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Technical Summary

RNA interference (RNAI) is a promising technology for therapeutic application. The RNAI
pathway involves sequence-specific gene silencing directed by RNA fragments of 21-23
nucleotides long known as short interfering RNA (SiRNA). The great potential for siRNA to
modulate gene expression has prompted research in treatment for diseases including inflammatory
disorders, viral infections, and a host of cancers. Yet siRNA therapy is not without its challenges.
Delivery barriers such as nuclease degradation, rapid clearance, cell membrane rejection, and
lysosomal degradation must be overcome for effective siRNA therapy.

Local delivery of siRNA presents advantages including reducing off-target effects,
increased efficacy at target site, and reduction in load requirements compared to systemic SiRNA
administration. Layer-by-layer (LbL) self-assembly technology is a promising method of
nanolayer surface coating fabrication for the localized and controlled delivery of therapeutics. One
area of particular interest for controlled localized siRNA delivery is the treatment of soft tissue
wounds. Wound healing is a complex, multi-staged process wherein dysregulation in whichever
healing phase may cause severe complications for patients.

Here we present the engineering of LbL thin films for localized delivery of siRNA. We
design LbL films for release of multiple siRNAs. By tuning film architecture and incorporating
barrier layers to prevent interlayer diffusion, we achieve sequential release of siRNA at
physiological timescales relevant to a healing wound. To improve knockdown efficacy of released
siRNA complexes, we investigate the assembly of a bilayer composed of siRNA and the polycation
poly(B-amino ester) (PBAE). Through a fractional factorial design, we elucidate the effects of LbL
assembly parameters on the resultant film’s loading, composition, and in vitro efficacy. From these
findings, we determine optimized assembly parameters for gene silencing.

Finally, we develop a mouse model for evaluating in vivo efficacy of LbL films assembled
on sutures. Findings from a pilot study with our optimized films and recommendations for future
studies are reported. This thesis work expounds the utility of LbL technology in assembling films
for effective controlled localized siRNA delivery.
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Figure 1.1 (a) Structure of siRNA; (b) siRNA pathway. Adapted by permission from Springer
Nature’.

Figure 1.2 (Left) Schematic of common LbL Approaches, (middle) common interactions exploited
in LbL self-assembly, and (right) examples of substrates coated for biomedical applications.
Adapted by permission from Annual Reviews, Inc.5?

Figure 1.3 The wound healing process is classically organized into three overlapping stages:
inflammation, proliferation, and remodeling. Adapted by permission from Mary Ann Liebert,
Inc.8

Figure 2.1 [Chitosan/siRNA/Poly 2/Laponite] Tetralayer Film for siRNA Delivery. (a) Schematic
of assembly process for [Chitosan/siRNA/Poly 2/Laponite] tetralayer films. Chitosan (15 kDa)
and laponite clay were prepared at a 1 mg/mL concentration. The siRNA solution was prepared at
a 20 pg/mL concentration. Poly 2 was prepared at a 2 mg/mL concentration. The chitosan, siRNA,
and Poly 2 solutions were prepared in deionized water that was buffered to 10 mM with pH 4.5
sodium acetate buffer. The laponite clay solution was prepared without buffer at a pH of 8.0. Wash
steps occurred between each deposition step. (b) Cumulative siRNA release curve for 25
tetralayers of [Chitosan/siRNA/Poly 2/Laponite] LbL film. Sustained release is seen over the
course of two weeks. sSiRNA release was performed in PBS at 37°C. Release was quantified with
a plate reader using fluorescently labeled siRNA. Error bars represent standard deviation.

Figure 2.2 Simple Stacked [Chitosan/siRNA/Poly 2/Laponite] Tetralayer Film. (a) Schematic
representation of LbL architecture for dual siRNA release. (b) Cumulative siRNA release over
time in percentages. siRNA release was performed in PBS at 37°C. Twenty five repeats of the
tetralayer containing siRNAL1 are deposited first (brown) followed by 25 repeats of the tetralayer
containing siRNA2 (green). siRNAL and siRNA2 refer siRNAs tagged with different fluorescent
dyes. The color representations of siRNA correspond to the colors of the curves in the cumulative
release plot.

Figure 2.3 Release Profiles of Films with [Chitosan/Laponite] Barrier. Within each film, barrier
layers were deposited between two sets of [Chitosan/siRNA/Poly 2/Laponite]zs tetralayers with
SiRNA1 (brown) beneath and siRNA2 (green) on top. Barrier layers studied consisted of (a) 20
bilayers of [LMW Chitosan/Laponite], (b) 40 bilayers of [LMW Chitosan/ Laponite], (c) 20
bilayers of [HMW Chitosan/Laponite], and (d) 40 bilayers of [HMW Chitosan/Laponite].
Cumulative release is reported over time in percentages. Films with 40 bilayers of barrier exhibit
a clear stagger of release compared to films with 20 bilayers. Films that incorporate high molecular
weight chitosan into the barrier exhibit a greater suppression of release compared to films that
incorporate low molecular weight chitosan.
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Figure 2.4 Hierarchical Structure with [HMW Chitosan/Laponite]so Barrier. (a) Schematic of LbL
architecture for staggered release. The bottom film consists of 25 tetralayers of chitosan (15 kDa),
SiRNA, Poly 2, and laponite clay. The barrier film consists of 40 bilayers of high molecular weight
chitosan (350 kDa) and laponite clay. The top film consists of 25 tetralayers of chitosan (15 kDa),
SiRNA, Poly 2, and dextran sulfate. (b) Release Profile of siRNAs. Cumulative release of SIRNA
is reported in percentages. With this architecture, SIRNA2 (green) is readily released while sSiRNA1
(brown) exhibits a slower sustained release. Error bars represent standard deviation.

Figure 2.5 Hierarchical Structure without Barrier. (a) Schematic of LbL architecture for staggered
release. The bottom film consists of 25 tetralayers of chitosan (15 kDa), siRNA, Poly 2, and
laponite clay. The top film consists of 25 tetralayers of chitosan (15 kDa), siRNA, Poly 2, and
dextran sulfate. (b) Release Profile of siRNAs. Cumulative release of siRNA is reported in
percentages. With this architecture, sSiRNA2 (green) is still readily released while siRNA1 (brown)
exhibits a slower sustained release. Error bars represent standard deviation.

Figure 2.6 Graphene Oxide Barrier Layers. Cumulative siRNA release profiles, schematic
representation, and SEM imaging of (a) [GO-NH2/Laponite]io, (b) [Chitosan/Lap-GO Hybrid],
and (¢) [GO-NH2/GO]uwo. Apart from the barrier layers, the architecture is the same for each group:
[Chitosan/siRNA2/Poly2/Dextran Sulfate]zs on the top and [Chitosan/siRNA1/Poly2/Laponite]2s
on the bottom. Cumulative release of SiRNA is reported in percentages. Release of SIRNAL is in
brown, release of siRNA2 is in green. Error bars represent standard deviation. Scale bar is 5 um
for SEM images.

Figure 2.7 [GO-NH2/Laponite]io Barrier Layer. (a) Schematic of LbL architecture with [GO-
NH2/Laponite]io barrier layer. (b) Day-by-day release plot of siRNA in pg/cm? Error bars
represent standard deviation.

Figure 3.1 Layer-by-layer coating of suture and the parameters varied. (a) Schematic
representation of dip LbL assembly for coating Vicryl 3-0 suture with [PBAE/SiRNA] bilayers.
(b) Cross-section depiction of a suture coated with 3 bilayers. Films assembled in this study
consisted of 15 bilayers. (c) List of parameters varied in the fractional factorial design. The pH
(pH 4.5 — pH 6.0) of the entire process, ionic strength (150 mM - 250 mM) and PBAE
concentration (0.5 mg/mL — 2.0 mg/mL) of the PBAE bath, and the siRNA concentration (20
pg/mL — 30 pg/mL) of the siRNA bath were varied. Parameters are color coded to reference the
affected steps: black for the entire process, red for the PBAE bath, and blue for the siRNA bath.
Wash baths and the siRNA bath were buffered to 10 mM Sodium Acetate.

