7 ml) deionized water, 40
ml (or 4 ml) isopropyl alcohol (Sigma Aldrich), and 13 ml (1.3 ml) ammonium hydroxide
(Sigma Aldrich) were magnetically stirred together. Thereafter, 550 pl (55 pl)
tetraethylorthosilicate (TEOS, Sigma Aldrich 299% purity) and 1 ml (100 ul) PS spheres
(2.5% solids w/v) were added simultaneously to the above mixture and allowed to react
by stirring at high speed for 2 hrs at room temperature. The solution was then centrifuged
at 500g for 10 mins to separate large aggregates formed during NB synthesis. The
supernatant containing single dispersed NBs were washed 3 times in ethanol (EtOH,
Sigma Aldrich) by centrifugation at 3221g for 15 mins in order to precipitate single NBs.
The purified NBs were re-dispersed in EtOH and allowed to air dry overnight. After
synthesis, the dried NBs were re-dispersed (1 mg/ml) in anhydrous dimethyl formamide
i.e. DMF (Sigma Aldrich) and heated for 3 hrs in a silicone oil bath at 60°C with magnetic
stirring in order to dissolve the polystyrene template and expose the cavity. The NBs were
next washed 4 times in EtOH and air dried. To amine functionalize for cDNA loading, the

dried DMF-washed NBs were re-dispersed in a 1:1 ethanol:toluene (Sigma Aldrich) at 0.5
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mg/ml and allowed to react with 10 mM 3-aminopropyltriethoxysilane (APTES; Sigma
Aldrich) at 60°C for 3 hrs under rapid magnetic stirring. The NBs were then washed 4
times in EtOH and air-dried. In another set of experiments, Stdber silica nanoparticles
were synthesized as previously described[3] without the use of a polystyrene template

and APTES-modified as described above for NB to allow for cDNA loading.
Thermogravimetric analysis (TGA).

Purified amine-coated and DMF-washed NBs were air-dried until a white powder
was formed. Approximately 4-5 mg of material were placed into a high-temperature
platinum sample pan and incubated in a furnace. A 5 min purge of inert gas at room
temperature preceded the measurements to remove air from the furnace. Balance flow
and furnace flow were both set to 25 ml/min which resulted in a 100 ml/min of total gas
flow through the sample. The temperature was equilibrated at 100°C and the sample was
heated to 1000°C at 10°C/min. All measurements were performed in a Discovery TGA-
MS (TA Instruments). The weight loss (%) was calculated with respect to starting weight
at room temperature before furnace temperature was ramped up. All measurements were
performed in Materials Characterization Lab, Materials Research Institute, Penn State

University, PA.). The results were analyzed similarly to those previously described[4].
Transmission electron microscopy (TEM).

Between 5 and 10 pl of purified NBs (suspended in ethanol) were drop cast on a
400 Cu mesh with Formvar/Carbon Film, Cat: FCF400-Cu (Electron Microscopy
Sciences). The samples were dried by wicking excess solvent with the edge of a soft filter

paper and then air-dried at room temperature. All images were taken at 60 kV. All
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measurements were performed in the Microscopy Imaging Core, Penn State College of

Medicine, PA.

Scanning electron microscopy (SEM).

After removing the polystyrene core, the NBs were purified by centrifugal washing
three times and re-dispersed in ethanol. A small volume was applied onto a microscope
stub and air dried. The image were acquired with a Zeiss Sigma 500 scanning electron
microscope at 2 kV. The images were processed at Nano3 Materials Characterization

core facility at University of California San Diego.

Adsorption/Desorption measurements.

Post-synthesis, silica nanoparticles and silica NBs were purified by washing
multiple times in ethanol and subsequently vacuum dried into an amorphous powder.
Nitrogen adsorption measurements were taken in Micromeritics ASAP 2020 gas
adsorption/surface area measurement apparatus at the UC San Diego MRSEC Materials
Characterization Facility (MCF). Measurements and analysis done as previously

described[5].

Dynamic light scattering (DLS).

The NBs were purified and re-constituted in water at approximately 50 pg/ml
concentrations at various steps. For sizing measurements, the sample dispersions were
pipetted onto a disposable polystyrene sizing cuvette (Malvern ZENO0040) and
measurements were taken at 90° scattering angle. Zeta potential measurements were

obtained with a folded capillary cell (Malvern DTS1070). Both measurements were taken
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at room temperature in a Zetasizer Nano (Malvern Instruments) at the UC San Diego

MRSEC Materials Characterization Facility (MCF).

3.1.2. Results and discussion

PS-COOH INH2

O , O O
100 nm 250¢ 60°C 60°C
Figure 3.1.1. Schematic of NB synthesis & functionalization. Schematic of NB synthesis and surface
functionalization. 100 nm polystyrene (PS) template was used to generate an eccentric cavity in the NB
synthesis from tetraethyl orthosilicate (TEOS) condensation. Dimethyl formamide (DMF) was used to
dissolve away the PS template, followed by amine functionalization with 3-aminopropyltriethoxysilane
(APTES).

Figure 3.1.1 is a schematic illustrating the synthesis of the NBs designed to
transfect cells with cDNA. Silica NBs were synthesized by polymerization of TEOS around
a 100 nm polystyrene (PS) template as per previously published protocols[1], [2]. After

removal of the PS template, the NB surface was functionalized with amine groups by

silanization with APTES.

45



!"c';* €o0000
oa“pa ee e‘.‘ﬁ,.:,.'“‘

e ©
A ©

— NB (w/o PS core)
1-=---NB - Amine

10 100 1000 10000
DH (nm)

Figure 3.1.2. Characterization of NB size distribution. A-F. Scanning electron microscopy (SEM) G-H.
Transmission electron microscopy (TEM) images of DMF washed, polystyrene core removed and purified
silica NBs. I. Dynamic light scattering (DLS) raw intensity data showing a representative NB hydrodynamic
size distribution in water before and after APTES (amine) functionalization.

The representative TEM micrograph in Figure 3.1.2 shows DMF washed NBs with a
hydrodynamic size distribution (Table 3.1.1) of approximately 314.1 + 6.6 nm (PDI=0.032
+ 0.025) and a mean engineered cavity of about 65 + 8 nm. Our laboratory previously
reported these features (Mo et al.[1]) in which we found that 70-95% of the synthesized
product are Janus NBs, with approximately30% single cavity, approximately 40% double
cavity and about 30% NBs with >2 cavities (i.e. >2 polystyrene cores incorporated). Silica

NBs are also made by a typical Stober polycondensation method and therefore both silica

Stober nanospheres as well as NBs are non-mesoporous except for the presence of the

46



engineered cavity. In order to test this, we compared the pore sizes measured by BET

between dried powders of each one (DMF washed silica NBs and Stober nanospheres of

comparable hydrodynamic diameters). Our results showed that NBs and NPs have

comparable BET surface area but the average pore size of silica NP ~ 6 nm (microporous)

whereas NBs show ~43 nm pore size. This pore size is most likely the result of averaging

all pores of the NB material, including its engineered ~65 nm cavity. Our BET results also

show that NBs have more than double pore area and 4 times more pore volume than

Stober NPs of similar size (Table 3.1.1).

Table 3.1.1. Characterization of NB porosity in BET.

Type of . .
nanomaterial Pore Size BET specific Pore Area Cumulative
surface area Pore Volume
(Stéber synthesis)
nm m?3/g m?3/g cm3/g
JNB-PS dissolved 43.03 0.23 0.99 0.04
Silica NP 6.11 0.27 0.41 0.01

Table 3.1.2. Characterization of size and surface charge of NBs. NBs were purified in each case as
described in methods and re-dispersed at ~50 pg/ml concentration in deionized water and measurements

were acquired at least in triplicate.

Sample Description Hydrodynamic Polydispersity | Zeta
diameter (nm) Index (PDI) Potential
(mV)
NBs (no PS core) 314.1+6.6 0.032 £ 0.025 -345+0.6
NBs (Amine functionalized) 343.4+5.3 0.114 £ 0.037 +36.8+ 0.8

APTES is an amine functionalized silane that can be used to convert the hydroxyl

terminated silica surface into a positively charged one. Positively charged nanoparticle
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surfaces have been shown to be useful in condensing nucleic acids on nano delivery
systems, for molecule/protein conjugations and driving endocytosis into the negatively
charged cell membrane due to electrostatic interactions in buffered media. APTES
loading on silica can have various conformations and densities. The grafting density and
close packing of the salinized amine functionalized silica surface will affect the functions
of the nanocomposite. Therefore, we have characterized the APTES coated NBs for their
surface charge (DLS) and APTES loading density (TGA). Following APTES
functionalization, the zeta potential, measured in water, of the NBs changed from -34.5 +
0.6 mV to 36.8+ 0.8 mV (Table 3.1.2). This confirmed that APTES loading had
successfully changed the NB surface chemistry from a negatively charged to a positively

charged surface in water.

Additionally, APTES loading was confirmed by measuring the mass loss due to
incremental heating in a Nitrogen environment from 100-1,000°C in thermogravimetric
analysis (TGA). The TGA results (Fig. 3.1.3 and Table 3.1.3) indicate that the bare NBs
exhibited a lower overall % mass loss than the APTES silanized NBs over the same
temperature range. We measured a loading of approximately 210 umol/g APTES (Table
3.1.3). In our silanization protocol, we add 10 mM i.e. 4.42 mg APTES per mg NB which
is equivalent to 20 umole/mg NB or 20,000 umole/g NB. We observe from our APTES
loading data (Table 3.1.3), we find that (1/100)™ of the added APTES is actually loaded

on the NB surface.
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Figure 3.1.3. Thermogravimetric analysis (TGA) of NB and amine-functionalized NB. A. Total weight
loss profile from 100-1000°C of NB (black) and amine-functionalized NBs (red). Individual weight loss
(black) and differential of weight loss (red) are plotted with respect to temperature for B. NBs post-DMF
wash and C. NBs coated with APTES post-DMF wash. Peaks (local minima) in the differential graphs
indicate major regions of weight loss. Below 100°C, weight loss in both samples are caused by loss of
adsorbed water. Between 100-300°C, weight loss is caused by loss of bound water and solvents like
ethanol, DMF that are used in the synthesis and purification of NBs. These two mass losses are similar
between both samples B and C. Above 300°C, the mass loss is higher in the amine functionalized NBs due
to presence of bound amines due to APTES salinization that burns off and causes weight loss between
300°C to 1000°C. Weight loss values in different temperature regimes are presented in Table 3.1.3.

Table 3.1.3. TGA weight losses categorized in NBs and amine-functionalized NBs. The weight loss
beyond 300°C in amine-functionalized NBs was first background subtracted from NB only sample. 4.64%
+ 0.67% net weight loss was determined to attribute to APTES based surface functionalization of NBs.
Average and standard deviations from duplicate measurements (n=2). This mass loss was calculated to be
equivalent to 209.6 umol g* APTES (Mw =221.4 g/mol) loading. Alternatively, by considering mass loss of
NB-Amine in 300-500°C and 500-1000°C regimes separately, and background subtracting from DMF
washed NBs only, 5.21 + 0.91% total mass loss is calculated which results in 236.7 umoles g-1. Assuming
1 mole of amine groups come from decomposition of 1 mole of APTES, we report here 209.6-236.7 umoles
g amine loading on the NBs.

Temperature Materials NB NB-Amine
ranges contributing to . .
g weight Iosgs (% Weight loss) (% Weight Loss)
Average Std Average Std
Dev Dev
Weight loss % <= Water 4.25 0.03 2.88 0.02
100°C
Weight loss % Solvents 5.66 0.25 5.60 0.66
>100°C and < 300°C
Weight loss % > Other bound 5.00 0.21 9.64 0.64
300°C organics
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3.2. In vitro and in vivo uptake of NBs

3.2.1. Methods

TEM of NBs in cell lines.

Tissue samples were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde
(Electron Microscopy Sciences) in 0.1 M phosphate buffer (pH 7.4) and further fixed in
1% osmium tetroxide (Electron Microscopy Sciences) in 0.1 M phosphate buffer (pH 7.4)
for 60 mins. Samples were dehydrated in a graduated ethanol series, acetone and
embedded in LX-112 (Ladd Research). The sections (60 nm) were stained with uranyl
acetate and lead citrate (Electron Microscopy Sciences) and viewed in a JEOL JEM 1400
Transmission Electron Microscope (JEOL USA Inc.). All images were taken at 60 kV. All
measurements were performed in the Microscopy Imaging Core, Penn State College of

Medicine, PA.

Preparation of Cy3 tagged NBs for tissue uptake.

NBs were synthesized and amine functionalized as described previously.
Following amine functionalization, NBs were dried and dispersed in anhydrous DMSO at
1mg/ml concentration followed by conjugation with Cy3-NHS (Lumiprobe) added at 5
png/ml. The mixture was stirred overnight at high stir rate at room temperature protected
from light, followed by centrifugal washing in ethanol 5 times followed by 2 times in water
to remove unbound Cy3. Following purification, Cy3-NBs were dried and re-dispersed at

3.3 mg/ml concentration in DPBS for animal injections.
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Salivary gland and DRG tissue injections in rats.

The animal studies were approved by the Penn State College of Medicine
Institutional Animal Care and Use Committee (IACUC) approved the animal studies.
Sprague-Dawley rats were initially anaesthetized with CO2, injected with Cy3 loaded NBs
at 3.3 mg/ml concentration with a 30G needle. For DRG injections an appropriate spot
between the L4 and Ls of the rat spinal cord was injected. Injection volume <=300 pl.
Ultrasound was used for guiding the needle and leg kick reflex upon needle entry was
used as indication of successful injection at DRG. For salivary gland injections, the right
and left side were injected similarly with a volume of ~150 pl using the 30G needle and
ultrasound scanning guidance. Post-injection, the rat was removed from anesthesia and
placed back in the cage for 1 hr. Following this incubation time, the rats were placed back
under anesthesia and rapidly decapitated with a laboratory guillotine. The tissues were
then isolated by dissection, incubated in a fixative (OCT, Electron Microscope Services),
frozen and sectioned (15-17um thin sections). The DRG neurons (L4 and Ls) were isolated
as described previously[6], [7]. DRG tissues were then cleared of connective tissue in ice-
cold Hanks’ balanced salt solution. Thereafter, the tissue was enzymatically dissociated
in Earle’s balanced salt solution containing 0.6 mg/ml collagenase D (Roche Applied
Science), 0.4 mg/ml trypsin (Worthington Biochemical), and 0.1 mg/ml DNase (Sigma-
Aldrich) in a shaking water bath at 35°C for 60 mins. Thereafter, the neurons were
dispersed by vigorous shaking, centrifuged twice for 6 mins at 44xg, and resuspended in
Minimum Essential Media (MEM, Thermo-Fisher Scientific) supplemented with 10% fetal

bovine serum, 1% penicillin-streptomycin, and 1% glutamine (Thermo-Fisher Scientific).
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Finally, the neurons were plated onto 35 mm poly-L-lysine-coated dishes and stored in a

humidified incubator supplied with 5% C0O2/95% air at 37°C.
Fluorescence microscopy.

Phase contrast and fluorescence images were obtained with a Nikon TE2000
microscope, an Orca-ER CCD camera (Hamamatsu Photonics), iVision software for
acquisition (Biovision Tech.) and Photo Fluor Il (89 North) for illumination. The images

were processed, and pseudo-colored with iVision software.
3.2.2. Results and discussion

To demonstrate the applicability of NBs in gene and drug delivery, we first show
that NBs can be taken up successfully in cells in vitro and in vivo. To achieve this, we first
functionalized the NBs with an amine coating as described in 3.1. The amine coated NBs
were re-dispersed in 1:1 DPBS:Opti-MEM at 30 pg/ml and applied to immortalized cell
lines (HEK 298, ND7/23, HeLa and L-cells) and dissociated neurons (sensory, DRG and
sympathetic, SCG) grown on a petri dish. We incubated for 4 hrs and then rinsed several
times to remove unbound NBs from the dish. Following this, we fixed the tissue, sectioned
into 60 nm sections, and imaged with negative staining in a transmission electron
microscope. Our images show that within 4 hrs and at as low as 30 pg/ml concentrations,
the NBs were internalized within the cell lines (Fig. 3.2.1 F-I) as well as neurons (Fig.
3.2.1 D-E). The NB uptake is observed to happen irrespective of the identity of the cells,
in primary cells as well as immortalized cell lines tested. This suggests that NB uptake is

non-specific.
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Figure 3.2.1. In vitro internalization of NBs in cell lines and neurons. A. Unstained TEM image of
purified NBs. TEM images of acutely dissociated DRG neurons (B,D), SCG neurons (E), HEK cells (C,G),
ND7/23 (F), HeLa (H) and L-cells (I) following a 4 hrs incubation with NBs (30 pg/ml). The TEM images (B-
I) were taken from 60 nm thin sections with negative staining. Note that images in B and C show NBs at
the point of internalization. DRG= dorsal root ganglion (sensory neuron) and SCG= superior cervical
ganglion (sympathetic neurons).

We also observed in these images that the internalized NBs are always
surrounded by a region of markedly different contrast than the rest of the surrounding
cytoplasm (lighter contrast in Fig. 3.2.1 D, E, G-I and darker contrast in Fig. 3.2.1 F).
These observations suggest that the internalized NBs were encapsulated in vesicles
inside the cell cytoplasm. Additionally, we also observed, certain sections imaged the NBs
at the points of internalization (Fig. 3.2.1 B-C). In these TEM images we see that the cell
membrane extends into arms or cytoskeletal protrusions that start to surround a cluster

of NBs. This observation suggests that the uptake of NBs in these cell lines and neurons
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might be through the macro pinocytic route of entry into the cell cytoplasm. Further studies
(beyond the scope of this work) is needed to confirm the pathway of endocytosis of NBs.
Macropinocytosis is a clathrin- and caveolae-independent endocytosis mechanism where
the cell cytoplasm restructures into extensions which then fuse back onto the plasma
membrane creating a large vesicle (0.2-5 ym) that traps a large volume (bulk non-specific
uptake) of extracellular medium containing dissolved molecules and particles. This
process of endocytosis has been reported to be the pathway used by larger nanopatrticles
which cannot enter via other clathrin/caveolae dependent routes[8], [9]. Our TEM studies
also shows that in the same cell line (DRG neurons, Fig. 3.2.1 B,D and HEK cells, Fig.
3.2.1 C,G) at the same NB concentration (30 pg/ml) and incubation time (4 hrs), there
are NBs at various stages of uptake i.e. at the point of internalization where the cell
protrusions are in the process of encapsulation of the NB cluster (Fig. 3.2.1. B,C) as well
as completely internalized and entrapped in vesicles (Fig. 3.2.1 D, G). This suggests that
the internalization process is highly dynamic and likely continues beyond 4 hrs. Further
TEM and fluorescence microscopy results in HEK cells showed that NBs remain

internalized 24 hrs after the initial 4 hrs incubation and subsequent washing.
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Figure 3.2.2. Internalization of NBs in rat DRG tissue. NBs were injected (~ 1 mg) in the DRG of a rat
between L4 and L5 with a 30G needle. Post injection, the rat was kept alive for 1 hr before sacrifice followed
by collection of the DRG, fixation, freezing and sectioning. Red color was put in post-processing (pseudo
color) to represent the fluorescence emission from the Cy3 dye chemically conjugated to the injected NBs.
B,E,H fluorescence and C,F,l overlay images of 3 different sections from 2 injected DRG tissues (right and
left) on one rat. A-C. Images were taken with a 10x objective. D-F. Images were taken with a 20x objective.
G-1. Images were taken with a 40x objective. All scale bars depict 50 um.

To test the ability of these NBs to be taken up in vivo, we chose some target organs
of a rat model i.e., dorsal root ganglion (DRG) and salivary gland (SG). The choice of
these target organs was driven mainly by (a) the ability to easily locate them with
ultrasound (b) locally inject a NB bolus by avoiding the systemic circulation and side
effects. Additionally, DRG is mainly composed of sensory neurons which form the

essential network of pain transmission from the peripheral nervous system to the brain.
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These neurons comprise of sodium channels, which are ion channel proteins used by the
DRG neurons to transmit action potentials. Specifically, Nav 1.8 and 1.9 are tetrodotoxin
(TTX) resistant and are used extensively to study pain transmission. For example,
silencing the expression of these channel proteins will prevent pain signal transmission
to the brain and therefore silence pain (nociception). In the face of the opioid crisis,
silencing Nav1.8 and 1.9 is a viable strategy to opioid-free pain management. For the
same reasons, there is also a need for development of localized delivery systems to
release local anesthetics through these DRG targeted injections without the need for
systemic distribution[9]. Therefore, the DRG is an excellent clinical target for the
development of a novel gene delivery system to modulate and study protein function in

Vivo.

Rat salivary gland (SG) is also a good target for testing uptake of NBs. This is
because the SG is a tissue without circulation or tissue barriers and the injected NB bolus
can directly access the tissue without barriers or forces of fluid diffusion clearing it quickly.
Clinically, SG is a relevant target for gene therapy for example, in cases of xerostomia[10],
patients who undergo radiotherapy for head and neck cancers and have radiation
damaged salivary glands which are unable to secrete saliva. There being no standard
treatment available for radiation induced xerostomia, one approach is heterologous
expression of the aquaporin channels in the salivary gland tissue. Viral transduction
techniques, although efficient, have concerns of toxicity and undesirable immune
response. Thus, NBs can be tested for their ability to internalize in these two in vivo
targets in a rat model to set the stage to develop a NB based non-viral gene delivery

system.
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Figure 3.2.3. Internalization of NBs in neurons post-DRG injection. NBs were injected (~ 1 mg) in the
DRG of a rat between L4 and L5 with a 30G needle. Post injection, the rat was kept alive for 1 hr before
sacrifice followed by collection of the DRG and enzymatic dissociation. The neurons were allowed at least
4-5 hrs to attach to the dish (PLL coated, 35 mm petri dish) before imaging. Red color was put in post-
processing (pseudo color) to represent the fluorescence emission from the Cy3 dye chemically conjugated
to the injected NBs. A, D, G. Phase, B,E,H fluorescence and C,F,| overlay images from a single injection.
All images were acquired with a 20x objective and scale bars depict 50 um.

Figure 3.2.2&3 show the results of ultrasound guided Cy3-tagged NB injection in
rat DRG tissues located between L4 and L5 segments of the spinal column. Post-
injection, rats were woken up from anesthesia, kept alive for 1 hr and then sacrificed. The
DRG was then isolated, fixed, and sectioned into 15-17 um thick. The sections were
mounted onto a glass slide with cover slip and imaged. Our results (Fig. 3.2.2) show that

Cy3-NBs were successfully taken up in the DRG tissue. However, DRG is composed of

57



neurons, glia, and connective tissue. Figure 3.2.2 does not clarify if neurons of DRG have

successfully taken up the Cy3-NBs. In order to elucidate this, a better analysis method is

Figure 3.2.4. Internalization of NBs in rat salivary gland. A, D, G. Phase, B,E,H fluorescence and C,F,|
overlay images of 3 different sections from injected salivary glands (right and left) of one rat. NBs were
injected (~ 0.5 mg) in the salivary gland of a rat with a 30G needle. Post injection, the rat was kept alive for
1 hr before sacrifice followed by collection of the salivary gland, fixation, freezing and sectioning. Red color
was put in post-processing (pseudo color) to represent the fluorescence emission from the Cy3 dye
chemically conjugated to the injected NBs. Images depict representative results from n=2 experiments.
Images were acquired with a 20x objective. All scale bars depict 50 pum.

to enzymatically dissociate the DRG after injection and isolation, collect the DRG neurons
by centrifugation and check with microscopy if there is any Cy3 emission co-localizing
with the acutely dissociated neurons. Our results from acutely dissociated neurons from

in vivo DRG injections (Fig. 3.2.3) reveal that there is co-localization and successful

58



internalization of Cy3-NBs. The fluorescence emission from these neurons also show a
punctate form which indicates that the emission is coming from NB clusters and not

leached out Cy3 diffusion.

Similar injections with ultrasound guidance was performed in a rat model in the
SG. Each bolus contained 0.5 mg of Cy3-NBs in DBPS in an injection volume of ~150 pl.
After 1 hr of injection, the rat was sacrificed, the whole SG was isolated, fixed, frozen and
sectioned. Our fluorescent images (Fig. 3.2.4) of rat SG depict robust internalization of

the Cy3-NBs. Figure 3.2.4. A-C depict uptake of the Cy3-NBs around the salivary ducts.

Although our experiments have resulted in successful internalization of NBs, the
uptake results of the DRG uptake studies were highly variable depending on the success
of the injection itself. Ultrasound was used for guiding the NB injection needle and leg
kick reflex upon needle entry was used as indication of successful injection at the DRG.
Yet, the injection location is still variable with respect to the DRG and affects where the
bolus is released and how much of it is lost in the intercellular space or surrounding
connective tissues. Even with a perfect injection, the NBs face multiple barriers on their
way to the DRG neurons in the form of connective tissue, glia, and blood/CSF in the
intercellular space near the injection spot. Due to this reason, the surface chemistry of
the NBs needs to be optimized by PEGylation, conjugation of neuron targeting or glia
targeting proteins to allow specific uptake and guiding/localization mechanisms like
magnetic/ultrasound guiding to overcome these barriers and ensure reliable uptake by

DRG neurons.

Nevertheless, our results show promise of in vivo applications of gene/drug

delivery with NBs. To that end, the remaining chapters show work developing the NB
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system as a viable DNA, silencing RNA, and drug delivery system, optimizing, and

showing successful application in vitro in 4 cell lines , freshly dissociated DRG neurons

and ex vivo in DRGs.

Chapter 3, in part, has been published in ACS Bioconjugate Chemistry (2020) with

coauthors Dr. Ratneshwar Lal and Dr. Victor Ruiz-Velasco. The dissertation author was

the primary investigator and author of this material.
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Chapter 4
Development of the NB system for DNA delivery

In this report, we describe the development of DNA-loaded silica nanobowls (NBSs)
that can be internalized within 4 hrs in immortalized mammalian cell lines. We also show
that the successful transfection (i.e., release of DNA) relied on coating the NBs with
‘helper’ lipids. These nanovectors can be engineered to physisorb DNA at high loading
efficiencies. We further demonstrate that the NBs are capable of transfecting cells when

loaded with either linearized or supercoiled cDNA constructs.

4.1. Methods

DNA linearization and functionalization.

For cDNA loading and transfections, we chose clover (vector: pcDNA 3.1) and
tdTomato, (vector: pEGFP-N1) which code for two high quantum efficiency fluorescent
proteins of the GFP family[1]. Polymerase chain reaction (PCR) was performed to
introduce either amine or azide functional groups into linear DNA. Forward primers with
appropriate functional groups were designed to hybridize at the start of the CMV promoter
region of the pcDNA3.1 plasmid containing the clover DNA insert. The modifications at
the 5’ end of the forward primer was either a carboxyl or an azide group followed by a
disulfide bond. The reverse primer was not modified and was designed to hybridize at the
end of the polyadenylation sequence of the plasmid. All primers (Integrated DNA
Technologies, IDT) were custom designed. The sequences of the primers were the

following:
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Clover primers:

Forward primer (FWD): 5- GTTGACATTGATTATTGACTAGTTATTAATAGTAAT-3’

Reverse primer (REV): 5-CCATAGAGCCCACCGCAT-3

tdTomato primers:

Forward primer (FWD): TAGTTATTAATAGTAATCAATTACGGGGTC

Reverse primer (REV): GCAGTGAAAAAAATGCTTTATTTGTG

PCR was performed using the OneTaq HotStart 2X master mix (New England
Biolabs). The PCR products were purified using commercially available standard DNA
clean and concentrator kits (Zymo Research, 25 pg columns or Qiagen, 10 pg columns)
and reconstituted in DNAse, RNase free molecular biology grade water. The purified
products were quantified using the Qubit dsDNA BR assay kit (Thermo-Fisher Scientific)
as per manufacturer’s protocol. All linearized PCR products were visualized on agarose
gel electrophoresis/tapestation to confirm size (clover ~ 1.7 kbp & tdT ~ 2.4 kbp, see text

for data).

NB-DNA loading assay.

The dried, amine-coated NBs were resuspended in Dulbecco’s Phosphate
Buffered Saline DPBS (with Ca?* and Mg?*; Thermo-Fisher Scientific) with light sonication
for 5 mins at a final 1 mg/ml concentration. In addition, 2—50 pg of supercoiled or
linearized cDNA was added to 1 ml (1 mg/ml) of NB-DPBS solution and allowed to bind

overnight at 4°C with gentle shaking. Once the DNA was loaded, the NBs were
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centrifuged at 3221g for 30 mins and the supernatants were collected for DNA
guantification with Qubit assay kit (Thermo-Fisher Scientific). All loading efficiencies (%)

were calculated as pg cDNA bound*100/ug cDNA added per mg NB.

MRNA synthesis and loading.

MRNA was synthesized from linearized clover template using an in vitro
transcription kit i.e., HiScribe™ T7 High Yield RNA Synthesis Kit (New England Biolabs)
as per manufacturer’s protocols. The synthesis products were treated with RNase free
DNase post-synthesis to remove any template DNA remaining in the product. Afterwards,
the mRNA was purified by Monarch RNA purification column of 100 pg capacity per
column, as per manufacturer’s protocols. 25 pg of purified mMRNA was added to 1 mg NB
(amine functionalized) in 1 ml DPBS and allowed to mix gently with a rotator at 4°C for an
hr. Afterwards, the bound mRNA was separated by centrifugation as described above

and quantified with Nanodrop with appropriate background subtraction.

NB-DNA lipid encapsulation.

The lipids 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine i.e., 18:1 (A9-Cis) PE
(DOPE) and 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) i.e., 18:1 TAP
(DOTAP; both from Avanti Polar Lipids) were mixed at a 1:1 molar ratio in chloroform and
transferred to a pre-etched round bottom glass flask. The chloroform was dried with a
gentle nitrogen stream. Thereafter, approximately 1.5 gr of 2 mm glass beads (Sigma
Aldrich) were added to the bottom of the flask and a lipid reconstitution buffer (KCI 100
mM Tris 10 mM HEPES 10 mM pH 8.4) was added to obtain a 1 mg/ml lipid solution. The

liposomes were prepared by swirling the flask with the glass beads continuously for 5
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mins. The liposome solution was then serially filtered through 0.45 um (Pall diagnostics)
and 0.22 pm (Pall diagnostics) sterile filters. Afterwards, the liposome solution was
extruded through a 0.10 um filter (Avanti Polar Lipids) using a mini extruder setup with
gas tight syringes (Avanti Polar Lipids), with 4 passes through the filter per 1 ml extruded.
Finally, 1 ml of 100 nm extruded liposome solution was mixed via gentle shaking with 1
ml NB-DNA conjugate (1 mg/ml) in DPBS for 60 mins with gentle shaking at room
temperature. The NBs were then centrifuged and washed once in 1 ml DPBS at 3221g
for 30 mins. The lipid encapsulated NBs (LNBs) were finally resuspended in 1:1
DPBS:Opti-MEM (Thermo-Fisher Scientific) at the desired final LNB concentration for
transfection. To show effect of addition of polymers to the LNB encapsulation layer,
similar protocols were followed but with the addition of 1:1:0.1 DOPE:DOTAP:DOPE-

PEG-NHS (Nanocs). Data for this is presented in Chapter 7.
NB toxicity assays.

MTT Assays:

Human embryonic kidney (HEK), ND7/23, L-cells and HeLa cells were purchased
from ATCC. The cells were plated at a density of 25,000 cells/well in glass bottom 96-well
plates 24 hrs before the experiment. On the day of the experiment, the cells were
incubated in 0.05, 0.125, 0.25, 0.5 and 1.0 mg/ml LNBs in 1:1 DPBS:Opti-MEM (200 pl
final volume/well) at 37°C for 4 hrs. The null LNB (Control) group was incubated in vehicle
(DPBS:Opti-MEM). Following the incubation period, the wells were gently rinsed in warm
DMEM twice and 100 pl of warm DMEM (without phenol red) mixed with 10 pl of 12 mM
MTT solution (Vybrant MTT assay kit, Thermo-Fisher Scientific) were added to the wells

for 4 hrs at 37°C. Thereafter, 85 pl of supernatant per well was discarded and gently
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replaced with 100 pl DMSO. The plate was incubated for 30 mins at 37°C and kept on a
rotary shaker for 30 mins at room temperature to allow the uniform dissolution of
formazan. The plates were scanned for absorbance at 540 nm in FlexStation3 microplate
reader (Molecular Devices). The absorbances were normalized to the live cell control and
converted to % viability. Cells treated with 70% ethanol for 1 hr were used as dead cell

control and showed viability of 10% or less (not shown on bar graphs in Fig. 4.2.18).

Flow cytometry:

HEK cells were plated on 6-well plates at 120,000 cells/well 24 hrs prior to the start
of the experiment. Cells were incubated with LNB (0.05—1.0 mg/ml) loaded with 10
pg/mg linearized clover for 4 hrs in a humidified atmosphere at 37°C in 5% C0O2/95% air.
Each condition was performed in duplicate. Following the incubation period, the wells
were rinsed with warm DMEM (without phenol red) and returned to the incubator for an
additional 44 hrs. The negative control group was incubated in 1 mg/ml LNB in
DPBS:Opti-MEM. The positive control group (i.e., clover-expressing cells) was
transfected with supercoiled clover cDNA (4 ug) employing Lipofectamine 2000 (Thermo-
Fisher Scientific) per well, followed by washing with warm, clear DMEM and 24 hrs
incubation before analysis. Prior to performing flow cytometry, phase contrast and
fluorescence images were obtained with a Nikon TE2000 microscope, an Orca-ER CCD
camera (Hamamatsu Photonics), iVision software for acquisition (Biovision Tech.) and
Photo Fluor Il (89 North) for illumination. The images were processed, and pseudo-
colored with iVision software. For flow cytometry analysis, the wells for each condition
were combined and reconstituted in DPBS at 10° cells/ml and stained with 7-

Aminoactinomycin (7-AAD) flow cytometry viability dye (Thermo-Fisher Scientific). The
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cells were run in a 10 color BD FACS Canto with 488 nm excitation filter and 530 nm
(clover) and 695 nm (7AAD) detection filters. Each sample was run until approximately
100,000 events were detected. Analysis was done by gating out debris and multi-cell
clusters from original side scatter vs forward scatter plot, and then viable and clover
expressing populations were analyzed from the single cell events by applying appropriate
compensation of these detector channels and setting thresholds (102 units) for
background emissions. Dead cells (killed by 5 mins of rapid freeze thawing) were used
as positive controls for 7-AAD. 4ug/Lipofectamine 2000 treated HEK cells (4 hr treatment,
followed by rinsing and incubation for 24 hrs) were used as the positive GFP control. All
measurements were performed in the Flow Cytometry Core, Penn State College of

Medicine, PA.
Western blotting assays.

In this set of experiments, HEK and ND7/23 cells were plated at 120,000/well in 6-
well plates 24 hrs prior to transfection. Linearized or supercoiled clover was loaded onto
NBs, lipid encapsulated, and re-dispersed in DPBS:Opti-MEM at 0.5 mg/ml as described
above. Each well was then incubated in 1 ml of this solution for 4 hrs at 37°C and then
rinsed 3 times in warm DPBS. After 48 hrs post-transfection, the cells were trypsinized,
dissolved in a lysis buffer containing B-marcaptoethanol. Protein extraction, purification,
and collection were performed with the Nucleospin RNA/Protein kit (Macherey-Nagel,
Inc.). The protein samples were quantified with the Qubit protein kit (Thermo-Fisher
Scientific). The Western blot experiments were then performed with the Wes system
(Protein Simple). The microplate was loaded with protein concentrations ranging from

0.025—0.25 pg/ul, primary antibodies and secondary antibodies. The rabbit monoclonal
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anti-clover (Abcam, Inc.) and anti-vinculin (housekeeping gene, Abcam, Inc.) antibodies
were employed at 1:1000 and 1:500, respectively. Protein detection and quantification

were performed with the Compass software (Protein Simple).

Transmission electron microscopy (TEM).

Between 5 and 10 pl of purified NBs (suspended in ethanol or water if lipid coated)
were drop cast on a 400 Cu mesh with Formvar/Carbon Film, Cat: FCF400-Cu (Electron
Microscopy Sciences). LNB samples were stained in partially dried state by adding a
small drop of 2% urenyl acetate (Electron Microscopy Sciences). The samples were dried
by wicking excess solvent with the edge of a soft filter paper and then air-dried at room
temperature. Tissue samples were fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde (Electron Microscopy Sciences) in 0.1 M phosphate buffer (pH 7.4)
and further fixed in 1% osmium tetroxide (Electron Microscopy Sciences) in 0.1 M
phosphate buffer (pH 7.4) for 60 mins. Samples were dehydrated in a graduated ethanol
series, acetone and embedded in LX-112 (Ladd Research). The sections (60 nm) were
stained with uranyl acetate and lead citrate (Electron Microscopy Sciences) and viewed
in a JEOL JEM 1400 Transmission Electron Microscope (JEOL USA Inc.). All images
were taken at 60 kV. All measurements were performed in the Microscopy Imaging Core,

Penn State College of Medicine, PA.
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4.2. Results

|. Development of the LNB transfection system

A B Ladder Clover-Lin
kbp s
] —
Fwd Primer
Promoter
0] PCR

3'UTR

Rev Primer

Figure 4.2.1. Synthesis of linearized constructs for transfection. A. The schematic shows the synthesis
of linearized DNA from a plasmid (vectored, supercoiled) template by polymerase chain reaction (PCR).
Amplification of the gene is achieved by appropriate design of forward and reverse PCR primers spanning
the promoter region on the 5’ end and the poly A tail region on the 3’ end. B. Gel electrophoresis image on
a 1% agarose gel and stained with SYBR Safe dye depicts the size of the linearized PCR product (Clover-
Lin) after column purification. This product was produced from the PCR linearization of clover cDNA plasmid
with a vector pcDNA3.1 and a CMV promoter region.
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Table 4.2.1. Optimization of PCR linearization reaction. Clover plasmid template amounts were varied
(10-100 ng) per 50 pl PCR reaction volume leading to varying yields of linearized clover. As template
amount was increased, amplification decreased.