Figure 3.2 Standard Least Squares Fit of Parameters on Response Variables. A standard least
squares fit was performed on the average values from each run for (a) PBAE loading, (b) SiRNA
loading, and (c) PBAE:siRNA w/w ratio. “Actual by Predicted” plots are shown with R? and p-
values reported. The coefficients for each parameter were normalized by the range tested and p-
values are reported. Parameter terms with correlation p-values < 0.05 are highlighted; significant
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positive coefficients are highlighted in red, negative coefficients are highlighted in blue. Error bars
represent standard deviation.

Figure 3.3 Bubble plot of in vitro knockdown by PBAE loading and siRNA loading. Resulting
GFP knockdown data of all LbL films are represented with siRNA loading on the x-axis and PBAE
loading on the y-axis. Each biological replicate is included as its own data point. LbL coated
sutures that effected greater knockdown are represented with larger bubbles. The knockdown is
also color coded with high knockdown in red and low knockdown in blue. Sutures that produce
the greatest knockdown are seen to have the greatest sSiRNA loading. Sutures with high siRNA
loading show greater knockdown if they also have high PBAE loading.

Figure 3.4 Knockdown comparison of optimized formulation vs. runs with neighboring conditions.
The optimized LbL parameters of pH 6, ionic strength of 150 mM, PBAE concentration of 1.0
mg/mL, and siRNA concentration of 30 pg/mL was found to achieve in vitro knockdown of 47%.
Run 6 (37% knockdown) and Run 10 (2% knockdown) from the fractional factorial design both
neighbor these conditions with a single parameter varied. Colors denote high (red), moderate
(yellow), and low (blue) values of parameters within the experimental range of the design.

Figure 3.5 Knockdown of LbL films with optimized parameters. As the number of bilayers is
increased to 30, over 80% of siRNA knockdown is achieved.

Figure 4.1 Synthesis of Poly 2-30%C30H-DETA. Poly 2 was constructed with 30% feed of 3-
amino-1-propanol. It was then endcapped with diethylenetriamine.

Figure 4.2 (a) Schematic of [P2C30HD/siRNA]so assembly on Vicryl sutures. (b) In Vitro
knockdown of GFP from sutures with the [P2C30HD/siRNA]zo film relative to treatment of
uncoated suture. Error bars represent standard deviation.

Figure 4.3 Implantation of LbL Coated Suture in Mice. Mice were shaved and suture entrance and
exit points were marked. LbL coated suture was implanted in the subcutaneous space and tissue
glue was used to secure the suture.

Figure 4.4 In Vivo GFP Fluorescence (a) GFP Fluorescence Imaging of Mice Treated with SIRNA
Coated Sutures. IVIS was used to image GFP fluorescence at 465 ex / 540 em. Images were taken
pre-implantation, post-implantation, and then daily for three days. Regions of interest (ROI) were
drawn to cover the area around the sutures. Coated sutures were implanted on the left; uncoated
sutures were implanted on the right. Representative mice from each treatment group are presented.
(b) Average radiant efficiency of GFP over time. Radiant efficiency was averaged over both left
and right ROIs for each mouse. Data for mice treated with suture coated with GFP-targeting sSiRNA
(siGFP) are shown in green. Data for mice treated with negative control siRNA (siCon) are shown
in black. Error bars represent standard error.
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Figure 4.5 In Vivo Release of Fluorescently Tagged siRNA. Negative control siRNA tagged with
Alexa Fluor 647 was imaged at 640 ex / 700 em. Images taken immediately post implantation (left)
reveal retention of siRNA on the suture after the procedure was performed. Images taken on Day
1 (right) show that near complete release of SiRNA is released within 24 hours from implantation.

Figure A.1 Validation of siRNAs for Dual-Reporter MDA-MB-435 Cells siRNAs for GFP and
RFP were validated for the cell line. Treatment of a single siRNA resulted in the exclusive
knockdown of the corresponding reporter gene. Treatment with both siRNAs resulted in
knockdown of both reporter genes.

Figure A.2 Confocal Imaging of LbL Treated Cells. HeLa cells expressing d2eGFP were exposed
to PLGA sutures coated with a [Poly 2/siRNA]so LbL coating. The nuclei is stained in blue with
Hoechst. The GFP is shown in green. The siRNA is labeled with Alexa-Fluor 647 and is shown in
red. The punctate fluorescence suggests the siRNA is trapped in endosomes.

Figure A.3 Effect of Replenishing siRNA on Concentration in Bath Over Dipping Process. The
concentration of the siRNA bath was monitored over the course of bilayer coating of [Poly
2/siRNAJs0 on PLGA sutures. The amount of siRNA added was predetermined in an estimate to
bring the concentration back to the initial level of approximately 18 pg/mL. There appears to be a
first order decrease in the concentration for each case.

Figure A.4 Effects of Replenishing siRNA on siRNA Loading and Effecting Knockdown (a)
siRNA loading generally increases as the number of replenishments increases. Approximately 4
ug/cm loading is achieved when siRNA is replenished four times throughout LbL coating. (b) The
film that resulted in the greatest GFP knockdown is when siRNA is replenished once, midway
through dipping. Almost 20% knockdown is achieved with this film.

Figure A.5 Effect of Number of Pieces of Suture on GFP Knockdown. HelLa cells were treated
with sutures coated with [Poly 2/siRNA]so bilayers. The siRNA bath was replenished midway
through the dipping process. Generally, as the number of pieces of suture applied to each well
increases, the GFP knockdown increases. Over 25% knockdown was achieved with 5 pieces of
suture.

Figure B.1 Micro BCA Assay for PBAE Quantitation. Serial two-fold dilutions of PBAE were
made with siRNA (red squares) and without siRNA (blue triangles). The Micro BCA assay was
performed following manufacturer’s instructions. The linear regressions (represented by dashed
lines) show that the presence of sSiIRNA does not affect Micro BCA assay readings. We found that
the Micro BCA assay can be appropriately repurposed to quantify PBAE loading in the LbL film.

Figure B.2 Ribogreen Assay for siRNA Quantitation. Standard curves with known siRNA amounts
were made with PBAE (red squares) and without PBAE (blue triangles). The Ribogreen assay was
performed following manufacturer’s instructions. Without modification (a), the presence of PBAE
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quenches the Ribogreen fluorescent signal considerably. To address the quenching, the PBAE was
hydrolyzed as detailed in the experimental section. After hydrolysis of the PBAE (b), interference
from the PBAE is shown to be minimized.

Figure B.3 Gating Strategy for Flow Cytometry

Figure B.4 pH Titration of PBAE. 10.1 mg PBAE was dissolved at 1 mg/mL in water with 75 pL
of 1 M HCI. 0.1 N NaOH was used for titration. The pKa of the PBAE was found to be 7.4.

Figure B.5 Standard Least Squares Fit on Knockdown. A standard least squares fit was performed
for in vitro knockdown with (a) assembly parameters as explanatory variables and (b) PBAE
loading, siRNA loading, and w/w ratio as explanatory variables. “Actual by Predicted” plots are
shown with R? and p-values reported. The coefficients for each parameter were normalized by the
ranges of the explanatory variables and p-values are reported. No significant parameter terms were
identified for either regression (correlation p-value < 0.05). Error bars represent standard deviation.

Figure B.6 Polyplex transfection studies. Polyplexes were formed by mixing PBAE and siRNA
together at predetermined ratios. HeLa cells expressing d2e-GFP were treated with polyplexes.
Flow cytometry was performed three days after treatment. (a) NucBlue assay was used to measure
viability. (b) Alexa Fluor 647-labeled siRNA was used to track siRNA uptake. (c) GFP-targeting
SiRNA was used in studies of siRNA knockdown efficacy. Untreated cells served as negative
controls. For positive controls, cells were treated with sSiRNA + Lipofectamine RNAIMAX.