Clover plasmid starting Yield of purified linear Amplification
amount (ng) /50 pl product (ug) / 50 pl Linear (ng) /plasmid (ng)
reaction vol. reaction vol.
10 2.9 290
20 3.3 165
50 3.6 12
100 35 35

The cDNA constructs employed for transfecting in this study were either linearized
(i.e., vectorless) or supercoiled. This proof-of-concept work has been performed with
cDNA constructs in the enhanced fluorescent protein family, specifically clover (green
emission) and tdTomato (red emission)[1]. To synthesize linearized cDNA, the coding
region of a supercoiled, vectored cDNA template was amplified with primers that were
specific for the CMV promoter region (forward primer) and the polyA tail region (reverse
primer) of the template plasmid by polymerase chain reaction (PCR). The linearization
scheme is shown in Figure 4.2.1. In order to demonstrate this linearization scheme, we
used clover plasmid (with pcDNA 3.1 vector) as the template. PCR was optimized with
the chosen primer sequences and varying starting clover plasmid template amounts (10-
100 ng) per 50 pl reaction volume. 50 ng plasmid per 50 pl PCR reaction volume at 50°C
annealing temperature gave the most optimized yield of 3.6 ug purified linearized clover.

The linearization of the product was confirmed with a 1% agarose gel electrophoresis with
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the appearance of a clear single band within 1.5-2.0 kbp size (Fig. 4.2.1 B). Calculations
from the sequence information of pcDNA 3.1 vector suggest the size of linearized clover
~1.7 kbp. The PCR linearization reaction was optimized with various starting quantities of
clover plasmid template (Table 4.2.1) 10-100 ng/50 ul reaction volume. Our optimizations
showed that increasing ng amounts of the template increased the yield of purified product
until 50 ng, beyond which the yield saturated. Simultaneously, amplification of product
decreased consistently from 10-100 ng from 290 to 35 times (calculated by the ratio of
product (ng)/template(ng) per reaction). In order to maximize yield per reaction with a
reasonable amplification, we chose 50 ng as the optimal template amount per reaction

for future work.
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Figure 4.2.2. Development of NBs for cDNA transfection. A. Schematic of NB synthesis and surface
functionalization. 100 nm polystyrene (PS) template was used to generate an eccentric cavity in the NB
synthesis from tetraethyl orthosilicate (TEOS) condensation. Dimethyl formamide (DMF) was used to
dissolve away the PS template, followed by amine functionalization with 3-aminopropyltriethoxysilane
(APTES). B. cDNA loading curves showing pg of cDNA bound per mg of amine functionalized NB (left y-
axis, black) and % cDNA loading efficiency calculated as % of mixed cDNA that bound (right y-axis, red).
Circles and squares depict data from supercoiled cDNA and linearized cDNA, respectively. The points
depict +SEM from mean values, performed in triplicate. C. Binding data for linear (Lin) and supercoiled (SC)
clover were plotted and fitted. SC can be easily fit with an exponential increase model reaching a saturation
plateau in the entire range from 0-50 pg/mg DNA dosage(red circles and black dotted line). However,
linearized DNA binding on NB does not follow the same pattern of saturating binding as supercoiled. We
were able to fit linear loading data in the range <= 25 pg/mg (black squares and solid black line). In this
range, the binding pattern follows an increasing exponential form, which is consistent between both types
of DNA constructs. Y-axis was normalized to saturation binding value of supercoiled at 50 pg/ml and binding
value of linearized at 25 pug/ml within a scale of 0 to 1.
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Figure 4.2.2 A shows the scheme of NB synthesis, amine functionalization and
DNA loading. APTES functionalized positively charged NBs (+36.8+ 0.8 mV, ref. Chapter
3) post purification were dried and redispersed in DPBS at 1 mg/ml for DNA loading
overnight. Post incubation with various added amounts of DNA (0-50 pg/mg NB), the NBs
were spun down, and the supernatant was collected for unbound DNA quantification.
Figure 4.2.2 B is a plot that shows amine coated NBs can load both linearized and
supercoiled cDNA constructs. Unlike linearized cDNA, the adsorption profile of the
supercoiled construct showed an exponential trajectory with a saturation plateau (Fig.
4.2.2 C). The maximum bound cDNA achieved was 11 pg/mg NB for supercoiled (black
circles) and 25 pg/mg linearized (black squares) clover cDNA. Figure 4.2.2 B also
indicates that the loading efficiency decreased with increasing cDNA concentrations. At
the highest DNA tested (50 pg/mg), the loading efficiencies for linearized (red circles) and
supercoiled (red squares) cDNA were 22% and 50%, respectively. The profile observed
for supercoiled cDNA suggests that NBs possess a monolayer saturation adsorption
capacity. The Kb value from the exponential fit was 5.5 pg/ml for supercoiled cDNA. On
the other hand, linearized cDNA constructs exhibited a similar binding profile up to 25
pg/ml after which there is a linear increase in binding without reaching a saturation point
with the highest amount of cDNA tested (Fig. 4.2.2 C). Therefore, it was not possible to
fit the entire range of the linearized cDNA binding data with a single exponential equation.
However, fitting the data to an exponential equation up to 25 pg/ml, the Kp obtained was

5.9 ug/ml (R?=0.98) (Fig. 4.2.2 C).

73



2]
]
A. o s £ B.
o > o
L3 3 &
[ p]_l © = 40 T T T T T T
10k_~—<—w
5000 m—. S e - 100
3500 M—. . E R <
o) 357 o
250 m— — 3 L 90 5.,
1500 M—_:G" §20 o
. 1 S
10090 S . 80 &
500 — o o
_— © k=
400- § 10- - 70 ®
250 — o ‘ g
100 W—_-_ £ s
0 T T 60

15— — 0 10 20 30 40 50
tdTomato mixed (ug/mgq)

Figure 4.2.3. Loading of linearized TdTomato DNA on NBs. A. Gel like image of linearized and purified
Tdtomato in comparison to linearized clover run on a Tapestation. 65% of the intensity from the linearized
TdTomato lane was recorded from the band at 2.46 kbp. Both clover and tdTomato were loaded at 5
ng/lane. B. Amount of Tdtomato (linearized) cDNA loaded (black) and loading efficiency (red) at various
amounts mixed with NBs (0-50 pg/mg). Red and black traces show representative loading profiles, with
mean and £SEM values, performed in duplicate.

We next examined whether increasing the size of the linearized DNA would alter
the loading curve. In this set of experiments, we employed the cDNA construct coding for
the fluorescent protein, tdTomato (tdT) in a plasmid vector peGFPN1. Tapestation results
(Fig. 4.2.3. A) confirm the size of the main band (~65%) from purified linearized tdTomato
is 2.46 kbp (calculated size from vector map~ 2.4 kbp). There was a lighter band at a
lower size that appeared as an impurity (either due to some non-specific amplification
during PCR or impurities in the tdTomato plasmid maxiprep stock solution). Our results

(Fig. 4.2.3 B) indicate that the tdT binding profile was steeper than that observed for clover

(Fig. 4.2.2 B). The maximum loading capacity observed at 50 pg/mg loading was 32
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pHg/mg, slightly greater than the linearized clover (25 pg/mg). However, based on the
higher molecular weight of linearized tdT (2.4 kDa) than clover (1.7 kDa), we determined
that a comparable cDNA copy number was adsorbed on the NB surface per mg (New
England Biolabs NEBiocalculator™ : tdT copy number = 1.3*10*2 and clover copy number

= 1.4*103).

Table 4.2.2. Representative loading amounts of different types of nucleic acid constructs measured
per mg of amine functionalized NB. For all constructs, amount added for mixing with NB was 25 pg/mg
NB, except for siRNA which was added at 10 pg/mg NB. All DNA construct loading amounts were measured
with Qubit dsDNA assay, and all RNA constructs were measured with Nanodrop. See methods for more
details.

Type of | Strands Size Configuration | Loading Copy
nucleic (Qor?2) (bp) (Linear (ug/mg | Number/mg
acid /supercoiled) NB) NB
construct (x10%?)
Clover 2 6127 Supercoiled 11.2 1.78
plasmid
Linear 2 1700 Linear 12.1 6.94
clover
Linear 2 2400 Linear 17.3 7.02
tdTomato
Clover 1 1500 Linear 10.9 13.61
MRNA
(uncapped)
Silencing 2 22 Linear 3.9 142.42
RNA
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Figure 4.2.4. Encapsulation of NBs with ‘helper’ lipids results in clover expression. A, C. Western
blots of clover expression in HEK and ND7/23 cells transfected with NB loaded with supercoiled clover
cDNA without (A) and with 1:1 DOPE:DOTAP coating (C). In A, each lane was loaded with 0.2 pg/ul for a
total protein assay; while for C, 0.075 and 0.25 pg/ul per lane were loaded for HEK and ND7/23 cells,
respectively. The 36 kDa band represents clover. Vinculin (116 kDa) was used as the loading control. B.
Schematic drawing showing 100 nm extruded lipids were mixed with DNA-loaded NBs to prepare lipid-
encapsulated NBs (LNBs).

Furthermore, we see from Table 4.2.2 that different types of constructs load
different total number of copies or molecules per mg NB. For example, for clover, mRNA
which is essentially a single stranded version of the linearized clover, loads 1.96 i.e., ~2
times as much as the double stranded version of the same gene. On the other hand, if
we drastically reduce the number of base pairs and consequently, the length of the
construct, i.e., a silencing RNA of ~22 base pairs, we see that compared to linearized

clover, we are able to load 20.5 times higher number of nucleic acid molecules per mg
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NB. Finally, we also observe that, for the same amount of clover DNA added per mg NB,
we get 3.9 times higher number of molecules loaded per mg NB for linearized construct
compared to supercoiled construct. These observations suggest that the number of
strands, number of base pairs and DNA configurations have an effect on their loading on

the NB surface.

Next, we applied the clover DNA loaded NBs to cell lines for transfection. Although
the clover cDNA-loaded NBs were internalized by all cell types, clover fluorescence was
not observed up to 72 hrs post-transfection with NB concentrations up to 0.5 mg/ml. To
confirm the lack of clover expression, HEK and ND7/23 cells were transfected with 0.1
mg NBs carrying 2 pg/mg clover cDNA for 4 hrs and cell protein was isolated 72 hrs post
transfection. Western blotting assays were employed to detect clover expression and the

blot shown in Figure 4.2.4 A indicates neither cell type was successfully transfected.
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Figure 4.2.5. Characterization of lipid coated nanobowls (LNBs). A-C. Transmission electron
microscopy (TEM) images of LNBs with negative staining. D. TEM image showing a lipid layer (approx. 5
nm diameter) surrounding LNBs. White arrows indicate the thickness of the lipid layer on the NB.

The lack of clover expression suggested that the internalized NBs were trapped
within endocytic vesicles and unable to release the cDNA. Consequently, the NBs were
next coated with the lipids DOPE and DOTAP at 1:1 molar ratio (Fig. 4.2.4 B), which have
been reported to act as ‘helper agents’ in other transfection systems. The TEM
micrographs shown in Figure 4.2.5 indicate that the lipid-coated NBs (LNBs) have a lipid
coating of approximately 5 nm. HEK and ND7/23 cells were transfected for 4 hrs with
LNBs (0.5 mg/ml) carrying linear or supercoiled clover cDNA constructs (10 pg/mg).
Clover protein expression levels were then determined with Western blotting assays.

Figure 4.2.4 C shows that, unlike NBs, LNBs loaded with supercoiled clover cDNA
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resulted in protein expression in both cell lines. Furthermore, the TEM micrographs shown
in Figure 4.2.6 indicate that LNBs were internalized in HEK cells (Fig. 4.2.6 top) within 24
hrs of incubation. In contrast to NBs without lipid coating (Fig. 4.2.6 bottom), some LNB
clusters were found in the cytoplasm that seem to have escaped endosomal entrapment
(white arrows, Fig. 4.2.6 top). We also observe that 24 hrs after treatment with LNBs, not
100% of the LNB clusters have been released into the cytoplasm. This indicates that
either the endosomal release process takes longer than 24 hrs or that the endosomolytic
properties of the DOPE/DOTAP combination needs further optimization to improve the

efficiency of endosomal release of LNBs.

After we confirmed that this DOPE/DOTAP coated LNBs could lead to successful
transfection and got successfully internalized in HEK cells at 24 hrs, we set out to
determine the concentration dependent uptake of all 4 cell lines at that time point. For
this, we first conjugated Cy3-NHS to NBs as shown in Chapter 3. Then, we coated the
Cy3-conjugated NBs with lipids (1:1 DOPE:DOTAP) and re-dispersed them at various
concentrations (0, 50, 125, 250, 500 and 1000 pug/ml in a 1:1 DPBS:Opti-MEM cocktail.
Our results (Fig. 4.2.7-10) show that after 24 hrs, there is a clear concentration
dependence of NB uptake in the cell lines. The punctate or clustered fluorescence from
the images suggests that the fluorescence comes from Cy3 conjugated on NB clusters
rather than leached, unbound Cy3 dye. At lower concentrations, there are less clusters
indicating less LNBs internalized. The uptake amount increases with increasing
concentration of LNBs. All cell lines show maximum uptake in the maximum LNB
concentration i.e., 1 mg/ml. All cell lines look healthy at all LNB concentrations tested.

HEK cells and L-cells show maximum uptake at 1 mg/ml concentrations.
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Since these (Fig. 4.2.7-10) are optical microscopy images, we can only conclude
that there is co-localization of LNB clusters and cell growth patches. To conclude
successful internalization, we will have to do TEM as a confirmatory test. We were not
able to perform TEM confirmatory test for all 4 cell lines. But our TEM imaging work on
HEK cells (Fig. 4.2.6 top) as well as ND7 (data not shown) at 24 hrs with 0.5 mg/ml LNBs

confirm our fluorescence microscopy to depict successful internalization.
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Figure 4.2.6. Lipid encapsulation helps LNBs get released into the cytoplasm. Transmission electron
microscopy (TEM) images of HEK cells 24 hrs after treatment with 0.5 mg/ml. Top. LNB. Bottom. NB (no
lipid). White arrows indicate LNBs or LNB clusters found in the cytoplasm. TEM images were taken from
60 nm thin sections with negative staining.
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Figure 4.2.7. Concentration dependent NB uptake in HEK cells. Phase (left), fluorescence (center) and
overlay (right) images of HEK cells 24 hrs after introduction of Cy3-tagged LNBs at various concentrations
(0-1000 pg/ml). LNBs were incubated for 4 hrs in the cell culture, then rinsed with warm media to remove
unbound LNBs. The cells were then allowed to incubate for 24 hrs, then fixed in 4% PFA and imaged in
DPBS. All images taken with a 10x objective. Scale bars depict 100 um.
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Figure 4.2.8. Concentration dependent NB uptake in ND7/23 cells. Phase (left), fluorescence (center)
and overlay (right) images of ND7/23 cells 24 hrs after introduction of Cy3-tagged LNBs at various
concentrations (0-1000 pg/ml). LNBs were incubated for 4 hrs in the cell culture, then rinsed with warm
media to remove unbound LNBs. The cells were then allowed to incubate for 24 hrs, then fixed in 4% PFA
and imaged in DPBS. All images taken with a 10x objective. Scale bars depict 100 um.
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Figure 4.2.9. Concentration dependent NB uptake in HeLa cells. Phase (left), fluorescence (center) and
overlay (right) images of HeLa cells 24 hrs after introduction of Cy3-tagged LNBs at various concentrations
(0-1000 pg/ml). LNBs were incubated for 4 hrs in the cell culture, then rinsed with warm media to remove
unbound LNBs. The cells were then allowed to incubate for 24 hrs, then fixed in 4% PFA and imaged in

DPBS. All images taken with a 10x objective. Scale bars depict 100 pm.
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Figure 4.2.10. Concentration dependent NB uptake in L-cells. Phase (left), fluorescence (center) and
overlay (right) images of L-cells cells 24 hrs after introduction of Cy3-tagged LNBs at various concentrations
(0-1000 pg/ml). LNBs were incubated for 4 hrs in the cell culture, then rinsed with warm media to remove
unbound LNBs. The cells were then allowed to incubate for 24 hrs, then fixed in 4% PFA and imaged in
DPBS. All images taken with a 10x objective. Scale bars depict 100 pm.
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Il. Characterization of the transfection efficiency of the LNB system

After it was confirmed that DOPE/DOTAP coating was led to successful
transfections, we set out to fully characterize the LNB system for its ability to transfect all
4 cell lines (HEK, ND7/23, HeLa and L-cells) and transfection efficiencies. First, we added
10 pg/mg loaded LNBs and applied to all 4 cell lines at 0.5 mg/ml concentrations. Our
results (Fig. 4.2.11-12) show that both supercoiled and linearized clover loaded LNBs can
successfully lead to clover expression in all 4 cell lines. Our results also show that
linearized constructs (Fig. 4.2.11) lead to generally higher transfection efficiencies than
the supercoiled constructs (Fig. 4.2.12) in all 4 cell lines. We also observe that the
intensity of clover fluorescence is highly variable within a given field of view especially for
the linearized clover (Fig. 4.2.11). In both types of constructs, HEK cell line has the
highest efficiency of clover expression (i.e. highest number of cells transfected/total
number of cells in the field of view). We also tested 0-50 g dose responses of supercoiled
clover DNA in HEK and ND7/23 cells by transfecting them at a fixed 0.5 mg/ml NB
dosage. After 48 hrs, we observe that both cell lines show different transfection
efficiencies at different pg loading amounts. For example, in HEK cells (Fig. 4.2.13), we
observe that increasing the pg/mg supercoiled clover DNA loading on LNBs clearly
increases the transfection efficiency and the maximum efficiency is reached at 50 pg/mg
DNA loading. On the other hand, in ND7/23 cells, the same trend is observed, but the
maximum efficiency is reached at 25 pg/mg DNA loading. However, fluorescence
microscopy gives a qualitative characterization of transfection efficiency. Therefore, a
more rigorous quantitative technique is required to make concrete conclusions about

transfection properties of the LNB system.
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Phase Fluorescence Overlay

ND7/23

Figure 4.2.11. Linearized clover transfections of 4 cells lines with LNBs. Phase (A, D, G, J),
fluorescence (B, E, H, K) and overlay (C, F, I, L) images acquired with 20X objective showing clover
expression in transfected cells with linearized clover at 10 pg/mg LNB (0.5 mg/ml) after 48 hrs in 4 cell
lines HEK, ND7/23, HelLa and L-cells. All scale bars measure 50 um.
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Figure 4.2.12. Supercoiled clover transfections of 4 cells lines with LNBs. Phase (A, D, G, J),
fluorescence (B, E, H, K) and overlay (C, F, I, L) images acquired with 20X objective showing clover
expression in transfected cells with supercoiled clover at 10 pg/mg LNB (0.5 mg/ml) after 48 hrs in 4 cell
lines HEK, ND7/23, HeLa and L-cells. All scale bars measure 50 um.
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Figure 4.2.13. Clover dose (ug) response in LNB transfected HEK cells. Phase (A, D, G, J, M),
fluorescence (B, E, H, K, N) and overlay (C, F, I, L, O) images acquired with 20X objective showing clover
expression in transfected HEK cells at various loading amounts of supercoiled clover 0-50 pg/mg LNB (0.5
mg/ml) after 48 hrs. All scale bars measure 50 pm.
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Figure 4.2.14. Clover dose (ug) response in LNB transfected ND7/23 cells. Phase (A, D, G, J),
fluorescence (B, E, H, K) and overlay (C, F, I, L) images acquired with 20X objective showing clover
expression in transfected ND7/23 cells with supercoiled clover 0-50 pg/mg LNB (0.5 mg/ml) after 48 hrs.