Figure C.1 GFP Knockdown of [P2C30HD/siRNA] vs. [Poly 2/siRNA] The [Poly 2/siGFP]
coated suture was able to effect approximately 20% knockdown. The [P2C30HD/siGFP] suture
was able to effect approximately 50% knockdown. Error bars represent standard error.

Figure C.2 GFP Knockdown from [P2C30OHD/siRNA] Film from Various Substrates. The
[P2C30HD/siGFP] bilayer was constructed on Vicryl Rapide Suture, Webcryl suture, PDS 11
suture, PLGA strips, and Tegaderm. Knockdown ranges from 10% to 50%. The distinct abilities
to effect knockdown indicates that the substrate may have an effect on transfection. Error bars
represent standard error.

Figure C.3 Analysis of P2C30HD siRNA Polyplexes (a) Zeta potential vs. P2C30HD to siRNA
weight ratio plot. Generally, as the weight ratio of P2C30HD to siRNA increases, the zeta potential
increases. As the weight ratio increases above 10, the zeta potential levels off around +22 mV. (b)
GFP Knockdown vs. P2C30HD to siRNA weight ratio plot. As the weight ratio increases, greater
knockdown is effected. The knockdown efficiency starts to level off after above a weight ratio of
10. Error bars represent standard deviation.

Figure C.4 Knockdown by Varying Suture Number and Bilayers. The [P2C30HD/siGFP] bilayer
was constructed on size 5-0 Vicryl Rapide Suture. The concentration of the P2C30HD bath was
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1 mg/mL, the concentration of the siRNA was 20 pg/mL. The dipping pH was 6.0 and the
concentration of buffer in the PBAE bath was 150 mM. The number of sutures applied to each
well and the number of bilayers coated were varied. Knockdown was normalized to cells treated
with uncoated suture. Error bars represent standard error.

Figure C.5 Loading on Sutures of Varying Sizes and Varied Bilayers The [P2C30HD/siGFP]
bilayer was constructed on size 5-0 Vicryl Rapide Suture and size 0 Vicryl Suture. The
concentration of the P2C30HD (PBAE) bath was 1 mg/mL, the concentration of the sSIRNA was
20 pg/mL. The dipping pH was 6.0 and the concentration of buffer in the PBAE bath was 150 mM.
PBAE and siRNA loading were measured with BCA assay and fluorescence reading respectively.
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Table 2.1 siRNA Loadings of Hierarchical LbL Films. Films were constructed with
[Chitosan/siRNA1/Poly 2/Laponite]zs tetralayer deposited first. Barrier layers (if applicable) were
deposited next. [Chitosan/siRNA2/Poly2/Dextran Sulfate]2s were then deposited. sSiRNA loadings
were quantified by fluorescence readings of the distinctly labeled siRNAs. Loadings are reported
as mean = standard deviation.
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CHAPTER 1.

Introduction

1.1  siRNA as a Therapeutic

RNA interference (RNAI) involves the silencing of genes and was first discovered by Fire
and Mello in 1998'. The RNAI pathway can be described as follows: long double-stranded RNA
is cleaved into fragments of 21-23 nucleotides long by the enzyme Dicer?. These fragments, known
as short interfering RNA (siRNA), are then incorporated into the RNA-induced silencing complex
(RISC)3. The siRNA is then unwound into two strands: the passenger strand and the guide strand.
The passenger strand is then degraded and the guide strand directs the complex to seek out mMRNA
of complementary sequence®. The complex then cleaves the mMRNA between bases 10 and 11
relative to the 5’ end of the guide strand®. This process is depicted in Figure 1.1. Utilizing this
endogenous mechanism, siRNA may be synthetically produced and introduced to cells to achieve
sequence-specific gene knockdown®.
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Figure 1.1 (a) Structure of siRNA; (b) siRNA pathway. Adapted by permission from Springer Nature’.
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The ability to theoretically target and knock down expression of any protein of choice
without concerns of integration and modification to the host DNA presents exciting opportunities
for siRNA as a therapeutic. The great potential of sSiRNA has prompted research in treatment for
diseases including inflammatory disorders, viral infections, and a host of cancers®. The FDA
approval of the siRNA therapeutic Onpattro™ (patisiran) to Alnylam Pharmaceuticals, Inc. in
2018° has generated even more excitement in this field.

1.2 Barriers to siRNA Delivery

To take full advantage of siRNA therapy, barriers in delivery must be addressed. When
administered intravenously, naked siRNA is prone to nuclease degradation, rapid clearance, and
rejection by the cell membrane due to its negative charge®®. While this prompts the use of delivery
vehicles, care must be taken in design to avoid phagocytosis by macrophages and monocytest?.
Once in the cell, sSIRNA must escape the endosome to reach the cytosol, where all the RNAI
machinery is located'?. If endosomal escape does not occur, the siRNA would be subject to
lysosomal degradation. If the sSiRNA reaches the cytoplasm, dissociation from any carrier system

IS necessary to allow incorporation of siRNA with RISC.

1.3 Approaches to siRNA Delivery

One approach to improving siRNA delivery efficacy is chemical modification of the
siRNA molecule. These efforts include ribose modifications, phosphate backbone modifications,
nucleobase and sugar modifications, and modifications to the termini and conjugate groups*®. An
example of chemical modification is 2’-O-methylation, which has been shown to reduce immune
system activation through the Toll-like receptor 7 pathway and confer endonuclease resistance'*°.

Among the first vehicles studied for siRNA delivery are viral vectors. Vectors including
retrovirus, adenovirus, adeno-associated virus, herpes virus, pox virus, human foamy virus, and
lentivirus have been developed for gene therapy'®. Studies have shown efficient and stable siRNA
expression and consequent knockdown through retroviral'” and lentiviral*® vector delivery. While
efficient, many safety concerns for viral delivery exist. Risks associated with viral vectors include
inflammation due to immunogenicity, insertional mutagenesis, and activation of proto-
oncogenes®®,

A common approach to address the challenges in siRNA administration is nonviral
nanoparticle delivery. A nanoparticle delivery vehicle works to protect siRNA from nuclease
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degradation and immune response activation. Ligands may be attached to the nanoparticles for
targeted delivery. Physicochemical characteristics that affect nanoparticle delivery efficacy of
SiRNA include shape, size, surface properties, thermal stability, quality control, and siRNA
loading efficiency?®. Nanoparticles may be generally categorized into one of two types:
soft/organic nanoparticles or hard/inorganic nanoparticles. Soft/organic nanoparticles include
liposomes, dendrimers, and polymer nanoparticles. Hard/inorganic nanoparticles include
nanotubes, gold nanoparticles, quantum dots, and nanodiamonds?.

The most common nanoparticle vehicle systems are lipid-based; lipid nanoparticles
comprise a majority of siRNA nanoparticles in Phase | clinical trials?2. Cationic lipids interact with
the anionic siRNA through electrostatic interactions to form lipoplexes?3. The lipoplexes may take
the structural form of multilamellar or unilamellar liposomes. Intracellular uptake and endosomal
escape of the lipid-siRNA nanoparticle are facilitated by the cationic lipid®*. However, innate
immune responses have been often observed after administration of lipid nanoparticles®®. Efforts
to reduce inflammatory responses have included coating the nanoparticle surface with
polyethylene glycol (PEG)?. Nonetheless, off-target accumulation of lipid nanoparticles is often
seen in the liver and failure to mitigate accumulation may lead to severe toxicity?’.

Polymer-based nanoparticles are another widely investigated method of siRNA delivery.
Cationic polymers with either linear or branched structures are able to bind and condense siRNA
into stabilized nanoparticles for transfection?®. The positive charge of the polymers is proposed to
facilitate endosomal escape by the ‘proton-sponge’ effect?®. Polyethyleneimine (PEI) is a widely
studied polymer for siRNA delivery. Both linear PEI (LPEI) and branched PEI (BPEI) have been
used for siRNA administration®, though BPEI has been shown to exhibit greater toxicity®. Other
polymer systems have also been developed in efforts to address biocompatibility, including

cyclodextrin®, poly(lactic-co-glycolic acid) (PLGA)*, and poly(B-amino esters) (PBAE)*.

14 Local Delivery of siRNA

While intravenous delivery of siRNA nanoparticles has its benefits, localized
administration of siRNA is advantageous in reducing off-target effects and increasing gene
knockdown efficacy at the target site®. Furthermore, the increase of efficacy leads to reduction in
load requirements and thus a reduction in production cost of the therapeutic. Though some diseases
will require systemic delivery, local delivery may be optimal for a variety of pathologies®.

Research has revealed promise of local siRNA delivery for application in bone repair, muscle
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regeneration, inflammation, and fibrosis mitigation®’. Local delivery strategies that have been
investigated include loading of siRNA in microparticles, scaffolds, hydrogels, electrospun fibers,
and surface coatings®’.

Microparticles containing siRNA are generally prepared using a double emulsion
technique, followed by solvent extraction. The porosity and size of the microparticles can be tuned
to optimize injectability, tissue retention, and siRNA release®®*®. Nonetheless, there are key
concerns in designing microparticle systems. For example, changes in pH have been shown to
significantly impact microparticle behavior and release*.

Natural and synthetic polymers have been explored for fabrication of scaffolds for local
siRNA delivery. Naturally-derived polymers, such as collagen, have been used for their inherent
cell-adhesion and enzymatic degradation properties**“2. Synthetic materials, such as PLGA, have
been investigated for nucleic acid delivery as they offer greater control over scaffold properties,
including degradation rate and mechanical stiffness*3. A major obstacle to be addressed in scaffold
delivery is the loss of siRNA bioactivity during incorporation into the scaffold***°. Hydrogels are
a subclass of scaffolds characterized by significant water content. Studies have demonstrated
tunable and sustained release of siRNA from hydrogels composed of natural*® and synthetic
polymers*’.

Biomimetic nano-fibers may be formed by the electrospinning of various polymers*.
Encapsulation of siRNA into electrospun fibers has been shown to achieve sustained release and
transfection®. The incorporation of commercial transfection reagents improve efficacy of siRNA-

loaded electrospun fibers, yet significant toxicity is associated with these agents.

1.5  Layer-by-Layer Self-Assembly

Of the local delivery strategies explored, layer-by-layer (LbL) self-assembly technology
for formulating surface coatings stands out. LbL technology enables the assembly of multilayer
coatings by the alternating deposition of components with complementary interactions (Figure
1.2). The assembly of LbL films is typically driven by electrostatic interactions between
compounds of opposite charge. Other interactions that may drive LbL assembly include
hydrophobic, van der Waals, hydrogen bonding, host-guest, covalent bonding, and biospecific
interactions®.

The LbL assembly process typically occurs under aqueous assembly conditions. The

technology obviates the use of harsh solvents, temperatures, ionic strengths, and pH values. This
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is advantageous for biomedical applications as the mild assembly conditions permit the conformal
coating of medically relevant substrates with small molecules and biologics while maintaining the
structural integrity of the substrates®™>2, Multilayer films are typically assembled via dipping,

spraying, and spin coating methods, although other methods such as 3D printing and

micropatterning have also been investigated®->°.
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Figure 1.2 (Left) Schematic of common LbL Approaches, (middle) common interactions exploited in LbL self-assembly,
and (right) examples of substrates coated for biomedical applications. Adapted by permission from Annual Reviews, Inc.5?

Studies have shown that LbL assembly conditions affect the growth and stability of
constructed multilayers. Assembly parameters including temperature®, ionic strength®, pH®°,
molecular weight®, species concentration®, incubation time®?, and assembly method>* have been
investigated to have effects on film assembly and behavior. An understanding of assembly
conditions and their effects on LbL film formulation is vital for designing optimized films for
therapeutic application.

The LbL technique presents many advantages for drug delivery. Substrates including
bandages®, textiles®, implants®®, nanoparticles®, and cells®’ have been coated with LbL films for
therapeutic use. Therapies including antibiotics®, anti-inflammatory drugs®®, growth factors’, and
nucleic acids’™ have been incorporated into LbL films. High drug loadings may be achieved due

to multivalent interactions, and loading may be tuned by adjusting the number of layers assembled.
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LbL films have also exhibited advantages in protecting cargo from degradation’?> and enhancing

shelf-life’3, while showing minimal toxicity’.

1.6 LbL Assembly for Controlled Localized Drug Delivery

A notable feature of LbL technology is its potential in controlled localized drug delivery.
Drug release from LbL films may be dictated by swelling, dissolution, or degradation of the film,
as well as diffusion of the therapeutic®?. Reports have shown that drug release kinetics from LbL
films may be modulated through various methods, including changing film thickness’™ and tuning
the film degradation rate’®. LbL technology also presents the ability to deliver and tune the release
of multiple drugs by taking advantage of the modular assembly process of the multilayer films’”.
The use of barrier layers’® and covalent modification’® have shown promise in stratifying release

kinetics of multi-drug delivery.

1.7 Wound Healing Process
The following section is reproduced and adapted by permission from Mary Ann Liebert, Inc.®

An area of particular interest for controlled localized drug delivery is the treatment of soft
tissue wounds. Soft tissue wounds encompass a broad category of injuries, varying in severity and
prevalence®-8, They range from simple cuts and burns to chronic ulcers, major traumatic injuries,
and burn wounds. Wound healing is an intricate network of interactions between multiple cell
types, growth factors, and cytokines. The normal course of wound healing has classically been
organized into three overlapping stages: inflammation, proliferation, and remodeling (Figure 1.3).

The role of the inflammatory phase is to contain damage and eliminate pathogens.
Inflammation typically lasts for a few days, but may persist up to 2 weeks®*. Release of the
neuropeptide substance P from the peripheral nerves in a wound leads to increased vascular
permeability, and various chemoattractants are released, allowing an influx of neutrophils and
monocytes®8®. Throughout the course of the inflammatory phase, monocytes mature into
macrophages®’. Macrophages of the inflammatory phenotype (M1) work to remove bacteria and
debris®. Once the wound is free of foreign material, macrophages polarize toward the anti-
inflammatory (M2) state to resolve the inflammatory phase®.

The proliferative phase is marked by fibroplasia with fibrous tissue deposition,
reepithelialization, angiogenesis, and nerve regeneration®. Proliferation starts approximately 2—-3
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days after injury®. Fibroblasts migrate into the wound area to initiate production of collagen®..
Keratinocytes begin to proliferate, covering the wound and initiating wound closure®.
Vascularization is initiated as proangiogenic factors, including vascular endothelial growth factor
(VEGF), fibroblast growth factor 2 (FGF-2), and platelet-derived growth factor (PDGF), are
released®®. Schwann cells work to regrow injured nerves®. The proliferative stage typically lasts
up to a few weeks.

The remodeling phase begins 2—3 weeks after injury and can last for months. During the
remodeling phase, vascularization is reduced and collagenases break down granulation tissue.
Collagen type 1 is synthesized as collagen type 111 degrades®™. The wound tissue matures and is
restored to a functional state.

Inflammation Proliferation Remodeling

* Increasedvascular * Fibroplasia * Reduced
permeability * Reepithelialization vascularization

* Removal of * Angiogenesis * Tissue maturatior
bacteria and debris ¢« Nerve regeneration * Scar formation

Normal
Wound Healing

0.1 1 10 100
Time (Days in Log Scale)

Figure 1.3 The wound healing process is classically organized into three overlapping stages: inflammation, proliferation,
and remodeling. Adapted by permission from Mary Ann Liebert, Inc.®

1.8 Dysregulated Wound Healing

Dysregulation within the wound healing cascade can lead to severe complications for
patients. If dysregulation occurs within inflammation or proliferation stages, deficient healing may
result, leading to venous ulcers, diabetic ulcers, or pressure sores®. Fibrosis and scarring may
occur when the remodeling phase is dysregulated®.