All scale bars measure 50 um.

We next determined the transfection efficiency in both HEK and ND7/23 cells with

varying loads (0-50ug/mg) of clover DNA (linear and supercoiled) with a constant LNB
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concentration (0.5 mg/ml). Clover expression was quantified employing Western blotting
assays 48 hrs post-transfection with LNB (Fig. 4.2.15-16). The results show that for both
supercoiled and linearized constructs, clover is expressed in both cell lines at all cDNA
loading values, including the lowest i.e. 2 pg/mg. In all constructs and cell lines, we also
observe the same trend i.e. as pg/mg loading is increased, initally clover/vinculin ratio
increases up to 5 pg/mg in supercoiled construct transfected cells (Fig. 4.2.15) and 10
Hg/mg in linearized construct transfected cells (Fig. 4.2.16) and then, the expression of
clover (indicated by clover/vinculin) saturates at a value even though pg/mg loading is
increased up to 50. This indicates that for both cell lines, the LNB system has a maximum
transfection efficiency beyond which adding more DNA will not help improve efficiency.
This is a reasonable result as we had observed earlier that supercoiled DNA loading on
NBs reaches saturation loading at 10 pg/mg. Interestingly, although the NB loading
curves (Fig. 4.2.2 B) showed that linearized DNA loading did not saturate, our transfection
results show that there is saturation of clover expression beyond ~10 pg/mg linearized
DNA loading. The results also indicate that clover expression, determined by the
clover/vinculin ratio, was higher in ND7/23 cells for all cDNA loads tested (Fig. 4.2.15).
On the other hand, HEK cells exhibited greater clover expression when transfected with
LNBs loaded with linear cDNA (Fig. 4.2.16). Although clover transfection can be obtained
with LNBs loaded with either supercoiled or linearized cDNA, the relative expression

levels when transfected with the LNB system are cell type dependent.
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Figure 4.2.15. Dose response of supercoiled clover expression in HEK and ND7/23 cells. A, B.
Western blot experiments illustrating clover expression in HEK cells and ND7/23 cells 48 hrs post-
transfection with LNBs (0.5 mg/ml) loaded with varying (0- 50 pg/mg) supercoiled (SC) cDNA loading. The
36 kDa band represents clover expressed in each sample and the 116 kDa represents vinculin as the
loading control. C. Graph shows the densitometric analysis of the Western blots for relative clover and
vinculin expression. The values represent the mean with standard deviation of 2 independent experiments.
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Figure 4.2.16. Dose response of linearized clover expression in HEK and ND7/23 cells. A, B. Western
blot experiments illustrating clover expression in HEK cells and ND7/23 cells 48 hrs post-transfection with
LNBs (0.5 mg/ml) loaded with varying (0- 50 pg/mg) linearized (Lin) cDNA loading. The 36 kDa band
represents clover expressed in each sample and the 116 kDa represents vinculin as the loading control. C.
Graph shows the densitometric analysis of the Western blots for relative clover and vinculin expression.
The values represent the mean with standard deviation of 2 independent measurements of a representative

experiment.
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Phase Fluorescence Overlay

0.125 mg

1mg

Lipofectamine

Figure 4.2.17. LNB dose-dependent transfection of HEK cells with linearized clover cDNA. Phase
(left), fluorescence (middle) and overlay (right) images acquired with a 10x objective of HEK cells 48 hrs
post-transfection with varying concentrations of LNB (0.05-1 mg/ml) loaded with 10 pg/mg linearized clover
cDNA. The samples were analyzed in flow cytometry for viability and toxicity trends (Figure 4.2.19). Bottom
row represents positive control used in flow cytometry with Lipofectamine 2000 (4 pg) 24 hrs post-
transfection. All scale bars measure 100 um.

We also determined the effect of varying LNB concentration (0-1 mg/ml) on the

transfection efficiency of HEK cells. For this, we loaded a fixed dose of linearized cDNA
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(10 pg/mg) and transfected HEK cells at 0.05, 0.125, 0.250, 0.50 and 1.0 mg/ml
concentrations for 48 hrs. Our results (Fig. 4.2.17) shows that increasing LNB
concentration increases transfection efficiency up to 0.5 mg/ml. Beyond that, no further
improvement of transfection efficiency is observed, and it seems like the system has
reached its saturation efficiency. As before, fluorescence microscopy results being
gualitative, we confirmed this dose response trend quantitatively using flow cytometry
(Fig. 4.2.19 B). We observe in Figure 4.2.19B that the number of clover expressing cells
as a % of healthy cell population increases from 2-10% with increasing LNB
concentration. The transfection efficiency for single cells is also represented in Fig.
4.2.19A scatter plot (% of cells counted from quadrants | and Il). The representative plot
(in black) indicates that a plateau was reached at concentrations greater than 0.5 mg/ml.
This suggests that higher LNB concentrations approach saturation of possible expression
in HEK cells. Under our conditions, saturation in expression was reached at 10% for
clover, calculated with a Hill fit of the data, slope of 0.12 and non-linear regression of 0.99.
Thus, we see from these data (Fig. 4.2.17 and 4.3.19) that 0.5 or 1 mg/ml LNB
concentrations give the maximum possible expression in HEK cell line and are therefore
the best concentrations to use for future applications. We also compared our transfection
efficiencies with Lipofectamine 2000 (4 pg supercoiled clover loaded) and found that with
microscopy, Lipofectamine has a similar transfection efficiency as 1 mg/ml LNB (Fig.
4.2.19 bottom row). Quantitatively, our flow cytometry results (Fig. 4.2.19) determined the
transfection efficiency of Lipofectamine to be 15%. However, Lipofectamine transfection
was not optimized separately for this study and was simply used as positive control for

our flow cytometry runs.
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lll. Characterization of the toxicity of the LNB system
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Figure 4.2.18. Determination of LNB toxicity. A-D. Viability (% live cells) measurement with the MTT
assay of cells incubated in LNBs (0-1 mg/ml). The summary plots depict mean + SEM, performed in
triplicate. 0 mg/ml data point refers to cells treated only with 1:1 Opti-MEM and DPBS, and not exposed to
LNBs.
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Figure 4.2.19. Transfection vs. toxicity of the LNB transfection system. A. Flow cytometry scatter plots
showing single HEK cell populations with respect to clover emission (y-axis) and live/dead dye 7-AAD
emission (x-axis). Quadrant Q1(l) shows live cells expressing clover (9.1%), Q2 (ll) shows dead cells
expressing clover (1%), Q3 (lll) shows live cells with no/negligible clover expression (82.8%) and Q4 (IV)
shows dead cells with no/negligible clover expression (7.1%). This scatter plot was collected from HEK
cells treated with 0.5 mg/ml NBs loaded with 10ug/mg linearized clover cDNA for 48 hrs. B. Plot of HEK

cell viability (red) and clover expression (black) 48 hrs post-transfection with varying LNB concentrations
(0.05-1.0 mg/ml) loaded with 10 pg/mg linearized clover cDNA.
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Table 4.2.3. LNB concentration dependent flow cytometry parameters. Cluster population % are
reported above for all LNB concentrations tested with transfected HEK cells in flow cytometry assay. These
events were gated out and were excluded from % GFP positive population analysis. Among the clover-
expressing cells, further live/dead gating in the 7AAD channel (Quadrant Il in Figure 4.2.19 A) was applied
to determine percentage of dead clover-expressing cells at various LNB transfection concentrations shown
above.

LNB conc. % Events from % Clover

clusters Positive,

(mg/ml) dead cells
0.000 23 N/A
0.050 37 0.1
0.125 33 0.6
0.250 33 0.6
0.500 28 0.9
1.000 29 1.4

Determination of the optimized LNB concentration for future applications not only
depends on the highest achievable transfection efficiency but also the least toxicity to the
cell populations. To determine LNB toxicity, we first characterized using MTT assay, the
overall apoptosis induced by only LNBs with no DNA payload at various concentrations
0-1 mg/ml (Fig. 4.2.18). These results show cell viability compared to vehicle treatment
in all 4 cell lines i.e., HEK, ND7/23, HelLa, and L-cells, 4 hrs post LNB treatment. The
plots shown in Figure 4.2.18 A-D indicate that at the highest LNB concentration tested (1
mg/ml), toxicity was highest (~28%) for both ND7/23 and L-cells when compared to both
HEK and Hela cells. However, HEK cells showed a consistent toxicity (~16%) for all
concentrations tested (Fig. 4.2.18 A). These results suggest that for these cell lines, a 4
hr transfection period with LNBs will result in toxicity ranging from 10 to 28% at the highest

concentration (1 mg/ml) tested and lower toxic effects with LNBs at 0.125 mg/ml.
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Next, we determined with flow cytometry (Fig. 4.2.19) how the cell viability changed
for HEK cell populations with the same range of LNB concentrations (0.05-1 mg/ml) 48
hrs post transfection with 10 pg/mg linearized clover loading. Linearized clover was
chosen for this study as our previous Wes blots showed that in HEK cells linearized clover
has higher clover expression. Cell viability in the flow cytometry experiments was tested
using a viability dye 7-aminoactinomycin D (7-AAD) which is a DNA intercalator dye that
can only permeate through dead cell membrane and is not taken up by live cells.
Additionally, it is a dye that can be excited with the same 488 nm laser line as GFP but
has an emission that is far removed from the GFP emission (647 nm) which allowed us
to simultaneously measure GFP expressing and live/dead populations in the transfected
cells with two flow cytometry channels. We observed that the cell viability, measured by
cell populations with negligible 7AAD emission, (% of cells counted from quadrant | and
lll, Fig. 4.2.19 A) increased from 82% at 0.05 mg/ml to 95% at 1 mg/ml (red trace, Fig.
4.2.19 B). These results suggest there is a trade-off when LNBs are employed as
transfection agents. That is, when high LNB concentrations are used, protein expression
levels are higher with a concomitant cell death. To determine the optimal LNB
concentration necessary for the highest transfection efficiency, we determined that at 0.5
mg/ml the cell viability is 92% and clover expression levels reach approximately 10%.
This value is close to the saturation level of expression while still maintaining >90% cell
viability. At this concentration, we also observed approximately 1% dead clover-
expressing cells (Table 4.2.3). Thus, 0.5 mg/ml is the optimum LNB concentration
necessary to ensure maximum possible expression with greater than 90% cell viability. It

should be noted that analysis of the flow cytometry data was performed for single cell
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populations, while cell clusters containing both clover- and non-clover-expressing

populations were excluded from the analysis (Table 4.2.3).
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Figure 4.2.20. Transfection of HEK cells with DOPE/DOTAP encapsulated Stoéber silica
nanoparticles. A. Scanning electron microscopy (SEM) and B. Dynamic Light Scattering (DLS)
characterization of Stéber silica nanoparticles after synthesis and purification. DLS data was acquired from
~50upg/ml silica nanoparticles dispersed in water. Dn =415.3 £ 21.9 nm and PDI 0.207 £ 0.043 were
measured. C-D Fluorescence microscopy images of 0.5 mg/ml clover cDNA loaded Stéber silica
nanoparticles (~9ug clover supercoiled plasmid per mg silica nanoparticles) 48 hrs post transfection in HEK
298 cells captured with a 10x objective. C. Fluorescence channel after pseudo coloring. D. Overlay of the
fluorescence and the phase channels for the same field of view.

4.3. DISCUSSION

Vesicle entrapment has been reported as one of the major barriers to delivery of
DNA or drugs inside the cytoplasm for a number of non-viral transfection agents including
multifunctional silica nanoparticles[2], [3][4]. Among the strategies to overcome
endosomal entrapment, the use of ‘helper’ lipids to coat NBs was performed in this study.

The lipid DOPE was chosen due to its ability to form inverted hexagonal structures that
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can easily fuse with cellular lipid bilayers and vesicular compartments and facilitate the
release of loaded DNA from the NBs[5][6]. DOTAP was chosen as a cationic lipid to
stabilize the lipid bilayer on the DNA loaded NB surface and provide colloidal stability in
the media. Previously, it was shown that mesoporous silica NBs[7] overcame endosomal
entrapment by loading with the endosomolytic compound, chloroquine. However, the
drawback was a ‘leaky’ DNA delivery system. An advantage of lipid coating NB is that the
DNA cargo is protected against nuclease degradation during transport. Moreover, the
lipids allow for an increase in complexity of the NB system development with the
possibility of further functionalization of the outer surface with polymers or peptides to
control endocytosis, specific cell/tissue targeting and opsonization properties in vivo.
Although in the present study we did not employ confocal microscopy imaging to ascertain
endosome entrapment, we speculate that the lipid-encapsulated NBs loaded with clover
cDNA were released by endosomes due to clover expression, which we observed with

fluorescence imaging (Fig. 4.3.11-14, 17) and Western blotting assays (Fig. 4.3.15-16).

Our results showed that NBs are able to load linearized as well as supercoiled
DNA with varying efficiencies. The supercoiled cDNA adsorption reached saturation,
while linearized cDNA did not exhibit this property. Such differences in surface adsorption
behavior of supercoiled and linearized chromosomal DNA have been previously reported
on silica based clay mineral surfaces[8][9]. It is possible that once monolayer adsorption
is completed for linearized cDNA a different binding mechanism causes the increase in
adsorption, such as additional cooperative binding between the free cDNA and the NB-
bound cDNA. Another possible reason could be the morphological differences between

the compact, supercoiled DNA and that of the dimensionally larger, more rigid linearized
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cDNA which differ in the density and availability of phosphate groups[8]. For example,
Poly et al. have suggested that linear DNA has a much higher number of available acidic
groups along its length than compact supercoiled DNA for multi-loci interactions with clay
surfaces[8]. These differences could alter the affinity, the nature of cDNA interactions[10]
(electrostatic, bridging, coordination and/or H-bonding) and protection from nuclease
activity[11] in a morphology-dependent manner for silica NB surface adsorption. The
presence of the engineered cavity in the silica hanobowls could also affect how DNA
(linearized and supercoiled) condenses on the silica nano surface. This may explain the
reason for the observed differences in DNA adsorption of nanobowls and Stdéber
nanoparticles and, ultimately, affect their transfection efficiency. For example, the results
shown in Figure. 4.3.20 indicate Stober nanoparticles exhibited approximately 18% less
supercoiled clover cDNA loading and a lower transfection efficiency when compared to
equal concentrations of NBs in HEK cells. In the present study, we focused on developing
a versatile transfection system employing lipid-coated NBs. Optimization of Stdber
nanoparticles as transfection agents is beyond the scope of this study. Future studies are

necessary to examine whether these nanoparticles can be optimized in a similar fashion.

The Western blotting assay (Fig. 4.3.15-16) and microscopy imaging results (Fig.
4.3.11-14,17) showed that the LNB transfection system we developed could be used to
transfect all cell lines tested with either supercoiled or linearized cDNA. It should be
mentioned that the clover expression ratios determined from the Western blot assays
reflect protein pooled from cells that express proteins either strongly, weakly, or not at all.
The clover amounts detected therefore do not discriminate between protein pooled from

weakly or strongly expressing cells. Overall, our results suggest that LNBs loaded with
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either linearized or supercoiled cDNA can be employed as transfection agents with the
cell lines tested. Thus, the LNB system exhibited versatility in delivering either type of

DNA construct with comparable transfection efficiencies.

Previous studies have shown that transfection with appropriately linearized cDNA
construct is more likely to become incorporated into the cell’s genome resulting in higher
success rates of obtaining stably transfected cells when compared to supercoiled cDNA
plasmids[12], [13] Further, linearized plasmid bacterial resistance genes have also been
considered as the method of choice for vaccinations[14]. The disadvantages of employing
linearized cDNA for transfection includes the susceptibility to exonuclease digestion as
well as inefficient encapsulation by the lipids used for transfection[13]. Our LNB system
showed similar or higher transient transfection efficiencies, including higher DNA
condensation capabilities for linearized cDNA constructs as compared to supercoiled
plasmids. Linearized DNA transfections are not very common with chemical transfection
systems like lipids or Lipofectamine or polymers. This is because of two reasons (a)
linearized constructs are prone to exonuclease digestion (b) linearized constructs cannot
be efficiently complexed with polymeric or liposome-based delivery systems. However,
here we have shown that linearized constructs can not only be successfully loaded onto
NBs, but also can lead to successful transfections in cell lines. This opens the possibility
of using LNBs as transfection systems of choice for creating stable cell lines for research
use or for clinical applications like CAR-T cell therapy. Another advantage of our method
of producing linearized cell lines is that our linearization approach is based on primer

design with a specific vector sequence and therefore could be easily applied to multiple
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genes that share a common vector without the need to reengineer and optimize the PCR

module.

The MTT and flow cytometry assays, which measured LNB toxicity with or without
DNA loading, showed that cell viability was greater than 80% at the concentration (0.5
mg/ml) employed. When compared to the commercially available Lipofectamine 2000,
the viability measured via flow cytometry was approximately 70%. It should be noted that
transfection with Lipofectamine 2000 was not optimized under our transfection conditions
(i.e., beyond the focus of the present study) and employed as a positive control for flow
cytometry assay (Fig. 4.3.19 A-B). Nevertheless, the toxicity measured for LNBs (92.4%)
was lower than for Lipofectamine 2000 (70%) with comparable transfection efficiencies
as evaluated with fluorescence microscopy (Fig. 4.3.17). However, it is also possible that
the incubation time post-transfection we employed may not have been sufficient to allow
for further clover expression. For example, the TEM images showed that 24 hrs post-
transfection there were lipid-coated NBs that remained within the vesicles (Fig. 4.3.6).
The endosomolytic properties of the LNBs within cells is another parameter that can be
further tuned. For instance, the use of endosomolytic peptides like H5WYG[2] or
incorporation of pH buffering polymers in the outer lipid encapsulation layer of the NBs
that can lyse endosomes by the proton sponge effect[15] may serve as an alternative to

increase the release of the LNBs that result in greater expression levels.

Chapter 4, in part, has been published in ACS Bioconjugate Chemistry (2020) with
coauthors Dr. Ratneshwar Lal and Dr. Victor Ruiz-Velasco. The dissertation author was

the primary investigator and author of this material.
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Chapter 5
Applications of DNA delivery with NBs

5.1. Controlled Release of DNA from NBs

5.1.1. Introduction

In real clinical applications, a DNA delivery vehicle must spend some time in
transport (systemic administration) or in diffusion near the tissue of interest (local
injection). In either case, the delivery system will spend some time in the biological milieu
where there could be loss of the nucleic acid payload by diffusion or fluid shear forces
and subsequent degradation by enzymes like nucleases in the transport/diffusion media.
Thus, especially in in vivo applications, there is a need to design and develop nucleic acid
delivery systems that are able to release the payload at the target site in a controlled
manner. Also, as opposed to microinjection or ultrasound based gene delivery
techniques[1], where the nucleic acids are available inside the cell cytoplasm right away
after transfection, once internalized, a controlled release system can maintain a sustained
delivery of nucleic acids in the cell cytoplasm over an extended period of time that maybe
therapeutically relevant. Such controlled release of genetic material inside the cell is also
difficult to achieve in a viral delivery system. Another application of controlled release in
a clinical setting are local injections, drug delivery depots and patches that deliver a
therapeutic payload in a target tissue locally over an extended period of time[2]. This is
more popularly applied to molecular drugs, but we can envision such similar applications
in localized in vivo gene delivery as well. For example, silencing shRNA delivery targeting
ion channel proteins in neurons of the DRG in the spinal cord can act to transiently reduce

pain transmission to the brain. Because of the transient nature of post-transcriptional
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protein silencing, a sustained therapeutic dose should be applied locally, say, between
L4 and L5 of the spinal cord via regular local injections/locally installed stent. In such a
scenario, it is important that the shRNA is not released while in storage or inside the
installed stent but is only released upon cellular internalization inside the DRG. Thus,
there is a unique space and need in the clinic to develop a gene delivery system that can

release nucleic acids in a stimulus-controlled manner in the target.