Patients with type two diabetes mellitus often display symptoms of poorly vascularized
and neuropathic extremities®’. This significantly contributes to delays in wound healing. Once a
wound is created, chronic inflammation leads to increased inflammatory cytokine expression,
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increased proteolytic activity, and decreased growth factor signaling®. Diabetes is rising in
prevalence, estimated at about 12-14% in the United States®®. Among diabetes patients, the lifetime
risk of developing foot ulcers is estimated to be 15%'%. The estimated Medicare cost is $28.1-
96.8 billion each year for chronic wounds, and $18.7 billion for diabetic foot ulcers'®:102,

Burns are another example of wounds that result in poor healing outcomes. Damage caused
by burns often leads to dysregulation of the healing process, resulting in excessive deposition of
the ECM, decreased vascularity, and formation of highly fibrotic scars®. Fibrotic scarring may
lead to physical deformities and extensive pain. Additionally, contractions resulting from fibrosis
can limit flexibility and function®. In the United States, burn injuries requiring medical treatment

affect nearly half a million people each year®,

1.9  Controlled Drug Delivery for Wound Healing

Due to the sequential nature of the wound healing process, controlled drug delivery may
hold promise for modulating the wound environment to promote healing. Studies have shown that
deficient healing is associated with the upregulation of specific factors including matrix
metallopeptidase 9 (MMP-9), prolyl hydroxylase domain protein 2 (PHD2), and tumor necrosis
factor alpha (TNF-a) especially in the early stages of inflammation and proliferation. Inhibition of
these factors have been shown to enhance wound closurel®®-1%, Dysregulation in the later phase
of remodeling may lead to fibrosis and scarring, which are associated with upregulation of factors
such as connective tissue growth factor (CTGF), transforming growth factor beta (TGF-f), and
tissue inhibitor of metalloproteinase (TIMP). Inhibition of these factors have been shown to result
in reduced scar height and area'®-'!, Reports have also highlighted the temporal effects of these
treatments, later inhibition of CTGF and TGF-B have shown greater reduction of scarring
compared to early treatments!®!'2, These findings warrant the development of temporally

controlled multi-therapy treatments to address dysregulation in wound healing.

1.10  Scope and Outline of Thesis

The work presented in this thesis describes the development of LbL films for the
therapeutic delivery of siRNA. In this first chapter, we provide the background information that
motivated our studies. The potential of siRNA therapy is described, and LbL technology is
presented as a promising tool in formulation of surface coatings for controlled localized drug
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delivery. The wound healing process is summarized and presented as an application in which
controlled delivery of multiple siRNAs is advantageous.

In Chapter 2, we describe our results in the development of LbL films for simultaneous
delivery of multiple siRNAs with temporal control. We investigate how the composition of
siRNA-containing multilayers and barrier layers affect release kinetics for staggered delivery of
SiIRNA.

In Chapter 3, we describe our efforts in optimizing the LbL assembly process to construct
siRNA films for maximal knockdown efficacy. A fractional factorial design was implemented to
determine effects of assembly parameters on film composition and efficacy. The effects were
corroborated with theory and assembly parameters were optimized for the construction of a film
exhibiting impressive knockdown efficacy, greater than seen in our lab previously.

In Chapter 4, we detail our preliminary in vivo experiments. We describe our efforts in
developing a simple mouse model for verification of siRNA film efficacy in vivo without the
confounding factors associated with a wound environment. We present findings from our pilot
study which show potential of our system, warranting further development.

In Chapter 5, we summarize the findings described in this thesis. Conclusions and future

directions of this research are presented.
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CHAPTER 2.
Modulating Sequential Release of siRNA from Layer-by-Layer Films

2.1 Introduction

Layer-by-layer (LbL) self-assembly is a versatile technology, widely utilized in fabricating
surface coatingst. The LbL technique typically involves the alternating deposition of components
with opposite charge, resulting in the assembly of multilayer coatings. Complementary
interactions, other than electrostatic, used for LbL assembly include hydrophobic, van der Waals,
hydrogen bonding, host-guest, covalent bonding, and biospecific interactions?. The LbL assembly
method has been implemented in coating substrates such as bandages®, textiles*, and implants® for
therapeutic application. Many efforts have been made in exploiting this technology to incorporate
a range of drugs, including antibiotics®, anti-inflammatory therapies’, growth factors®, and nucleic
acids®, into thin-film surface coatings for local delivery.

The modular assembly process allows for incorporation of multiple drugs within a single
film. Researchers have investigated different methods of stratifying the release profiles of
individual therapies from a multi-drug film. Studies have shown that sequential deposition of drug-
containing films on a substrate may provide some level of stratification'®, but incorporating a
barrier layer to prevent interlayer diffusion of the drugs results in greater staggering of release!®*,
Studies have also shown that release profiles of different drugs within a single film may be
controlled without the use of barrier layers by incorporating polymers of different degradation
rates into respective film layers®?.

The ability to tune the individual release of multiple therapies from a LbL film finds
promise for a variety of applications. The process of soft tissue wound healing occurs over the
course of three sequential stages: inflammation, proliferation, and remodeling®. Within each stage
of wound healing, different cell types and signaling molecules are present to create a
microenvironment unique to aiding the healing process. Timed release of specific therapeutics
according to the sequential course of wound healing may be critical to the efficacy of a
combination drug coating’*. Bone repair is another promising application for tunable multi-drug
delivery. Similar to soft tissue wound healing, bone repair is a multistep process involving

migration, proliferation, differentiation, and activation of multiple cell types®.
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Here we investigate the assembly of LbL films incorporating multiple siRNAs for
controlled local delivery. Tuned sequential delivery of siRNAs may prove advantageous for
applications such as dysregulated wound healing, in which treatment must align with temporal
fluctuations of the wound microenvironment?. In this chapter, we present our developments in
stratifying release profiles of two distinct SIRNAs within a single LbL film. We study the effects
of film composition on release profiles of siRNA. Furthermore, we demonstrate the ability of

various barrier layers to modulate sequential release.
2.2  Materials and Methods

2.2.1 Materials

Qiagen AllStars Neg. Alexa Fluor 647-labeled siRNA and Alexa Fluor 546-labeled sSiRNA
were purchased from Qiagen (Valencia, CA). Linear poly(ethyleneimine) (LPEI) (25 kDa),
dextran sulfate (DS) (500 kDa), low molecular weight (LMW) chitosan (15 kDa), high molecular
weight (HMW) chitosan (350 kDa), graphene oxide (GO), and amine functionalized graphene
oxide (GO-NH2) were purchased from Sigma Aldrich (St. Louis, MO). Laponite was purchased
from Southern Clay Products (Gonzales, TX). The poly(B-amino ester) Poly 2 was synthesized as
previously described®. Sodium acetate buffer (1 M, pH 4.5) was purchased from Alfa Aesar
(Haverhill, MA). Phosphate buffered saline (PBS) solution was purchased from Invitrogen
(Carlsbad, CA). RNase free UltraPure water was purchased from Life Technologies (Carlsbad,
CA).