From a materials design perspective, controlled release nano delivery systems
have been reported widely[3], [4], [13], [5]-[12]. Various strategies have been developed
to load nucleic acids onto mesoporous silica, metallic nanoparticles, and polymeric
nanoparticle systems. For mesoporous silica nanopatrticles, duplex DNA structures have
often been used as a ‘gate-keeper’ on the pores of the matrix to keep some
dye/drug/molecule entrapped until triggered[5]. DNA loading strategies onto the silica
surface have taken many approaches For example, (a) 9-acridinamine derivative
covalently attached to the silica surface containing the acridine amine intercalator site
that binds to duplex DNA and a cleavable disulfide group (b) silica surface conjugated to
a DNA hairpin structure whose conformation can be changed with temperature rise/fall to
open/close the pores on the mesoporous silica (c) conjugating alkyl terminated duplex
DNA with azide functionalized silica surface and using thermal degradation to
denature/release one strand from the duplex (d) conjugating maleimide functionalized
silica surface with thiol modified oligonucleotide (e) physisorption of single stranded DNA
on amine functionalized silica. Such systems have reported using a number of triggers
for controlled release i.e., heat, light, pH changes, biomolecular stimuli like glutathione

(GSH), exonucleases, DNases, ATP, etc. For gold nanoparticle (plasmonic nanorods and
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shells) surfaces, usually the oligonucleotide is thiolated to form an Au-S bond[7]-[9]. Such
systems are usually triggered by near IR wavelength radiation which excites these
plasmonic nanostructures at their resonant frequency generating local hyperthermia that
can either break the Au-S bond (pulsed wave femtosecond laser irradiation) or denature
the DNA and lead to subsequent strand displacement (continuous wave laser
irradiation)[9]. Polymeric systems usually encapsulate/complex with the genetic payload
and release occurs usually by slow polymer degradation and related diffusion of the
payload over extended exposure to the biological milieu[12], [13]. Although there are
many examples of nucleic acid loading-release mechanisms in the current literature, most
of them do not bear any therapeutic value towards gene therapy. This is because, they
use single stranded or double stranded oligonucleotides (10-20 bases long) that are much
shorter than DNA/mRNA sizes relevant for successful protein expression. A lot of the
release strategies that are used in the current literature require DNA denaturation/strand
displacement/enzymatic degradation that will not preserve the structural integrity of the
DNA to retain its functionality for downstream transcription pathways[5], [8], [9]. There are
some reports[14]-[16] of chemical conjugation and subsequent controlled release via
cleavable bonds like disulfide reported for silencing RNA non-viral delivery however there
are no similar reports for DNA. Thus, although the current literature provides a good
foundation to understand mechanisms of controlled release and vector material design
strategies, there has not been application of these strategies towards controlled delivery

of therapeutically relevant DNA delivery.

In this chapter section 5.1, we address this unmet need by applying the nanobowil

system to bind appropriately modified linearized DNA by two different conjugation
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chemistries and their release controlled by cleavage of a reducible dithiol bond built into
the linearized construct. The rationale for this design is that glutathione can reduce
disulfide bonds, and its intracellular concentration is usually ten-fold higher than the
extracellular space. This will ensure that the release of DNA is triggered by the cellular
internalization of the nanobowl delivery system and the concomitant increase in

environmental reducing agents.

5.1.2. Methods

DNA linearization and functionalization.

For cDNA loading and transfections, we chose clover (vector: pcDNA 3.1) and
tdTomato, (vector: pEGFP-N1) which code for two high quantum efficiency fluorescent
proteins of the GFP family[17]. Polymerase chain reaction (PCR) was performed to
introduce either amine or azide functional groups into linear DNA. Forward primers with
appropriate functional groups were designed to hybridize at the start of the CMV promoter
region of the pcDNA3.1 plasmid containing the clover DNA insert. The modifications at
the 5’ end of the forward primer was either a carboxyl or an azide group followed by a
disulfide bond. The reverse primer was not modified and was designed to hybridize at the
end of the polyadenylation sequence of the plasmid. All primers (Integrated DNA
Technologies, IDT) were custom designed. The sequences of the primers were the

following:

Forward primer (FWD): 5’- GTTGACATTGATTATTGACTAGTTATTAATAGTAAT-3’

Reverse primer (REV): 5-CCATAGAGCCCACCGCAT-3

Functionalized forward primers:
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FWD-Azide:

5’ N3-Cn-S-S-Cn- GTTGACATTGATTATTGACTAGTTATTAATAGTAAT 3’

(IDT modification code: /5AzideN//iThioMC6-D/)

FWD-Carboxyl:

5’ HOOC-Cn-S-S-Cn- GTTGACATTGATTATTGACTAGTTATTAATAGTAAT 3’

(IDT modification code: /5Carboxy1//iThioMC6-D/)

tdTomato primers:

Forward primer (FWD): TAGTTATTAATAGTAATCAATTACGGGGTC

Reverse primer (REV): GCAGTGAAAAAAATGCTTTATTTGTG

PCR was performed using the OneTaqg HotStart 2X master mix (New England Biolabs).
The PCR products were purified using commercially available standard DNA clean and
concentrator kits (Zymo Research, 25 pg columns or Qiagen, 10 pg columns) and
reconstituted in DNAse, RNase free molecular biology grade water. The purified products
were quantified using the Qubit dsDNA BR assay kit (Thermo-Fisher Scientific) as per
manufacturer’s protocol. Lin-A & Lin-C refer to linearized cDNA products purified from
PCR on supercoiled clover cDNA template with REV and FWD-Azide & FWD-Carboxyl,
respectively. All linearized PCR products were visualized on agarose gel electrophoresis

to confirm product size (clover ~ 1.7 kbp & tdT ~ 2.4 kbp, data not shown).
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NB-DNA loading assay.

The dried, amine-coated NBs were resuspended in Dulbecco’s Phosphate
Buffered Saline DPBS (with Ca?* and Mg?*; Thermo-Fisher Scientific) with light sonication
for 5 mins at a final 1 mg/ml concentration. In addition, 2—50 pg of supercoiled or
linearized cDNA was added to 1 ml (1 mg/ml) of NB-DPBS solution and allowed to bind
overnight at 4°C with gentle shaking. The linkers, N-hydroxysuccinimide (NHS) and 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; both from Thermo-Fisher Scientific),
were employed for chemisorption of Lin-C on NBs in 2-(N-Morpholino) ethanesulfonic
acid (MES)-buffered saline (Thermo-Fisher Scientific). Initially, Lin-C (10 pg) was
pretreated with 2 mM EDC and 5 mM NHS in 0.1 M MES buffer for 30 mins at room
temperature before addition to the 1 mg/ml NB-DPBS solution and overnight incubation.
For azido-DBCO click chemistry, the amine-functionalized NBs were first conjugated
overnight with click chemistry linker dibenzo cyclooctyne i.e. DBCO-NHS (Click Chemistry
Tools) in dimethyl sulfoxide (DMSO, Sigma Aldrich), washed 4 times in ethanol and dried
before DPBS re-constitution at 1 mg/ml. Afterwards, Lin A (10upg) was added to DBCO-
coated NBs resuspended in DPBS and allowed to mix overnight. Once the DNA was
loaded, the NBs were centrifuged at 3221g for 30 mins and the supernatants were
collected for DNA quantification with Qubit assay kit (Thermo-Fisher Scientific). All
loading efficiencies (%) were calculated as ug cDNA bound*100/ug cDNA added per mg

NB.
NB-DNA release assay.

Amine- and DBCO-functionalized NBs were loaded with Lin-C and Lin-A at 10

pHg/mg NB as described above. Following an incubation period (24 hrs), NBs were
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centrifuged at 32009 for 30 mins and the supernatant was then decanted. The linearized
cDNA-loaded NBs were then gently reconstituted in 500 mM (3-mercaptoethanol (Sigma
Aldrich) containing DPBS (with Ca?* and Mg?*) at 2 mg/ml concentration in a 500 pl final
volume. Control NBs were loaded with Lin-C or Lin-A reconstituted in DPBS at a final
concentration of 2 mg/ml. Both control and 3-mercaptoethanol samples were placed in a
heat block (37°C) for 4, 24 and 48 hrs. After each incubation period, the NBs were
centrifuged at 32009 for 30 mins and the supernatant was decanted and used to measure
cDNA concentration in triplicate with the Qubit dsDNA assay kit. DPBS with 500mM (-

mercaptoethanol only was confirmed to have no background in the Qubit dsDNA assay.
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5.1.3. Results
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Figure 5.1.1. Synthesis of functionalized linear constructs from a supercoiled plasmid template.
Using polymerase chain reaction (PCR) and appropriately functionalized forward primers, carboxyl! (Lin-C)
or azide (Lin-A) terminated linearized DNA was synthesized. Each type of functionalization also contained
an intermediate disulfide group between the first 5’ nucleotide of the forward primer sequence and the
terminal carboxyl or azide groups. Gel electrophoresis performed on column purified functionalized
constructs show bands between 1.5 and 2 kbp. All markings on ladder are in base pairs (bp). Each sample
had a loading of ~0.76 pg/lane and ladder ~ 0.5 pg/lane.

In this set of experiments, we characterized the controlled release of linearized
clover DNA, containing cleavable disulfide groups, chemisorbed on the NBs. We
employed PCR forward primers (Fig.5.1.1) that would allow for the incorporation of a
disulfide bond linked to a terminating carboxyl (Lin-C) or azide (Lin-A) group. Our gel
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electrophoresis results (Fig. 5.1.1.) show that the Lin-A and Lin-C linearized constructs
derived out of clover plasmid had similar size as the linearized product with no functional
groups (~1.7 kbp). The chemisorption to NBs (Fig. 5.1.2) was accomplished employing
either EDC linker-based conjugation chemistry (Lin-C) or azido-DBCO click chemistry
(Lin-A). Complete adsorption of DNA (10 pg/mg) was observed by 24 hrs. However, the
release properties for both chemistries was different. That is, in the presence of a reducing
agent, the total release of Lin-C-NB (red symbols) and Lin-A-NB (black symbols) were
41% and 17%, respectively (Fig. 5.1.3). However, we also detected non-specific release
in the absence of a reducing agent for both chemistry types. They were 34% and 9% for
Lin-C-NB and Lin-A-NB, respectively (Fig. 5.1.3). These observations suggest that the
final adsorption on the NBs is caused by both specific chemisorption and non-specific
physisorption. Although Lin-C-NB exhibited a higher overall DNA release within 48 hrs,
16% of the DNA released was a result of disulfide bond cleavage. On the other hand,
45% of the DNA released from Lin-A-NB resulted from cleavage of the disulfide bond. An
overall release of less than 50% of the total NB-bound cDNA was observed in the in vitro

release assay with either chemistry (Fig. 5.1.3).
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Figure 5.1.2. Types of linear DNA chemisorption schemes used with NBs. A. Amine group on NB was
covalently linked to carboxyl terminated linearized DNA with an EDC linker (EDC conjugation chemistry) B.
Amine coated NBs were first conjugated with DBCO NHS ester to confer DBCO functionality on NBs
followed by attachment of azido terminated linearized cDNA on DBCO functionalized NBs by click
chemistry.

—=— Lin-C + 2ME
_—u— | in-C
{—— Lin-A + 2ME
401{—e— Lin-A

Cumulative release (%)

Figure 5.1.3. Types of linear DNA chemisorption schemes used with NBs. 48 hr release profile of
carboxylated (Lin-C) and azido-functionalized (Lin-A) linearized cDNA from NB surfaces in DPBS with or
without B-mercaptoethanol at 37°C. All release data were normalized to total loaded amount i.e., 10 pg/mag.
Error bars indicate standard deviation from triplicate experiments.
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Figure 5.1.4. Clover expression from 4 constructs delivered by LNB. A. Western blotting plot illustrating
clover expression (36 kDa) in HEK cells 48 hrs post-transfection with 0.5 mg/ml LNB loaded with Lin-A, Lin-
C, Linear (Lin) and supercoiled (SC) cDNA at 10 pg/ mg LNB. Vinculin was used as the loading control
(116 kDa). B. Mean (x std dev) relative expression levels of clover/vinculin in HEK cells when transfected
with supercoiled (SC), linear (Lin), carboxylated linear (Lin-C) and azido-linear (Lin-A) when loaded with 10
pg/mg LNB (0.5 mg/ml). Numbers in B obtained from densitometric analysis of Wes data.

HEK, ND7/23, HelLa and L- cells were then transfected with either Lin-C-LNB or
Lin-A-LNB clover cDNA and clover expression was examined 48 hrs post-transfection by
Western blots (Fig. 5.1.4) and microscopy (Fig. 5.1.5-6). Comparison of clover expression
in HEK cells (Fig. 5.1.4) confirmed that Lin-C and Lin-A loaded LNBs resulted in
successful transfection. Furthermore, the clover/vinculin ratios determined from Western
blotting (Fig. 5.1.4. B) show Lin-C having greater clover expression than Lin-A in HEK
cells (Lin C: 2.96 £ 0.53; Lin A: 2.51 £ 0.20). Figure 5.1.4.B also shows that linear clover
loaded LNBs leads to at least double or more clover expression in HEK cells than either
Lin-C or Lin-A loaded LNBs. Figure 5.1.5-6 shows microscopy images of all 4 cell lines

transfected with LNBs loaded with Lin-C (Fig. 5.1.5) or Lin-A (Fig. 5.1.6.). These images
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confirm that clover is expressed successfully in all 4 cell lines with both Lin-C and Lin-A

loaded LNBs.

ND7/23

Figure 5.1.5. Transfection of 4 cell lines with carboxyl functionalized linearized Clover (Lin-C). Phase
(left), fluorescence (center) and overlay (right) images acquired with a 20X objective showing clover
expression in HEK, ND7/23, HelLa and L- cells following transfection with LNB-loaded (0.5 mg/ml) with Lin-
C cDNA (10 pg/mg). Scale bars indicate 50 pm.
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ND7/23

Figure 5.1.6. Transfection of 4 cell lines with azide functionalized linearized Clover (Lin-A). Phase
(left), fluorescence (center) and overlay (right) images acquired with a 20X objective showing clover
expression in HEK, ND7/23, HeLa and L- cells following transfection with LNB-loaded (0.5 mg/ml) with Lin-
A cDNA (10 pg/mg). Scale bars indicate 50 um.

5.1.5. Discussion

We demonstrated that the PCR-based linearization technique allows for
incorporation of specific functional groups on the linearized cDNA enabling chemisorption

and controlled release of cDNA from surfaces. Our release studies from NBs loaded with
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linearized cDNA show that the choice of conjugation chemistry is advantageous in order
to control the release rate of cDNA. That is, the reducing agent-specific release is more
than double for click chemistry than EDC-based conjugation chemistry. This is partly due
to the pH of the solution employed. Under our conditions (i.e., pH = 7.4) electrostatics
driven physisorption on the amine functionalized NB surface is even more likely for Lin-
C. As a result, both chemisorption and physisorption take place simultaneously during
loading of Lin-C and during release it is much more likely to re-physisorb back to the
amine-coated NB surface. Steric hindrance applied at the NB-buffer interface in the form
of biocompatible polymers like PEG can also help in favoring chemisorption and
minimizing post-release physisorption. Furthermore, in the present study, the
disulfide/azide or disulfide/carboxyl groups were added to only the forward primers for
PCR. This leaves room to further tune the NB-DNA release properties by incorporating
these chemical groups to the forward as well as the reverse PCR primers during the

linearization step.

One major advantage of loading NBs with linearized cDNA is that the DNA can be
easily functionalized with a variety of terminal chemistries for efficient conjugation to
surfaces and release using cleavable bonds built into the primer design. This also
underscores the advantage of using the PCR amplification method (over enzymatic
digestion of restriction sites on the plasmid template) to synthesize linearized constructs
from plasmid templates as it allows for an easy way to incorporate functional moieties into

the linearized construct.

In a biological system, the disulfide group is assumed to be broken by reducing

agents such as glutathione (GSH) which is found in the cytoplasm and facilitated the
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release of DNA from the NBs. GSH concentrations are tenfold higher inside the cellular
environment[18] than the extracellular space thereby making the release controllable post
cellular internalization and endosomal release of the LNBs. This becomes a crucial
feature in in vivo applications where LNBs are likely to spend a greater time circulating in
the plasma/CSF before becoming internalized. The ability to chemisorb and release DNA
in a controlled manner also puts LNB system at a more advantageous position than
simple liposome-based systems where DNA complexation and release cannot be easily

controlled with chemical conjugations.

5.2. DNA delivery in DRG neurons

5.2.1. Introduction

Despite their high transfection efficiency in dividing cells under in vitro conditions,
inorganic nanomaterials have had limited success in transfection of non-dividing cells,
such as neurons. Neuron transfection approaches typically employ viruses, physical non-
viral techniques (i.e. nuclear or cytoplasmic injections, electroporation and
magnetofection) and chemical techniques (i.e. lipofection or PEI)[19]. The physical
techniques have high efficiencies, though not scalable to in vivo applications, while
chemical techniques can be toxic for non-dividing cells. This presents a unique
opportunity to design nanomaterials as transfection agents for both dividing and non-
dividing cells with a high transfection efficiency and minimal cytotoxicity compared to
current transfection technologies. Employment of nanomaterials, including the inorganic
type, has had limited use for transfection of neurons. Nevertheless, there are reports of
in vivo gene delivery to the brain[20], [21].. Here we demonstrate the applicability of LNBs

in neuronal transfection in vitro and ex vivo in the DRG derived from a rat model.
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5.2.2. Methods

NB uptake and cDNA transfection of acutely isolated rat sensory neurons.