2.2.2 Preparation of Solutions

Solutions of LMW chitosan, HMW chitosan, GO, GO-NH:2 were prepared at 1 mg/mL.
Solutions of LPEI, DS, Poly 2, and laponite were prepared at 2 mg/mL. Solutions of sSIRNA were
prepared at 20 ng/mL. The Lap-GO hybrid solution was prepared as a mixture of 5 mg/mL laponite
and 1 mg/mL GO. The solutions of LMW Chitosan, HMW Chitosan, GO-NHz2, Poly 2, and LPEI
were prepared in RNase free UltraPure water buffered to 20 mM with pH 4.5 sodium acetate
solution. The solutions of DS and siRNA were prepared in RNase free water buffered to 10 mM
with pH 4.5 sodium acetate solution. The solutions of GO, laponite, and Lap-GO hybrid were
prepare in RNase free water without buffer. The GO, GO-NHz2, and Lap-GO hybrid solutions were
sonicated for an hour before use in film assembly. Solutions of LMW chitosan, HMW chitosan,

LPEI, DS, Poly 2, and laponite were filtered through a 0.2 um cellulose acetate filter.
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2.2.3 Layer-by-layer Film Preparation

Silicon substrates were first cleaned in ethanol and rinsed with water. The silicon was
subject to oxygen plasma treatment for 10 minutes on high setting in a plasma cleaner (PDC-32G,
Harrick, USA). The silicon was then immediately immersed in a LPEI solution for a minimum of
two hours before LbL assembly with a Carl Zeiss HMS-DS50 stainer (Oberkochen, Germany).
Each LbL formulation was built upon 10 base layers of [LPEI/DS]. The base layer was assembled
through alternating adsorption steps of LPEI and DS. These adsorption steps were 10 minutes long
each. Two wash steps (30 seconds each with agitation) took place between each adsorption step.

LbL films were consequently assembled according to their specific architecture. The
adsorption step for each component was 10 minutes long, except for adsorption of sSiRNA which
was 15 minutes. For tetralayer assembly, one wash step (1 minute with agitation) took place
between each adsorption step. For barrier bilayer assembly, two wash steps (30 seconds each with
agitation) took place between each adsorption step. This discrepancy was due to limited space in
the slide stainers. RNase free water was used for wash steps; if the following adsorption step was
prepared with sodium acetate buffer, the preceding wash steps were prepared with buffer
accordingly. Generally, the first deposited tetralayer was constructed with Alexa Fluor 546-labeled
SIRNA (referred to in the Results and Discussion section as sSiRNA1). For dual release films, Alexa
Fluor 647-labeled siRNA was incorporated in the second tetralayer formulation (referred to as
SiRNA2).

2.2.4 Characterization of siRNA Loading and Release

After assembly of the LbL films, the coated silicon chips were incubated at 37°C in
microcentrifuge tubes filled with preheated PBS. Every 24 hours, coated substrates were
transferred to new tubes of preheated PBS and incubated at 37°C. Release samples were kept in a
-20°C freezer until quantification. Film release was carried out for up to 21 days. Quantification
of siRNA in the release samples was performed with a fluorescence plate reader. Alexa Fluor 546-
labeled siRNA was quantified with 540/575 ex/em wavelengths. Alexa Fluor 647-labeled siRNA
was quantified with 640/675 ex/em wavelengths. Standard curves were employed to quantify
SiRNA in the samples.

*Note: It was discovered years later after these studies that complexation to polycations in
fact quenches the fluorescent signal of siRNA. While the reported siRNA loadings in this chapter

may be lower than the amount actually incorporated, we believe the relative amounts (ie.
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cumulative release curves represented as percentages) are fairly accurate as complexation would
affect each reading in the construction of these plots. To achieve more accurate quantification of
fluorescent siRNA, we recommend mixing the releasate samples in high concentration salt
solutions (eg. 3 M NacCl) to dissociate any complexes before using the plate reader to measure

siRNA concentration.

2.2.5 Characterization of Barrier Layer Surface Morphology

Silicon chips were prepared as previously described with 10 base layers of [LPEI/DS].
Barrier layers that incorporated GO and/or GO-NH2 were assembled directly on these substrates,
forgoing the deposition of tetralayers. Samples were sputter coated with gold before SEM analysis

with a JEOL 6700F scanning electron microscope.
2.3 Results and Discussion

2.3.1 Incorporating siRNA into Layer-by-Layer Films

We first investigated the construction of an LbL film for the incorporation and release of a
single siRNA. We assembled tetralayer films on top of silicon chips by alternating deposition of
chitosan (15 kDa), siRNA, Poly 2, and laponite clay (Figure 2.1a). This film is represented as
[Chitosan/siRNA/Poly 2/Laponite]x where ‘X’ denotes the number of architectural repeats. This
nomenclature will be used throughout this thesis. Chitosan is a positively charged biocompatible
polysaccharide derived from the shells of crustaceans, such as crabs and shrimp, and has been
shown to promote wound healing by inducing hemostasis'’. It also has been widely reported in
literature for use in siRNA delivery’®2. Poly 2 is a type of poly(B-amino ester) (PBAE), a
synthetic polycation known for its biocompatibility as well as its efficacy in gene delivery?.
Laponite clay is a negatively charged disk-shaped synthetic silicate that has been shown to support
tissue regeneration®*?, It has been used in drug delivery for its ability to modulate release

properties due to its capacity for intercalation?*2°,
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Figure 2.1 [Chitosan/siRNA/Poly 2/Laponite] Tetralayer Film for siRNA Delivery. (a) Schematic of assembly process for
[Chitosan/siRNA/Poly 2/Laponite] tetralayer films. Chitosan (15 kDa) and laponite clay were prepared at a 1 mg/mL
concentration. The siRNA solution was prepared at a 20 pg/mL concentration. Poly 2 was prepared at a 2 mg/mL
concentration. The chitosan, siRNA, and Poly 2 solutions were prepared in deionized water that was buffered to 10 mM
with pH 4.5 sodium acetate buffer. The laponite clay solution was prepared without buffer at a pH of 8.0. Wash steps
occurred between each deposition step. (b) Cumulative siRNA release curve for 25 tetralayers of [Chitosan/siRNA/Poly
2/Laponite] LbL film. Sustained release is seen over the course of two weeks. siRNA release was performed in PBS at 37°C.
Release was quantified with a plate reader using fluorescently labeled siRNA. Error bars represent standard deviation.

The assembly of this tetralayer film was found to incorporate approximately 15 pg/cm? of
siRNA on the silicon substrate. This architecture also demonstrated sustained release of SiRNA for
up to two weeks in phosphate buffered saline (PBS) maintained at 37°C (Figure 2.1b). The
tetralayer film was found to be a suitable basis for further investigation into constructing dual

siRNA films due to its physiologically relevant timescale of drug release.

2.3.2 Initial Efforts in Modulating Sequential Release

Once we had achieved sustained release of a single siRNA from this tetralayer architecture,
we investigated the effects of depositing a film of the same composition on top of the original film.
The siRNA in this second layer was labeled with a different fluorescent dye to distinguish the
siRNAs during quantification for characterization of release kinetics. This dual siRNA film was
investigated to determine if a simple stacking of the architecture would induce sequential release.
Figure 2.2a depicts the schematic of this film with ‘siRNAL’ referring to the sSIRNA deposited first
and ‘siRNA2’ referring to the second deposited siRNA.
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Figure 2.2 Simple Stacked [Chitosan/siRNA/Poly 2/Laponite] Tetralayer Film. (a) Schematic representation of LbL

architecture for dual siRNA release. (b) Cumulative siRNA release over time in percentages. siRNA release was performed

in PBS at 37°C. Twenty five repeats of the tetralayer containing siRNAL are deposited first (brown) followed by 25 repeats

of the tetralayer containing siRNA2 (green). siRNA1 and siRNA2 refer siRNAs tagged with different fluorescent dyes. The
color representations of siRNA correspond to the colors of the curves in the cumulative release plot.

The release curves of this film show that no appreciable delay of release of siRNA1 is
achieved (Figure 2.2b). The two siRNAs exhibit similar release profiles. Interestingly, the release
profiles of both siRNAs show faster release compared to the single siRNA film in Figure 2.1. Over
50% of each siRNA is released within the first day of incubation in PBS, while it takes
approximately four days for 50% release from the single siRNA formulation. The comparable
release rates of the two siRNAs and the quicker release suggest that interlayer diffusion of SiRNAs

and film rearrangement occur during film assembly.