The animal studies were approved by the Penn State College of Medicine
Institutional Animal Care and Use Committee (IACUC) approved the animal studies.
Sprague-Dawley rats were initially anaesthetized with CO2 and rapidly decapitated with a
laboratory guillotine. The DRG neurons (L4 and Ls) and SCG neurons were isolated as
described previously[22], [23]. Both DRG and SCG tissue were then cleared of connective
tissue in ice-cold Hanks’ balanced salt solution. Thereafter, the tissue was enzymatically
dissociated in Earle’s balanced salt solution containing 0.6 mg/ml collagenase D (Roche
Applied Science), 0.4 mg/ml trypsin (Worthington Biochemical), and 0.1 mg/ml DNase
(Sigma-Aldrich) in a shaking water bath at 35°C for 60 mins. Thereafter, the neurons were
dispersed by vigorous shaking, centrifuged twice for 6 mins at 44xg, and resuspended in
Minimum Essential Media (MEM, Thermo-Fisher Scientific) supplemented with 10% fetal
bovine serum, 1% penicillin-streptomycin, and 1% glutamine (Thermo-Fisher Scientific).
Finally, the neurons were plated onto 35 mm poly-L-lysine-coated dishes and stored in a
humidified incubator supplied with 5% CO2/95% air at 37°C. For internalization
experiments, the neurons were exposed to NBs (30 pg/ml), mixed in DPBS:Opti-MEM for
4 hrs, rinsed in warm DMEM and fixed as per TEM fixation protocols. For LNB
internalization experiments, LNBs (0.5 mg/ml) were added as above and applied to the
neurons for 4 and 24 hrs prior to fixation as per TEM protocols. For transfection of DRG
neurons, the dissociated cells were incubated for 4 hrs with 0.5 mg/ml LNB that were
loaded with 10 pg/mg supercoiled clover cDNA. The neurons were fixed in 4%

paraformaldehyde (PFA) 48 hrs post-transfection. Afterwards, phase contrast and
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fluorescence images were acquired as described above. In another set of experiments,
the non-dissociated DRG tissue (L4 and Ls) were placed in a 96-well plate and incubated
initially in DMEM with 3% DMSO in order to dissociate the meningeal layer at 37°C for 30
mins. Thereafter, the tissue was incubated in 300 pl LNB (1 mg/ml) loaded with 32 pg/mg
linearized tdT at 37°C for 6 hrs. For internalization study, amine-NBs were conjugated to
Cy3-NHS (Lumiprobe Inc.) in DMSO, washed, dried, coated with DOPE/DOTAP as
described before, and finally re-dispersed in 1:1 OMEM:DPBS at 1 mg/ml and 0.5 mg/mi
concentrations, respectively. The tissue was gently rinsed 3 times in warm DMEM and
then incubated for 72 hrs at 37°C in DMEM supplemented with growth factor (15 ng/ml
ciliary derived growth factor, 15 ng/ml nerve growth factor and 6 ng/ml glial derived
neurotrophic factor). After the incubation period, the tissue was dissociated employing the
protocol described above and plated on poly-L-lysine-coated 35 mm tissue culture dish

for fluorescence imaging.

Fluorescence Microscopy.

Phase contrast and fluorescence images were obtained with a Nikon TE2000
microscope, an Orca-ER CCD camera (Hamamatsu Photonics), iVision software for
acquisition (Biovision Tech.) and Photo Fluor 1l (89 North) for illumination. The images
were processed, and pseudo-colored with iVision in accordance with the appropriate

filters used for the fluorescence channel.
Transmission electron microscopy (TEM).
Tissue samples were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde

(Electron Microscopy Sciences) in 0.1 M phosphate buffer (pH 7.4) and further fixed in
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1% osmium tetroxide (Electron Microscopy Sciences) in 0.1 M phosphate buffer (pH 7.4)
for 60 mins. Samples were dehydrated in a graduated ethanol series, acetone and
embedded in LX-112 (Ladd Research). The sections (60 nm) were stained with uranyl
acetate and lead citrate (Electron Microscopy Sciences) and viewed in a JEOL JEM 1400
Transmission Electron Microscope (JEOL USA Inc.). All images were taken at 60 kV. All
measurements were performed in the Microscopy Imaging Core, Penn State College of

Medicine, PA.

5.2.3. Results

Figure 5.2.1. Transfection of DRG neurons with LNBs. TEM images of acutely dissociated DRG neurons
acquired 4 (top) and 24 (bottom) hour post-treatment with DOPE/DOTAP coated NBsi.e. LNBs (0.5 mg/ml).
The images were taken from negatively stained 60 nm tissue sections.

We examined whether clover cDNA loaded LNBs (0.5 mg/ml) could be employed

to transfect acutely dissociated rat DRG neurons. The LNBs were loaded with supercoiled
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clover cDNA (10 pg/mg). The TEM micrographs acquired at 4 (Fig. 5.2.1, top) and 24 hrs
(Fig. 5.2.1, bottom) post-transfection show that LNBs remain internalized within the
cytoplasm. The micrographs also depict several LNB clusters that are free of vesicular
encapsulation post-endocytosis. Figure 5.2.2 A-D are phase and fluorescence images of
acutely dissociated DRG tissue. The images show that both neurons (Fig. 5.2.2 A-B) and
glial cells (Fig. 5.2.2 C-D) expressed clover within 48 hrs of in vitro transfection post-

dissociation.

Figure 5.2.2. In vitro transfection of acutely dissociated neurons and glia with LNBs. Microscopy
images depicting clover expression in pre-dissociated Dorsal Root Ganglion (DRG) neurons (A,B) and glial
cells (C,D) 48 hrs post-transfection (in vitro) with clover cDNA-loaded (10 pg/mg) LNBs (0.5 mg/ml). Phase
(A,C) and fluorescence images (B,D) were taken with a 40X objective. Scale bars depict 50 um. All
fluorescence images (B,D) were pseudo colored.
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Whether DRG tissue, prior to enzymatic dissociation, could be transfected with
LNBs was also tested. First, we tested if NBs could get internalized ex vivo in DRG. Cy3-

tagged LNBs showed successful internalization in whole DRG tissue (Fig. 5.2.3 A-B) after

a DMSO treatment for the dissolution of the meningeal layer to aid transfection.

Figure 5.2.3. Internalization of Cy3-tagged LNBs in DRG tissue. A. and B. Internalization of Cy3-tagged
LNBs in rat DRG tissue incubated 6 hrs in 0.5 or 1 mg/ml Cy3-LNBs. The DRG tissue was enzymatically
dissociated 6 hrs post-transfection period. Phase (i) and fluorescence images (ii) were acquired with a 20X
objective. White arrows indicate dissociated neurons. Scale bars indicate 50 pm.
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Figure 5.2.4. Ex vivo transfection of acutely dissociated neurons and glia with LNBs. Phase (A, C)
and fluorescence (B,D) images of acutely dissociated DRG neurons (A-B) and glia (C-D) taken 72 hrs post-
transfection (ex vivo) of DRG tissue with LNBs (1 mg/ml) loaded with tdTomato (50 pg/mg). The images
were acquired with a 20X objective. Scale bars depict 50 pum.

In this set of experiments, cDNA coding for the fluorescent protein tdTomato was
employed. The DRG tissue was incubated for 6 hrs with LNBs (1 mg/ml) loaded with
linearized cDNA (50 pg/mg). The DRG tissue was dissociated 72 hrs post-transfection
and the neurons were then plated in 35 mm dishes. The fluorescence images shown in
Figure 5.2.4 indicate that DRG neurons (Fig. 5.2.4 A-B) as well as glia (fig. 5.2.4 C-D)

were successfully transfected with tdTomato cDNA-containing LNBs.

127



5.2.4. Discussion

We have demonstrated here that we can successfully transfect DRG tissues in
vitro and ex vivo with linearized and supercoiled cDNA construct. Our results show
transfections in both neurons and glial cells. Our in vitro DRG transfection experiments
reveal that LNBs transfect more glial cells than neurons. The NBs used in this study have
been previously demonstrated to be multifunctional by IONP functionalization and Au
coating that gives it the ability to be magnetically guided, localized and used for IR or MRI
based diagnostics[24]. Therefore, this study shows promise of in vivo therapeutic and

diagnostic applications of LNBs within a neuronal context.

Our studies showed that these NBs are non-specific and are taken up in cell lines
of different origins (Chapter 2 and 3), neurons, and glia. For more targeted applications,
this LNB design needs further development to add target specificity and IONP attachment
for magnetic localization. Other ways to specifically target LNBs to neurons over glia or
connective tissue is to functionalize the outer lipid layer with neuron targeting proteins.
One such protein characterized in literature is herpes simplex virus (HSV) gD-1 protein,
which is an anchoring protein of the HSV virus known to specifically infect sensory
neurons via Nectin-1 receptors[25]. In addition, incorporating polymers like polyethylene
glycol (PEG) in the form of functionalization or physical introduction in the lipid bilayer are
needed to improve the stability of the LNBs in protein rich media (beyond the time scales
of in vitro transfection) and to further facilitate in vivo transport. LNBs at their current
design were unable to cross the meningeal layer in intact DRG tissue enough to cause
successful transfection, and we therefore facilitated their tissue uptake by partial

dissolution of the meningeal layer with DMSO. Fundamental transport studies of LNBs in

128



connective tissues like the meninges needs further exploration with or without magnetic

guidance to be a viable non-viral in vivo transfection agent.
5.3. Co-transfection of GPCR and GIRK in HEK cells

5.3.1. Introduction

GPCR
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Figure 5.3.1. GPCR-GIRK signaling in neurons. The schematic shows a G-protein coupled receptor (GPCR) in the
cell membrane with its transmembrane, intracellular (Ga, GBy) and extracellular domain. The latter binds to an opioid
agonist. Post-binding, following an intracellular GTP to GDP conversion, the GBy subunit separates from the GPCR
and binds to the inversely rectifying potassium channel (GIRK) to cause K* ion efflux and membrane hyperpolarization.

G-protein coupled inwardly rectifying potassium channels (GIRKSs) are specialized
K* ion channels which reduce neuron excitability and are key players in the inhibitory
response of neurons in the central nervous system (CNS) [26][27][28].These channels
can be controlled by various receptors like the G-protein coupled opioid receptor family,
which in turn are known to be stimulated by opioid agonists in a dose-dependent manner.
Specifically, the molecular mechanism of this coupling is depicted in Figure 5.3.1. In the
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cell’s resting state, the intracellular K* concentration is held slightly higher than that of the
extracellular medium. Thus, the resting membrane potential is held slightly above the
equilibrium potential of K*. When an agonist binds to the extracellular N-terminus of the
GPCR, it starts a signaling cascade, part of which is the separation of GBy subunit from
the GPCR complex and its subsequent binding to the GIRK tetramer. This triggers the
opening of the GIRK channel and the resulting outward K* current. This hyperpolarizes
the membrane and decreases cell excitabilities, thus regulating the heart rate and both
the excitatory and inhibitory neurotransmissions. From a pharmacological viewpoint,
GIRK is a potential therapeutic target for epilepsy and bipolar disorder. In neurons of the
CNS, functional GIRK channels are known to be heterodimers of subunits within the GIRK
1-5 family[26]-[28]. One example of clinical application of an in vitro transfection system
is therefore to develop stably transfected cell lines that can act as therapeutic model
systems for in vitro testing and optimizations of drug candidates. Such in vitro models are
not only cheaper and easier to use than primary neurons but also can act as a no-
background system without interference from endogenous receptor pathways that are

present in the neuronal targets.

Thus, in the following work, we have used the LNBs to co-transfect HEK cells with
GIRK 1 and GIRK 4 as well as opioid GPCRs i.e., u opioid receptor (MOR) or k opioid
receptor (KOR). HEK cells were chosen as an in vitro model because, unlike neurons of
the CNS, they do not endogenously express GIRKs and can be easily transfected. Thus,
HEK cells provide a clean background to study GPCR-GIRK coupling. By characterizing

the HEK membrane potential changes in response to varying doses of opioids, we were
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able to confirm the presence of all 3 transfected proteins simultaneously, thereby

demonstrating the ability of LNBs to deliver multiple constructs successfully.

5.3.2. Methods

Co-transfection of HEK cells with opioid receptors and GIRK1 and GIRK4 channels.

In this set of experiments, HEK cells were plated on glass-bottom 96-well plates at
35,000 cells/well 24 hrs prior to the experiment. In one set of experiments, the cells were
transfected with 200 pl of 0.5 mg/ml LNBs loaded with yellow fluorescent protein (YFP)-
tagged p-opioid receptor (YFP-MOR), GIRK1 and GIRK4 cDNA constructs at a 2:1:1
construct ratio of a total 15 pg. In the second set, the cells were transfected with kappa
opioid receptor (KOR), GIRK1 and GIRK4 cDNA constructs at a ratio of 1:1:1 with a total
of 15 pg cDNA/well. Microscopy images were taken from one set of HEK cells 48 hrs after
transfection and subsequent fixation with 4% PFA. Phase contrast and fluorescence
images were obtained with a Nikon TE2000 microscope, an Orca-ER CCD camera
(Hamamatsu Photonics), iVision software for acquisition (Biovision Tech.) and Photo
Fluor 1l (89 North) for illumination. The images were processed, and pseudo-colored with
iVision in accordance with the appropriate filters used for the fluorescence channel. 48
hrs post-transfection, the cells were loaded with the voltage sensitive blue dye (FLIPR
membrane potential assay kit blue, Molecular Devices) at 37°C for 30 mins. Afterwards,
fluorescence measurements (540 nm emission) were acquired at 2 sec intervals with the
FlexStation 3 microplate reader (Molecular Devices). After a stable baseline of 30 secs
was obtained, the specific opioid receptor agonists were applied to each well at different
concentrations. Opioids used in this study i.e., fentanyl, oxycodone (u opioid agonists),

U-50488 and U-69593 (k opioid agonists) were ordered from Sigma Aldrich. Control wells
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received FLIPR buffer only. The maximum % reduction in fluorescence signal from
baseline (signal before t<=30 sec) within the 180 sec reading time interval (proportional
to cell hyperpolarization) was plotted against logarithmic agonist (opioid) concentration

range (log M) and fit with Hill equation to obtain the concentration-response plots.

5.3.3. Results

Figure 5.3.2. YFP-tagged MOR expression in HEK cells with LNB transfection. A. Phase contrast and B.
fluorescence images of HEK cells transfected with LNBs (0.5 mg/ml) loaded with YFP-MOR, GIRK1 and GIRK4 cDNA
plasmids. Images were acquired with a 20X objective (scale bar 50 ym). Inset in (B) depicts a fluorescence image
acquired with a 40X objective (scale bar 50 uym).

We examined whether LNBs coated with multiple cDNA constructs could be
employed to obtain simultaneous protein expression. HEK cells were transfected with
LNBs loaded with three cDNA constructs coding for the yellow fluorescent protein-tagged
K opioid receptor (YFP-MOR), G-protein-coupled inwardly rectifying K* channels 1
(GIRK1) and GIRK 4. HEK cells do not naturally express these proteins and, thus, provide
a suitable null background. Stimulation of MOR leads to G protein-mediated opening of
GIRK1/4 channel dimers and results in cellular hyperpolarization. In order to demonstrate
successful opioid-dependent membrane potential changes, we first tested if the

expressed MORs were trafficked into the cell membrane post-transfection with a Yellow
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Fluorescent Protein (YFP) tagged MOR construct. Figure 5.3.2 shows phase and
fluorescent images of HEK cells transfected with the YFP-MOR cDNA constructs 48 hrs
post-transfection. The fluorescent images of YFP emission (40x inset of Figure 5.3.2)
confirms that the YFP is not distributed in the cytoplasm and is rather localized in the cell

membrane as is expected of a trans-membrane protein like MOR.

We optimized a fast, high throughput assay employing a microplate reader with a
robotic system which added agents to the 96-well plate seeded with the transfected HEK
cells. We employed the FLIPR membrane potential assay kit to measure the opioid-
mediated stimulation of MOR and activation of GIRK1 and GIRK4 channels, leading to
cellular hyperpolarization. This assay comprises of a proprietary lipophilic, anionic dye
(excited at 488 nm) that partitions across the plasma membrane of live cells in a
membrane potential dependent manner. When the cell depolarizes, more dye enters the
cells, binds to the intracellular organelles and proteins, which causes a concomitant
increase in the dye’s fluorescence. Similarly, when the cell hyperpolarizes, the more dye
leaves the cells, thereby decreasing the concentration of intracellular membrane/protein-

bound dye concentration.

Figure 5.3.3A shows the fluorescence signals of 3 individual wells with HEK cells
expressing YFP-MOR, GIRK1 and GIRK4 before and following addition of vehicle (black
trace), 50 (green trace) and 100 uM (blue trace) oxycodone, a high affinity MOR agonist.
Following a 30 sec stable baseline, vehicle or agonist application was performed. It can
be observed that the vehicle did not exert an overt effect on the fluorescence signal, while
oxycodone at either concentration caused a decrease in fluorescence, indicative of cell

hyperpolarization (i.e., stimulation of GIRK channels). Figure 5.3.4 shows the

133



concentration-response relationship of the oxycodone-mediated decrease in
fluorescence. A fit of the data with the Hill equation resulted in an ECso value of 32.6 uM
for oxycodone. We also tested the effect of fentanyl, another high affinity MOR agonist,
on the membrane potential of transfected HEK cells (Fig. 5.3.3B). It can be observed that
the decrease in fluorescence was dose-dependent for 5 (green trace) and 30 (blue trace)
pUM fentanyl. The former caused a 17.1% decrease, while application of the latter led to a

21.2% decrease (Fig. 5.3.3B).
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Figure 5.3.3. MOR targeting opioid dose-response of LNB transfected HEK cells. Raw traces of
fluorescence signals before and during MOR agonist A. Oxycodone B. Fentanyl application (dotted line at
t=30 sec) in HEK cells transfected with GIRK1, GIRK4 and YFP-MOR Y-axis depicts the % change in
relative fluorescence units (RFU).
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Figure 5.3.4. Oxycodone concentration-response of LNB transfected HEK cells. The graph shows the
concentration-response relationship of oxycodone applied to MOR transfected HEK cells. Each point in
represents the mean % change of the RFU. The smooth curves were obtained by fitting the points to the
Hill equation. Error bars indicate SEM of triplicate measurements. The HEK cells in this study were
incubated for 48 hrs post- transfection with 0.5 mg/ml LNB loaded with cDNA constructs for GIRK1, GIRK4
and YFP-MOR.

We next tested whether another opioid receptor subtype, kappa opioid receptor
(KOR), could be co-transfected similarly with GIRK1 and GIRK4 in HEK cells. The
fluorescence signals shown in Figure 5.3.5 A depicts the changes in membrane potential
of HEK cells co-expressing the three cDNA constructs following exposure to the high
affinity KOR agonist, U-50488. Similar to the changes observed with MOR stimulation,
application of 5 (green) and 30 uM (blue) U-50488 resulted in a dose-dependent cellular
hyperpolarization. The representative U-50488 concentration-response relationship is
depicted in Figure 5.3.6. After the data was fit to the Hill equation, the calculated ECso for
U-50488 was 7.95 pM. Thereafter, we examined the effect of a second KOR agonist, U-
69593 (Fig. 5.3.5.B). Application of either 5 or 50 uM U-69593 lead to a 21% in

fluorescence (Fig. 5.3.5).
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Figure 5.3.5. KOR targeting opioid dose-response of LNB transfected HEK cells. Raw traces of fluorescence
signals before and during KOR agonist A. U-50488 B. U-69593 application (dotted line at t=30 sec) in HEK cells

transfected with GIRK1, GIRK4 and k opioid receptors (KORs). Y-axis depicts the % change in relative fluorescence
units (RFU).
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Figure 5.3.6. U-50488 concentration-response of LNB transfected HEK cells. The graph shows the
concentration-response relationship of U-50488 applied to KOR transfected HEK cells. Each point in
represents the mean % change of the RFU. The smooth curves were obtained by fitting the points to the
Hill equation. The HEK cells in this study were incubated for 48 hrs post transfection with 0.5 mg/ml LNB
loaded with cDNA constructs for GIRK1, GIRK4 and KOR.

5.3.3. Discussion

Our results demonstrate that LNBs can be employed to transfect multiple
constructs simultaneously, in a relatively fast, inexpensive, and reliable manner in order
to determine the pharmacological profile of G-protein coupled receptors, such as opioid
receptors. The GPCR subfamily of opioid receptors u, kK and & are clinical targets for a
massive number of pharmacological studies especially in the area of newer drug
design[29] and understanding mechanisms of desensitization, tolerance, and addiction of
highly potent opioids such as fentanyl[30]. The use of high throughput signaling assays
like FLIPR® therefore hold unprecedented clinical value in the face of the current opioid
crisis. Finally, the FlexStation 3 results (Fig. 5.3.2-6) suggest that pharmacological studies

can still be performed with the transfection efficiency we obtained. That is, expression

138



levels for both opioid receptors and GIRK channels were sufficient to obtain functional
coupling of G protein coupled receptors with ion channels. The pharmacological

parameters determined were comparable to published reports[31]-[34].

Through these 3 applications i.e. (a) controlled DNA release (b) in vitro and ex vivo
DRG neuron transfections (c) co-transfection of GIRK and GPCR in HEK cells have
demonstrated that the LNB non-viral gene delivery system is versatile and applicable in

many clinically relevant systems.

Chapter 5, in part, has been published in ACS Bioconjugate Chemistry (2020) with
coauthors Dr. Ratneshwar Lal and Dr. Victor Ruiz-Velasco. The dissertation author was

the primary investigator and author of this material.
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Chapter 6

Silencing RNA and anti-inflammatory drug co-delivery with magnetic NBs

6.1 Introduction

An outbreak of infection caused by a novel coronavirus (SARS-Cov-2) from the
severe acute respiratory syndrome (SARS) family that started in Wuhan, China in
December 2019, rapidly spread across the world infecting millions, and was declared a
pandemic by the World Health Organization (WHO) by the name Covid19 in March
2020[1]-[4]. By August 2020, more than 17 million cases and over 675,000 deaths due
to Covid-19 were reported across the globe. Although public safety protocols were rapidly
put into action to limit the spread of infection, like government mandated shutdowns,
social distancing, widespread asymptomatic testing and sanitization, it became clear that
without Covid19 vaccines and better therapeutics, the death toll from this pandemic
cannot be controlled. This led to the widespread efforts in the research and biotech
industry domains towards the development of (a) vaccines (b) therapeutics to battle
Covid19. Through “Operation Warp Speed”, the US government approved $9.5 billion
towards the development and manufacturing of vaccines that can proceed at parallel with
research. Since January 2020, there have been hundreds of clinical trials[5], [6] towards
vaccine development. As of today, several vaccine candidates (Pfizer-BioNTech, Oxford-
AstraZeneca, Moderna) have shown 70-90% efficiencies in their Phase 2 clinical trials[5]—
[9]. In many of these vaccine candidates in clinical trials, the ability to engineer
nanomaterials to deliver nucleic acids/viral spike proteins is being investigated. Parallel
to vaccine development, the scientific community has mobilized towards better

understanding of the Covid19 pathophysiology, the role of therapeutics like anti-
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inflammatory drugs and silencing RNA therapeutics, and the applicability of
nanotechnology[10]-[14] for targeted, controlled delivery of molecular[12], [15] and
nucleic acid based therapeutics[16], [17]/vaccine candidates[5],[18]. Thus, this pandemic
has ushered in a new era of applying nano delivery systems for therapeutic interventions

in infectious diseases like Covid19.

Dexamethasone (Dex) is a potent anti-inflammatory and immune-suppressive
glucocorticoid, which in its native state is hydrophobic and sparingly soluble in water. In
a randomized clinical trial, the RECOVERY collaborative group supported by the National
Health Service (NHS) in the UK, it was found that among patients receiving oxygen
support with or without intubation, the 28 day mortality reduced with dexamethasone
treatment[15], [19] of 6 mg oral or IV every day for up to 10 days (29.3% vs 41.4% in the
invasive oxygen support group; 23.3% vs 26.2% with non-invasive oxygen support).
Silencing RNA is a short (20-30 bp), double stranded oligonucleotide which can lead to
post-transcriptional knockdown in protein expression via the RISC pathway in the cell
cytoplasm[20], [21]. In this pathway, the guide strand of the silencing RNA forms a
complex with Argonaute-2, identifies its complementary sequence on the mRNA strand
and cleaves it, thereby preventing downstream translation of mMRNA into protein[20], [21].
There are widespread efforts towards identifying a library of sequences targeting
therapeutically relevant regions in the SARS-Cov-2 genome for Covidl9 targeted
silencing RNA based therapeutics development. Several targets in the 29 kbp SARS-
Cov-2 genome have been identified[2], [3], [17], [22], [23] like 14 open reading frames
(ORFs) that code for 27 structural and non-structural proteins and sections in its genome

responsible for expression of 4 proteins (S, E, M and N proteins). One drawback of
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silencing RNA based therapeutics is their inherent instability in blood, inherent
immunogenicity, and inability to easily cross the cell membrane[21]. Therefore, silencing
RNA has been conjugated to or encapsulated in various delivery systems[21], [24]—-[30]
to overcome these delivery challenges like polymers, lipids, peptides, antibodies,
aptamers and nanoparticles like solid lipid nanoparticles[24], [25], [28]-[31], gold
nanoparticles[29], [32], [33], silica nanoparticles[28], [34], [35] and metal organic
frameworks[36], [37]. Biotech companies like Vir Biotechnology (San Francisco, USA),
Alnylam Pharmaceuticals (Boston, USA), Sirnaomics (Gaithersberg, USA) and OliX
Pharmaceuticals (Suwan, South Korea) are working on such SARS-Cov-2 genome

targeted siRNA therapeutics.

With Covidl9, there is an urgent need to develop multi-functional silencing
RNA/drug delivery system that can release their payload in a controlled manner. In the
previous chapters, we have shown that the silica NB gene delivery system is a
biocompatible, versatile, and efficient DNA delivery system. In this chapter, we will
develop the NB system to co-deliver Covid19-relevant molecular (Dexamethasone) and
nucleic acid-based (siRNA) therapeutics in a stimulus-controlled manner. Furthermore,
for applications of localized delivery and hyperthermia control, we have also

demonstrated a magnetic NB system.
6.2. Methods
Synthesis of magnetic NBs.
Amine coated NBs were prepared as described in previous chapters. Using EDC

conjugation chemistry, carboxyl functionalized SPIONS (10-15 nm, Ocean Nanotech)
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were attached to amine coated NBs. To achieve this 2 mM EDC (Sigma Aldrich) and 5
mM NHS (Sigma Aldrich) in pH 5.7 MES buffer (Sigma Aldrich) was added to amine NBs
at 1 mg/ml in pH 7.4 DPBS. To this was added 10 ul of 5 mg/ml SPION and the mixture
was allowed to stir at high speed overnight. The next day, the NBs were purified by
washing in DPBS 2 times, followed by water, followed by ethanol. The purified magnetic
NBs were allowed to dry under vacuum and then re-dispersed in appropriate buffers for

downstream use.

siRNA loading on NBs.

Silencing RNA was purchased from Sigma Aldrich with a custom terminal amine
functionality, di-sulfide group, and a fluorophore (Atto 590). AmC6 is -NHz group. ThiC6
is -S-S- group. Sense strand: 5’ [Atto 590] UUGAAUACACCAAAAGAUCACAUU 3. Anti-
sense strand: 5 [AmC6][ThiC6] AAUGUGAUCUUUUGGUGUAUUCAA 3'. Silencing
RNA was either physisorbed or chemisorbed on NBs or magnetic NBs. For physisorption,
silencing RNA in molecular biology grade water was mixed with 1 mg/ml NB or magnetic
NB in DPBS with Ca and Mg. They were allowed to mix gently on a rotator for 30 mins at
4°C. Centrifugation was used to wash out unbound siRNA. For chemisorption, EDC-NHS

conjugation chemistry was used similar to Chapter 5.1.

Dexamethasone loading on NBs.

FITC labelled dexamethasone (Dex) was purchased from Sigma Aldrich.
Appropriate amounts of Dex solution in methanol was mixed with DPPC and DOTAP
(chloroform solutions, Avanti Polar Lipids) in a glass vial. The ratio between Dex and lipid

mass was varied between 1:10, 1:5, 1:2, 1:1 and 2:1 (see results for more details). The
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mixture was vacuum dried to create a uniform lipid film. The lipid film was hydrated with
DPBS into a 1mg/ml solution. Following hydration, the lipid solution was sonicated under
ice for 15 mins and allowed to mix with 1 mg/ml NB in DPBS. Following lipid coating,
excess lipids/Dex was washed out by repeated centrifugal washing in DPBS. To
characterize loading, the Dex loaded NBs were mixed with methanol, sonicated, spun
down, and supernatant was collected for spectral analysis of emission at 520 nm to
determine concentration. Following a calibration curve of emission vs. concentration, the

concentration of the released Dex was determined.

siRNA release assay.

siRNA loaded NBs were washed in DPBS once to remove unbound siRNA. Then,
the NBs were redispersed in fresh DPBS and kept on a heat block set to 37°C for 4 , 24
and 48 hrs. At each time point, the NBs were spun down, and the supernatant was

guantified for siRNA concentration using a Thermo Fisher Nanodrop One.

Dexamethasone release assay.

NBs loaded with dexamethasone were dispersed in DPBS and kept at 37°C for 4,
24 and 48 hrs. The particles were spun down by centrifugation and the supernatant was
mixed 1:1 with methanol. Concentration of dexamethasone was measured from this

solution using the plate reader as described above.

Toxicity assays.

Toxicity assays were performed using MTT as previously described in Chapter 4.
NBs were either magnetic or non-magnetic, coated with DPPC/DOTAP and used in 0.5-
0.05 mg/ml concentrations in DPBS/Opti-MEM.
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Internalization of sSiRNA/Dex loaded NBs.

NBs were loaded with siRNA and then coated with DPPC/DOTAP. After centrifugal
purification, the siRNA loaded NBs were redispersed at 0.5 mg/ml and allowed to incubate
for 4 hrs. After 4 hrs, live cells were imaged with fluorescence microscopy as per

previously established protocols in Chapters 3-5.

SQUID magnetization measurements

Magnetization measurements at different temperatures were obtained from SPION
conjugated NBs in the form of a dry powder (1.0 mg, 10nm & 1.2 mg, 15 nm) with a
Superconducting Quantum Interference Device (SQUID) Magnetometer (Quantum

Design) courtesy of Dr. Rinehart at the department of Chemistry, UCSD.

ICP-MS (Inductively coupled plasma mass spectrometry)

1 mg of each of the 15 nm and 10 nm conjugated NBs (dried) were treated with
HF, followed by HNOg, internal standards were added, and analyzed with an ICP-MS
(Thermo Fisher Scientific) at the Isotope Geochemistry Laboratory (Scripps Institute of

Oceanography, La Jolla).
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6.3. Results
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Figure 6.1. Schematic showing synthesis of magnetic NBs. Schematic shows that NBs are first
synthesized with poly condensation of tetraethyl orthosilicate (TEOS) around a 100 nm polystyrene (PS)
template at room temperature. Post synthesis, the NBs are purified and incubated with dimethyl formamide
(DMF) at 60°C for 3 hrs, followed by silanization with 3-aminopropyl! triethoxysilane (APTES). Amine
functionalized NBs are conjugated with 15 nm superparamagnetic iron oxide nanoparticles (SPION) using
EDC crosslinker chemistry. For more details refer to methods.

Figure 6.1 shows the schematic of NB synthesis and subsequent preparation steps
to attach superparamagnetic iron oxide particles (SPION) via EDC-NHS conjugation
chemistry. This chemistry relies on first modifying the NB surface after DMF wash with
APTES to give it an amine functionality as described in previous chapters. ICP-MS
studies show that we get a loading of 2.3 £ 0.09 pg/mg NB and 3.19 = 0.11 pg/mg NB
mass loading of SPIONS for 10 nm and 15 nm diameters, respectively. Figure 6.2 shows
the morphology of NBs before (Fig. 6.2 A-B) and after attachment of SPIONS (Fig. C-F)
with SEM and TEM imaging. DLS results (Fig. 6.2 G and Table 6.1) indicate that upon

attachment of SPIONS of 10 nm size, NBs undergo a 12 nm increase in hydrodynamic
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diameter in water and a concomitant change in surface zeta potential from positively
charged (amine functionalized, 37 mV) to positively charged (SPION conjugated, -38 mV)
in water. This is likely caused due to the fact that SPIONs used in this study are negatively

charged themselves, with a coating of carboxyl terminated moieties.

Functional SQUID measurements show that due to SPION conjugation, NBs have
superparamagnetic properties as shown in Figure 6.3. As applied magnetic field is
increased from zero to 70000 Oe, we see that the NB-SPION conjugate shows increasing
magnetic moment until it reaches saturation around 5000 Oe, at 1.8 emu/g for 10 nm (Fig.
6.3 A) and 1.5 emu/g for 15 nm (Fig. 6.3 B) SPION conjugated NBs. Changing
temperatures i.e., 25, 37 and 42°C do not have any significant changes on the magnetic
moment of these materials. Furthermore, the slope of the Figure 6 A-B graphs indicate
the magnetic susceptibilities of 2.3e-9 and 1.9e-9 for 10 nm and 15 nm conjugated
SPIONS, respectively. These results indicate the possibility that NBs can be used for
various downstream magnetic applications like magnetic localization, generation of local

hyperthermia, etc.
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Figure 6.2. Characterization of NBs with and without SPIONS. Scanning electron microscopy of NBs
after DMF wash and removal of PS core (A-B) and NBs after conjugation with SPIONS and subsequent
purification. D-F. Transmission electron microscopy (TEM) images of SPION conjugated NBs after
purification and removal of unbound SPIONS. G. Raw dynamic light scattering (DLS) spectra of scattering
intensity to hydrodynamic diameter (Dn) of NBs after PS core removal (NB), NBs after APTES
functionalization (NB-Amine) and NBs after SPION conjugation and purification (NB magnetic). These data
show representative D values from 3 experiments.

Table 6.1. Size and surface charge properties of NBs and magnetic NBs in water.

NB chemistry Du (nm) PDI Zeta Potential (mV)
NB 318.1+7.8 0.024 +0.017 -34.5+0.574
NB+Amine 343.4+53 0.114 +0.037 +36.8 £ 0.834
Magnetic NB  355.2+4.3 0.181 + 0.017 -37.6 +1.370
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Figure 6.3 Magnetic characterization of IONP conjugated NBs. Magnetization curves obtained with
SQUID for 10 nm (A) and 15 nm (B) iron oxide nanopatrticles conjugated to NBs by EDC conjugation due
to application of 0-70,000 Oe magnetic field at 298K i.e., 25°C (black square), 310K i.e.,37°C (red circle)
and 314K i.e., 42°C (blue triangle). Magnetic moments normalized to the total mass (NB+IONP) are plotted
on the y-axis (emu/g). 1.77313 + 0.03644 emu/g; x = 2.32x103; x = 2.39x103, 1.47761 + 0.02857 emu/g;
x= 1.93x10° were calculated for the 10 and 15 nm SPION attached NBs, respectively. Mass
normalizations were done with respect to the whole mass of the composite ~ 1 mg (10 nm) and 1.2 mg (15
nm). Fe content in the composites as per ICP-MS measurements were 2.3 + 0.09 pg/mg (10 nm) and 3.19
+0.11 pg/mg (15 nm).

Table 6.2. siRNA loading values of NBs and magnetic NBs.

Chemistry of NBs ug/mg
Amine (physisorption) 3.87
COOH (chemisorption) 5.03

NB-magnetic (physisorption) 2.87
NB-magnetic (chemisorption) 2.03

In the next set of experiments, we loaded silencing RNA on NBs with or without
SPIONS (Table 6.2 and Fig. 6.4). We tested both physisorption, i.e., mixing in silencing
RNA with amine terminated NBs, as well as chemisorption. For chemisorption, the
silencing RNA was designed with a disulfide group and amine functionality on the 5’ end
of the anti-sense strand (Fig. 6B). For characterization, the siRNA also had a fluorophore
(ATTO 590) conjugated to the 5 end of the sense strand (Fig. 6B). To achieve
chemisorption on non-magnetic NBs, the amine functionalized NBs were further treated

with succinic anhydride to confer carboxyl functionality. Magnetic NBs had carboxyl
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functionality on the SPIONS attached to the NB surface. This was followed by EDC
conjugation chemistry with the amine functionalized siRNA and the carboxylated NBs as
described in Figure 6.4 B. Loading measurements (Table 6.2) with Nanodrop showed that
the highest loading was achieved in carboxyl terminated NBs (chemisorption) and the
least was achieved in magnetic NBs (chemisorption). We have not quantified the carboxyl
densities in NB vs magnetic NB, but our results indicate that carboxylation over the NBs
gives better siRNA loading. In addition, we have also confirmed siRNA loading on NBs
with fluorescence spectrometry (Fig. 6.4B). The bound siRNA (green trace, Fig. 6.4B)
shows emission at the same peak (632 nm) as free siRNA (red trace, Fig. 6.4B) but with

attenuation in signal intensity possibly due to fluorophore quenching near NB surface.

Next, we determined the drug loading capacity of the LNB system. For this study
we chose a combination of DPPC and DOTAP as this combination is known to have a
transition temperature around 40°C that would be applicable for heat triggered release of
drugs. To demonstrate drug loading, we chose a hydrophobic drug Dexamethasone
(FITC fluorophore conjugated) which was mixed in with the DPPC/DOTAP mixture prior
to lipid bilayer formation and subsequent hydration in buffered media. The liposomes
were formed by sonication and subsequently coated onto the NBs. For our loading
experiments (Fig. 6.5), we gradually increased the lipid:Dex ratio from 10:1, 5:1, 2:1, 1:1
to 1:2. In each case, after loading, the NBs were treated with methanol to dissolve the
lipid layer and the quantity of Dex loaded was determined spectrophotometrically by
comparing fluorescence emission at 520 nm against a pre-determined standard
fluorescence emission vs. concentration calibration curve. Our results (Fig. 6.5 B) show

that as the lipid:Dex ratio is increased, the drug loading % increases up to 1:1 and then
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reduces back to 10%. The maximum loading is achieved at 1:1 lipid:Dex feeding ratio

(Fig. 6.5 B).
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Figure 6.4. Silencing RNA loading on NBs. A. Schematic of silencing RNA loading (chemisorption) on
NBs. The 5’ end of the anti-sense strand has a cleavable disulfide group and amine terminated functional
modification. The 5 end of the sense strand is conjugated to a fluorescent dye (Atto 590). The amine
functionality is used to conjugate the silencing RNA to the nanobowl via a carboxyl functionality on the
nanobowl using EDC crosslinker chemistry. Without EDC crosslinkers, the same loading protocol would
give us physisorbed siRNA. B. Emission spectra in DPBS of free and nanobowl bound siRNA with Atto 590
dye. Nanobowl concentration used here for bound siRNA emission measurements is 1 mg/ml with a 2ug
SiRNA added, incubated, and washed by centrifugation to remove unbound siRNA. All emission spectra
were obtained with a 590 nm excitation and collection of emission at 2 nm resolution. Graph depicts average
spectra of triplicate experiments.
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Figure 6.5. Loading of Dexamethasone on DPPC and DOTAP coated NBs. A. Schematic of
Dexamethasone (Dex) loading on NBs. Dexamethasone is loaded first on the liposomes and then the Dex
loaded liposomes were allowed to mix with NBs for encapsulation. Excess liposomes/free Dex was
removed by repeated centrifugal washing in DPBS. B. % of Dex loading (ug of Dex loaded/ pug of Dex
loaded + NB mass) is plotted with respect to lipid:Dex ratio.