2.3.3 [Chitosan/Laponite] Barrier Layers

To achieve greater distinction in release of dual siRNA films, we investigated various
barrier layers for preventing interlayer diffusion. The first barrier layer formulation we looked into
was the bilayer consisting of chitosan and laponite clay. The addition of laponite clay barrier layers
would increase tortuosity of diffusion paths within LbL films due to their high aspect ratios?. This
barrier layer formulation was previously reported to show success in achieving staggered release
of bone morphogenetic protein-2 (rhBMP-2) and gentamicin (GS) by blocking diffusion-based
release and preventing interlayer diffusion!!. The formulation was chosen to be studied first as

both components of the bilayer were already used in the siRNA-containing tetralayers.
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Figure 2.3 Release Profiles of Films with [Chitosan/Laponite] Barrier. Within each film, barrier layers were deposited
between two sets of [Chitosan/siRNA/Poly 2/Laponite]ss tetralayers with sSiRNA1 (brown) beneath and siRNA2 (green) on
top. Barrier layers studied consisted of (a) 20 bilayers of [LMW Chitosan/Laponite], (b) 40 bilayers of [LMW Chitosan/
Laponite], (c) 20 bilayers of [HMW Chitosan/Laponite], and (d) 40 bilayers of [HMW Chitosan/Laponite]. Cumulative
release is reported over time in percentages. Films with 40 bilayers of barrier exhibit a clear stagger of release compared
to films with 20 bilayers. Films that incorporate high molecular weight chitosan into the barrier exhibit a greater
suppression of release compared to films that incorporate low molecular weight chitosan.

We investigated a variety of films in which [Chitosan/Laponite] bilayers were deposited
between the siRNA-containing tetralayers (Figure 2.3). Particularly, we studied the impact that the
number of barrier layers and the molecular weight of chitosan have on stratifying siRNA release.
Barriers of 20 bilayers and 40 bilayers were introduced into films. Barrier layers were constructed
with low molecular weight (LMW) chitosan (15 kDa) and high molecular weight (HMW) chitosan
(350 kDa).

While none of the formulations produced an appreciable stagger in release of sSIRNAs, they
provide insight on the effects of number of bilayers and molecular weight. Films with 20 barrier
bilayers exhibited no distinction in SiRNA release curves across both molecular weights of
chitosan tested. This suggests that with 20 bilayers, the barrier layer is not sufficient to prevent

interlayer diffusion; rearrangement of the film during LbL assembly and diffusion of sSiRNA results
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in SiRNAL and siRNA2 releasing at the same rate. Nonetheless, slight distinction in release profiles
of the siRNAs is achieved with 40 barrier bilayers in formulations of both LMW and HMW
chitosan. This indicates the addition of bilayers was able to deter interlayer diffusion of the SiRNA
in some extent.

The effects of using HMW chitosan as opposed to LMW chitosan can also be appreciated.
When HMW chitosan is incorporated into the barrier layer, release of SiRNA is seen to be slower
and more sustained. This is apparent in formulations with both 20 bilayers and 40 bilayers of
barrier. The suppression of release kinetics suggests that chitosan of higher molecular weight

increases the durability of the LbL film, decreasing the rate of its degradation.

2.3.4 Hierarchical Structure for Sequential Release

From the [Chitosan/Laponite] barrier films studied, we found that the barrier consisting of
40 bilayers with HMW chitosan achieved the most significant delay in release of siRNAL.
Nonetheless, the release of sSiRNA2 was also found to be dampened. We hypothesize this may be
due to rearrangement of the film during assembly and laponite clay from the barrier layer diffusing
into the siRNA2-containing tetralayer. In efforts to achieve greater stratification in release of the
siRNAs, we endeavored to tune the composition of the top sSiRNAZ2 tetralayer for quicker release
while maintaining the [HMW Chitosan/Laponite]so barrier layer and [Chitosan/siRNA1/Poly 2/
Laponite]zs bottom tetralayer. The hypothesized result would be a quicker release of siRNA2,

followed by the delayed release of SIRNAL as seen in Figure 2.3d.
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Figure 2.4 Hierarchical Structure with [HMW Chitosan/Laponite]so Barrier. (a) Schematic of LbL architecture for
staggered release. The bottom film consists of 25 tetralayers of chitosan (15 kDa), siRNA, Poly 2, and laponite clay. The
barrier film consists of 40 bilayers of high molecular weight chitosan (350 kDa) and laponite clay. The top film consists of
25 tetralayers of chitosan (15 kDa), siRNA, Poly 2, and dextran sulfate. (b) Release Profile of siRNAs. Cumulative release
of siRNA is reported in percentages. With this architecture, siRNA2 (green) is readily released while siRNA1 (brown)
exhibits a slower sustained release. Error bars represent standard deviation.
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To achieve a more rapid release of SIRNA2 from the top tetralayer, we replaced the laponite
clay with dextran sulfate in the architecture (Figure 2.4a) as laponite was thought to be the
component that contributed the most to slow release. Dextran sulfate is an anionic polysaccharide
commonly used in LbL formulations?’~2°. As hypothesized, siRNAZ2 is readily released from the
film while the release of sSiRNAL is dampened (Figure 2.4b). The stratification is prominent; within
5 days, approximately 80% of sSiRNAZ2 is released, whereas only about 20% of siRNA1 from the
film is released. The film exhibits sustained release of sSIRNAL, and after two weeks approximately
80% of siRNAL1 is released.
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Figure 2.5 Hierarchical Structure without Barrier. (a) Schematic of LbL architecture for staggered release. The bottom
film consists of 25 tetralayers of chitosan (15 kDa), siRNA, Poly 2, and laponite clay. The top film consists of 25 tetralayers
of chitosan (15 kDa), siRNA, Poly 2, and dextran sulfate. (b) Release Profile of siRNAs. Cumulative release of siRNA is
reported in percentages. With this architecture, siRNA2 (green) is still readily released while siRNAL (brown) exhibits a
slower sustained release. Error bars represent standard deviation.

The stark effect of replacing laponite with dextran sulfate in the top sSiRNA2 tetralayer led
us to investigate the effects of removing the [HMW Chitosan/Laponite]so barrier layer from this
film to determine how much of an effect the barrier truly had. The [Chitosan/siRNAL/Poly
2/Laponite]zs tetralayers were deposited first, followed by [Chitosan/siRNA2/Poly 2/Dextran
Sulfate]2s (Figure 2.5a). The cumulative release curves (Figure 2.5b) reveal stratification of SIRNA
release similar to that of the film with the [HMW Chitosan/Laponite]so barrier layer. Here, within
5 days, approximately 95% of siRNA 2 is released, and about 30% of siRNA1 is released.
Sustained release of siRNAL still occurs, and after two weeks approximately 90% of siRNA1 is

released.
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The study of this LbL architecture reveals that sequential siRNA release is indeed
achievable without the need of a barrier layer to block interlayer diffusion. By tuning the
composition of the two siRNA-containing tetralayers, stratification of release is possible. Here, the

[HMW Chitosan/Laponite]so barrier layers show little effect on modulating release kinetics.

2.3.5 Graphene Oxide as a Barrier Layer Component

To increase control in modulating sequential release of SIRNA, we investigated the use of
high aspect ratio graphene oxide (GO) as a barrier layer component. GO has been found to have a
potent thrombogenic effect observed both in vitro and in vivo®, which may prove advantageous in
the context of wound healing. A study by Hong et al. showed that barrier layers of alternating
amine-functionalized GO (GO-NH2) and GO were able to delay the release of protein ovalbumin.
They were able to tune delay of ovalbumin release from 30 to 90 days from an LbL film by varying
the number of bilayers of functionalized GO*.