In the next set of experiments, we determined the release properties of silencing
RNA and Dex from the NB system. To determine release of silencing RNA from NBs, we
suspended siRNA loaded NBs without lipids in 400 mM DTT containing DTT held at 37°C.
The release profile (Fig. 6.6 A) shows that the cumulative amount of SiRNA released
increases with time and reaches a saturation plateau at around 10% for siRNA
physisorbed on NB (black trace), chemisorbed on NBs (red trace) and chemisorbed on

magnetic NBs (green trace). However, the release of physisorbed siRNA from magnetic
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NBs (blue trace) continues increasing until 48 hrs and has the maximum overall

cumulative release (80%) of all types tested.

We also studied the release of Dex from NBs and magnetic NBs (Fig. 6.6 B) at
37°C in buffered aqueous media (DPBS). Our results show that the amount of Dex
released at 37°C increased with time for types of NBs and reached saturation release at
4 hrs (magnetic NBs, red trace) and at 18-24 hrs (non-magnetic NBs, black trace). The
overall cumulative release of Dex was higher for magnetic NBs (48%) than non-magnetic
NBs (27%). Room temperature measurements of 48 hr cumulative release (dashed lines
in Fig. 6.6B) show less Dex release than their 37°C counterparts i.e., 25% (magnetic

NBs) and 15% (NBs), respectively.

In the next set of experiments, we characterized internalization of siRNA loaded
NBs (ATTO 590 tagged) in HEK cell line (Fig. 6.7). Our microscopy images show that
there is co-localization of fluorescence from siRNA loaded NB clusters (white arrows, Fig.
6.7) and cell growth clusters 4 hrs post treatment and subsequent washing. This indicates
that the internalization of siRNA loaded NBs is very likely. However, as shown in previous
chapters, further TEM imaging studies are required for conclusive evidence of

internalization.
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Figure 6.6. 48 hr silencing RNA and Dexamethasone release from NBs. A. Cumulative release over 48
hrs of siRNA bound in different ways to NBs or magnetic NBs with respect to time in DPBS with DTT (400
mM) as the reducing agent at 37°C. B. Cumulative release of FITC labeled Dexamethasone from lipid
coated NBs (black line) or magnetic NBs (red line) over a period of 48 hrs in DPBS at 37°C. Error bars
indicate standard deviation from 3 experiments. Dotted lines indicates the total release in 48 hrs for NBs
(black) and magnetic NBs (red) at room temperature.
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Figure 6.7. Silencing RNA loaded NB delivery in HEK 298 cells. Phase (A,B), fluorescence (C,D) and
overlay (E,F) microscopy images of NBs loaded with Atto 590 dye tagged silencing RNA after incubation
at 0.25 mg/ml NB for 4 hrs and subsequent washing (three times) with warm supplemented DMEM media.
Images were taken with a 10x objective with 590/620 nm filter set up and subsequently pseudo colored. A
single field of view representative of 3 repeat experiments is shown here for NB with siRNA (A,C,E) and
magnetic NB with siRNA (B,D,F). Arrows indicate clusters of silencing RNA loaded NBs that co-localize
with HEK cell clusters on a 35 mm petri dish. Scale bar indicates 100 pm.
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Figure 6.8. Dose dependent 48 hr toxicity of NBs or magnetic NBs with therapeutics. MTT viability
(%) with respect to NB doses varying from 0-0.5 mg/ml. All data were normalized to live cell viability which
received only buffer (DPBS:Opti-MEM) as treatment. Error bars indicate standard deviation of n=4
experiments. Data shown from siRNA and Dexamethasone loaded (A) NBs and (B) magnetic NBs with lipid
coating. NB with only siRNA showed 89% (0.5 mg/ml) to 94% (0.05 mg/ml) viability. Magnetic NBs showed
78% (0.5 mg/ml) to 82% (0.05 mg/ml) viability by themselves and with siRNA showed 83% (0.5 mg/ml) to
90% (0.05 mg/ml), respectively.

Finally, we performed MTT viability assay in vitro on HEK cell cultures and

determined the toxic exposure to cells at 24 and 48 hrs post treatment with Dex and
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SiRNA co-loaded LNBs (Fig. 6.8 A) and magnetic LNBs (Fig. 6.8 B). For NBs, we observe
that at lower concentrations (0.06 or 0.125 mg/ml) the viability is unchanged 67% and
71%, respectively, between 24 and 48 hrs. At higher concentrations (0.25 and 0.5 mg/ml)
,the 48 hr viability increases to 79% and 71% from 66% and 61%, respectively. For
magnetic NBs, the 48 hr viabilities are consistently lower than their 24 hr values (Fig. 6.8
B). Overall, our results show no significant difference between toxicities of sSIRNA/Dex

loaded magnetic and non-magnetic NBs within a 24-48 hrs window.
6.4 Discussion

Our work here lays the foundation of a magnetically triggered siRNA and drug
nano-delivery system relevant in Covid19 or other therapeutics. Although we didn’t
demonstrate actual silencing effect of SIRNA-NB conjugate, the siRNA chosen in this
study was a 22 base pair sequence designed to target the N-region of the SARS-Cov-2
genomic RNA [16], [22], [38] and tested with BLAST search to prevent overlaps with

essential protein coding RNAs.

Our silencing RNA release experiments done over a 48 hr period at 37°C buffered
media did not contain RNase inhibitor. This means that the release properties we
observed could be underestimated due to varying levels of SIRNA degradation during the
48 hr assay. Future work should address this by addition of RNase inhibitor to the buffer
in which release properties were tested. SIRNA degradation also prevented us from
testing internalization with fluorescence microscopy as incubations >4 hrs seemed to
degrade the dye with concomitant loss of fluorescence from the samples. Endosomal
entrapment inside an acidic vesicle post internalization may additionally degrade the dye

or the siRNA or both. Also, such internalization studies were done with physisorbed
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siRNA on amine NBs, encapsulated with lipids. This might also lead to additional diffusion

of SIRNA away from the NB surface post internalization.

At 4 hrs, our fluorescence microscopy results with 0.5 mg/ml siRNA loaded NBs
show the cell morphology was affected by the NB treatment. Our toxicity data show that
there is 29-35% HEK cell toxicity of LNB or magnetic LNBs when co-loaded with siRNA
and Dex. In Chapter 4, we determined HEK cell toxicity to be ~16% in response to
treatment of LNBs in the same concentration range. This indicates that adding siRNA/Dex
to the NBs doubles their toxicity to HEK cells. Part of this observation can be explained
by the fact that Dexamethasone is a well-known cancer drug which is known to induce
apoptosis in vitro[39]-[42]. Thus, more characterizations are required (i.e., Dex only,
SiRNA only loaded LNBSs) to further confirm the cause of this higher toxicity. Our results
showed that magnetic NB treated HEK cells are 78% (0.5 mg/ml) to 82% (0.05 mg/ml)
viable and with siRNA (~ 4pg/mg) show 83% (0.5 mg/ml) to 90% (0.05 mg/ml),

respectively.

In our Dex release studies, we have shown that by increasing the temperature from
25°C to 37°C, we could almost double the amount of drug released in vitro. The release
of the drug occurs likely due to the phase change of the lipid encapsulation layer from
ordered gel phase to the disordered liquid crystalline phase. In this case, the
DPPC/DOTAP layer had a phase transition temperature around 37°C. However, for in
vivo applications, 48% release at 37°C i.e., body temperature, will lead to a non-specific
loss in the payload. For in vivo applications, this design should be modified to include

lipids like DSPE with higher transition temperatures (18:0 Phosphatidylethanolamine, Tm
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= 74°C). Additionally, application of alternating magnetic field will achieve the local

hyperthermia needed for such drug release from NBs.

In conclusion, in Chapter 6, we have shown that the LNB transfection system
developed in the earlier chapters can be modified and optimized into a magnetically
functionalized siRNA/drug delivery system. Future work will focus on the characterization
of this system to optimize post-transcriptional protein silencing effect via the RISC
pathway. Clinically, co-delivery of silencing RNA/Dexamethasone is not only relevant in

Covid19 but also various types of cancers[40], [41].

Chapter 6, in part, is being prepared for patent application with Dr. Ratneshwar Lal

as co-author. The dissertation author was the primary author of this chapter.
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Chapter 7

Conclusions and future work

7.1 Conclusions

In this work, we have outlined the development and characterization of a novel
non-viral delivery gene delivery system with a lipid-silica hybrid nanomaterial called lipid
encapsulated silica nanobowls (LNB). In this chapter, | will recapitulate its various
properties, advantages, disadvantages, and future work that can be done with this

system.

Cellular & tissue internalization

In summary, we have shown that the LNB system can successfully get internalized
in a dose dependent, non-specific manner (0.05-1 mg/ml) in vitro in 4 different cell lines
and acutely dissociated DRG neurons. Higher LNB concentrations show higher uptake in
vitro and maximum uptake is observed for all cell lines at 1 mg/ml. The overall uptake
efficiency eventually dictates the transfection efficiency and therefore improvement in the
efficiency of uptake is one of the ways to improve the system. Other studies have shown
that silica nanoparticles get endocytosed at different rates at different sizes, the uptake
being less efficient as the hydrodynamic diameter increases [1]. Assuming this trend
holds for LNBs as well, one way to improve uptake efficiency is to reduce the core size of
the NB in the LNB system. Previous work has shown that NB core size is tunable by using

different polystyrene core sizes [2]. In this work, we used a 100 nm PS core, however, 50
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nm core-based NB synthesis is possible, and those NBs will have a lower hydrodynamic

diameters and likely a better cellular uptake efficiency.

Ex vivo experiments also show successful LNB internalization in neurons of whole
DRG tissues, although the LNBs were unable to successfully penetrate the meningeal
layer outside of the whole DRG tissue and their transport inside the tissue was aided by
dissolution of the connective tissue by pre-treatment with DMSO. Local in vivo injections
showed that the NBs could successfully get internalized in DRG neurons post injection
near the L4 and L5 of the rat spinal cord. Further tissue dissociations showed uptake by
individual neurons. Rat salivary gland also showed successful uptake of Cy3-tagged NBs
that were injected locally. These results show that NB uptake is fast (happens within 4
hrs of treatment and can retain up to at least 24 hrs) and ubiquitous cells of various

origins.

Biocompatibility

The MTT and flow cytometry assays, which measured LNB toxicity with or without
DNA loading, showed that cell viability was greater than 80% at the concentration (0.5
mg/ml) employed. When compared to the commercially available Lipofectamine 2000,
the viability measured via flow cytometry was approximately 70%. Nevertheless, the
toxicity measured for LNBs (92.4%) was lower than for Lipofectamine 2000 (70%) with

comparable transfection efficiencies as evaluated with fluorescence microscopy
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Transfection efficiency

We have characterized the transfection efficiency of the NB system in 4 different
ways (a) Fluorescence microscopy (b) Western blotting (c) Flow Cytometry (d)
Recapitulation of functional coupling between GIRK-opioid receptors in HEK cells. Our
fluorescence microscopy and flow cytometry results showed about 10% transfection
efficiency at the optimized LNB concentration (mg/ml). These experiments determined
the expression by presence or absence of fluorescence from the reporter gene clover. In
the case of fluorescence microscopy, the images only gave us a qualitative idea about
transfection efficiency. On the other hand, while flow cytometry was quantitative, about
30% of healthy cell population was discarded from analysis of clover expression because
of them being larger cell clusters (only single cells could be counted). However, from flow
cytometry, we find that at the most optimized NB dosage (0.5 mg/ml), we get 10%
transfection efficiency with 90% viability calculated from single cell population only,
whereas, with Lipofectamine we get 15% transfection with 70% viability. This result
highlights that although we get 33% less transfection than Lipofectamine, LNBs are less
toxic by 29%. However, we did not optimize the Lipofectamine dosage conditions for our
cell culture conditions and simply used it as a positive control for flow cytometry. The
Western blotting technique did allow us to determine clover expression levels (Chapter 4)
and the results demonstrated a very good signal. Finally, the FlexStation 3 results
(Chapter 5) suggest that pharmacological studies can still be performed with the
transfection efficiency we obtained. That is, expression levels for both opioid receptors
and GIRK channels were sufficient to obtain functional coupling of G protein coupled

receptors with ion channels. The pharmacological parameters determined were
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comparable to published reports[3]—-[6]. However, the transfection efficiency of the LNB

system can be improved with future work.

Payload agnostic

We have shown that the NB system is versatile and payload agnostic. It can be
used for condensation and loading of (a) supercoiled DNA (b) linearized DNA (c) mMRNA
(d) silencing RNA (e) hydrophobic drugs. The ability to successfully load, release and
cause in vitro protein expression with linearized constructs is particularly useful as
linearized constructs can be relevant for the generation of stable cell lines for clinical
research[7], pharmacology[8], [9], CAR-T immunotherapy[10], etc. as well as for vaccine

development[11].

Controlled release of DNA and drugs

In this work, we showed that linearized DNA and silencing RNA can be conjugated
to the NB surface with cleavable chemistries like disulfide bonds which can be broken by
intracellular molecules like Glutathione (GSH). Our in vitro results show that controlled
release of DNA and siRNA was possible from the NB surface with reducing agents like
DTT. We also showed that the type of conjugation chemistry on linearized DNA
determines the relative amounts of physisorption and chemisorption as well as the overall
amount of DNA released. However, all types of conjugation chemistries led to successful
transfection in HEK cells with varying efficiencies, lesser than their unfunctionalized
linearized DNA counterparts by a factor of 2 (Wes clover/vinculin ratios, Chapter 5). In

Chapter 6, we have also shown that in addition to silencing RNA, hydrophobic drugs like
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Dexamethasone (Dex) can also be incorporated in the lipid coating of the LNBs. This led
to the ability to release Dex by disruption of the lipid bilayer with heat. In our results, we
have shown that increasing the ambient temperature from 25°C to 37°C led to almost
twice as much Dex release in both magnetic and non-magnetic NBs. This suggests that
if we were to use, say, an alternating magnetic field near the magnetic NBs and caused
local hyperthermia, we would increase drug release even more. Also, incorporation of pH
sensitive polymers[12] like pNIPAM can also lead to pH-controlled release as the NBs get

endocytosed into acidic vesicles.

Ability to carry multiple genetic constructs

Our results showed that NBs can be used to load supercoiled as well as linearized
DNA constructs at high loading efficiencies i.e., 11 pg/mg supercoiled clover, 25 pg/mg
linearized clover and 2-5 pg/mg silencing RNA. The loading saturates for supercoiled
DNA but does not for linearized constructs. Our calculations suggest that supercoiled
DNA has the least amount of copy number per mg NB, 4 times as much for linearized
DNA and 80 times as much for double stranded silencing RNA. These results suggest
that different constructs have different interactions on the NB surface and likely to adopt
different adsorption conformations at the interface. Furthermore, post adsorption, the NB
surface becomes more negatively charged as we showed that post-clover plasmid
adsorption at 10 pg/mg, the zeta potential changes from +37 mV to -49 mV. We also
showed that NBs can carry 3 different supercoiled constructs (Chapter 5) when loaded

simultaneously and also lead to successful co-expression of all the proteins coded by
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them which, in turn, can also show their expected functional coupling in HEK cells in

response to opioid doses.

Incorporation of magnetic functionality

In Chapter 6, we showed that NBs can be functionalized with superparamagnetic
iron oxide nanoparticles to confer on them the ability to be magnetized. Although such
functionalization has been shown with these NBs before, this is the first time it was shown
that such magnetic NBs can be used for silencing RNA/drug loading and controlled
release. This means that the NB system under development in Chapter 6 can be used, in
theory, in conjunction with external magnetic fields for localization and guiding in vivo as
well as for inducing local hyperthermia for drug release. Magnetic properties can also
enable such NB system to be used for diagnostics like MRI. The saturation in NB
magnetization was obtained ~5000 Oe which translates to 0.5T (in air) magnetic field,

which is within the bounds of clinically acceptable values in MRI (0.5-3 T).

7.2 Future work

Cell membrane

Vesicle

Nuclear membrane

BARRIERS

Figure 7.2.1. Improvement strategies of LNB design linked to the barriers to nucleic acid delivery.
The first barrier to transfection is the cell membrane, followed by vesicular entrapment/release and then the
nuclear membrane (true for DNA delivery only).
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Future work will consist of improving the transfection efficiency of this system by
adding complexities/modifications to the LNB design to improve efficiency of overcoming
the barriers shown in Figure 7.1. To improve passage through the cell membrane i.e., NB
uptake efficiency, we could use smaller NB core size, add targeting proteins to access
the receptor mediated endocytosis pathway as well and add stabilizing polymers on the
outer layer of the LNB to improve colloidal stability so a greater number of cells could
come in contact with the LNBs in a given concentration. To improve escape from vesicular
entrapment, we can tune the compositional ratio of DOPE to DOTAP and/or add pH
buffering polymers or endosomolytic peptides like HSWYG. Further, to help the nuclear
membrane delivery of DNA, we can tune the NB surface charge density for optimal
release kinetics post endosomal release. To demonstrate the effect of lipid composition
tuning and addition of polymeric component into the lipid encapsulation layer of the LNBs,
we transfected HEK cells with LNBs coated with 1:1 DOPE:DOTAP or 1:1:0.1
DOPE:DOTAP:DOPE-PEG. Our results (Fig. 7.2) show that there is some improvement
in the transfection efficiency of clover expression in vitro as determined qualitatively using
fluorescence microscopy. To quantitatively measure and compare protein expression
with the two different types of lipid compositions on LNBs, we need assays like flow
cytometry and/or Western Blotting as demonstrated in previous chapters. Nevertheless,
this shows a possible starting point for future improvements in the LNB design. The
DOPE-PEG used here had an NHS terminal group which will further allow us to conjugate

proteins/peptides for targeting or endosomolytic properties using their primary amines.
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DOPE: DOTAP: DOPE-PEG 1:1:0.1

DOPE: DOTAP 1:1

Figure 7.2.2. Effect of tuning lipid encapsulation layer composition on the transfection efficiency of
LNBs. Phase (left), fluorescence (center) and overlay (right) microscopy images HEK cells 48 hrs post
transfection with 0.25 mg/ml LNB acquired with a 10x objective. Top set of images show LNBs coated with
1:1:0.1 DOPE:DOTAP:DOPE-PEG while the bottom set represents the usual LNB formulation from
Chapters 4-5 with 1:1 DOPE:DOTAP. 3 different fields of view are shown representative of 2 independent
measurements. Scale bar indicates 50 um. Check Chapter 4 (methods section) for more details.
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Future work will also focus on leveraging the engineered cavity for loading
SPIONS, small molecule drugs, etc. which are small enough to fit, while leaving the outer
surface for DNA/RNA/sIRNA loading. We have shown here that NBs can be delivered in
vivo in neurons and salivary glands as well as optimized the LNB system for successful
in vitro/ex vivo transfections. The silencing RNA delivery work (Chapter 6) will have a
possible future direction in demonstrating, quantifying, and optimizing the silencing
properties of NBs targeted towards a specific protein of interest. Future work will also
explore in vivo transfections with LNBs in these target organs, and characterization of

biodistribution and clearance of the LNB system in vivo.
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