Furthermore, research has shown that GO has notable interactions with laponite clay.
Chouhan et al. presents a method for the formation of a Laponite-GO hybrid from a highly stable
aqueous dispersion in the ratio Lap:GO of 10:1%2. [GO/Laponite] films have been previously
investigated as a multilayer coating for reducing oxygen permeability due to the high aspect ratio
of the two components creating tortuous pathways in the gas barrier3,

Three different barrier layers containing GO and/or GO-NH: were investigated: [GO-NH2/
Laponite]io, [Chitosan/Lap-GO Hybrid]Jio, and [GO-NH2/GOJw. The “Lap-GO Hybrid”
component consisted of a 5 to 1 weight ratio mixture of laponite to graphene oxide. These barrier
films were deposited between the bottom slow-release [Chitosan/siRNA1/Poly 2/Laponite]2s and
the top quick-release [Chitosan/siRNA2/Poly 2/Dextran Sulfate]zs tetralayers (Figure 2.6).

The three different barrier layer formulations each exhibited distinct effects in modulating
sequential release of sSiRNA. The [GO-NH2/Laponite]io barrier (Figure 2.6a) was found to induce
a somewhat sustained release of sSiRNA2. Approximately 50% of siRNAZ2 is released in the first
day, followed by a steady release of the rest of the load over the course of a week. The release of
the bottom siRNA1 was delayed. Only 20% is eluted during the first week. The release rate
increases in the second week, with near complete elution by day 14.
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Figure 2.6 Graphene Oxide Barrier Layers. Cumulative siRNA release profiles, schematic representation, and SEM
imaging of (a) [GO-NH2/Laponite]iw, (b) [Chitosan/Lap-GO Hybrid], and (c) [GO-NH2/GQO]Jw. Apart from the barrier
layers, the architecture is the same for each group: [Chitosan/siRNA2/Poly2/Dextran Sulfate]s on the top and
[Chitosan/siRNAL/Poly2/Laponite]zs on the bottom. Cumulative release of sSiRNA is reported in percentages. Release of

siRNAL is in brown, release of siRNA2 is in green. Error bars represent standard deviation. Scale bar is 5 pm for SEM
images.

The [Chitosan/Lap-GO Hybrid]io barrier (Figure 2.6b) resulted in the greatest burst release
of siRNA2 with 80% released in the first day. Most of the sSIRNA2 load is subsequently released
over the first week. The release of the bottom siRNAL is similar to the previous film with [GO-
NH2/Laponite]io barrier. Approximately 20% of siRNAL is released during the first week,
followed by steady release of the rest during the second week.

The incorporation of [GO-NH2/GQ]10 barrier (Figure 2.6¢) in the LbL film produced burst
release of sSIRNA2 with 70% released in the first day. This is followed by sustained release of the
rest of sSIRNA2 over the first week. This barrier film had the greatest effect on the elution of the
bottom siRNAL. Similar to the previous two films, approximately 20% siRNAL1 is released over
the first week. However, with this particular barrier formulation, subsequent release of sSiRNA1 is

sustained out to three weeks.

49



Scanning electron microscopy (SEM) imaging of the barrier layers provides insight to the
interactions of the different components. While faint in the image of the [Chitosan/Lap-GO
Hybrid]io barrier, the web-like sheets of GO are prominent in the images of the [GO-NH2/
Laponite]io barrier and [GO-NH2/GO]uo barrier. Laponite clay platelets can be recognized in the
SEM image of the [GO-NH2/Laponite].o barrier.

Table 2.1 siRNA Loadings of Hierarchical LbL Films. Films were constructed with [Chitosan/siRNA1/Poly 2/Laponite]zs
tetralayer deposited first. Barrier layers (if applicable) were deposited next. [Chitosan/siRNA2/Poly2/Dextran Sulfate]zs
were then deposited. siRNA loadings were quantified by fluorescence readings of the distinctly labeled siRNAs. Loadings
are reported as mean + standard deviation.

Barrier Layer Formulation siRNA1 Loading (ug/cm?) siRNA2 Loading (ug/cm?)
No barrier 4.57 +0.08 2.72+0.29
[GO-NH2/Laponite]io 7.94 £1.23 3.40 +1.13
[Chitosan/Lap-GO Hybrid]1o 4.46 £0.79 4.69 £0.22
[GO-NH2/GO]1o 6.65 = 1.07 5.37 + 1.45

A comparison of the siRNA loadings within these films in Table 2.1 reveal noteworthy
trends. The siRNA loadings for both siRNA1 and siRNA2 are generally greater in formulations
with barrier layers compared to the formulation without a barrier. This suggests that SiRNA may
be diffusing out of the film during assembly of the formulation without a barrier. We hypothesize
that the incorporation of barrier layers stabilize the films, preventing leakage of underlying
siRNA1 while promoting retention of deposited sSiRNA2 on top. Barrier layers thus potentially
serve not only to modulate stratification of release, but also to increase overall siRNA loading
through film stabilization.

The deposition of the [GO-NHz/Laponite]io and [GO-NH2/GQO]J10 barrier layers appear to
provide greater retention of sSiRNA1 compared to the [Chitosan/Lap-GO Hybrid]io barrier. This
phenomenon correlates with the presence of web-like sheets in the SEM images in Figure 2.6,

suggesting that formation of these sheets prevent diffusion of sSiRNA1 even during film assembly.
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Figure 2.7 [GO-NH2/Laponite]io Barrier Layer. (a) Schematic of LbL architecture with [GO-NH2/Laponite]io barrier layer.
(b) Day-by-day release plot of siRNA in pg/em?. Error bars represent standard deviation.

Of the three GO-containing barrier layers investigated, the [GO-NH2/Laponite]io
formulation is of particular interest. This LbL formulation was found to release sSiRNA2 in a more
sustained manner compared to the other films. A daily release plot (Figure 2.7) depicts sustained
release of sIRNA2 over the course of a week after an initial burst release on day 1. Release of
siRNAL is minimal during the first week, and then increases on day 8 with sustained release for
approximately 10 days afterward. The modulation of SiIRNA2 release by this barrier is suspected
to be a result of laponite clay from the barrier diffusing into the top tetralayer during assembly.
The absence of this phenomenon in the formulation with the [Chitosan/Lap-GO Hybrid].o barrier
may be due to various reasons. It may be possible that stronger electrostatic interactions between
GO and laponite in the hybrid mixture restrict the diffusion of laponite into the SIRNA2 tetralayer.

2.4  Conclusions

In this work, we describe our efforts in developing LbL films for sequential release of
distinct siRNAs. We began this work with investigation of the tetralayer [Chitosan/siRNA/Poly
2/Laponite]zs for release of a single siRNA from silicon chips. This film was found to exhibit
sustained release of SiIRNA over approximately two weeks. The subsequent deposition of
tetralayers of the same formulation with distinctly tagged siRNA did not result in stratification of
SiRNA release. The deposition of barrier layers consisting of [Chitosan/Laponite] bilayers in
between the two tetralayers was investigated. Subtle effects of chitosan molecular weight and
number of barrier layers were identified but stratification of release profiles was not achieved by

these barrier formulations.
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Replacing laponite with dextran sulfate in the top tetralayer formulation was found to
produce prominent separation of release profiles without the need of barrier layers. The top
SiRNAZ2 exhibited a burst release of 80% followed by a sustained release for a week. The bottom
siRNA1 had a steady release over the course of two weeks.

The investigation of incorporating barrier layers composed with GO and/or GO-NH:2
yielded a range of release profiles. Three different barrier layers, [GO-NH2/Laponite].o, [Chitosan/
Lap-GO Hybrid]io, and [GO-NH2/GO]10, were found to have distinct effects on siRNA release.
SEM imaging of these barrier formulations revealed the formation of web-like sheets of GO; these
structures likely contribute to preventing interlayer diffusion of sSiRNA. The incorporation of these
barrier layers were found not only to modulate siRNA release, but also to increase siRNA loading.

Of these three formulations, the effects of the [GO-NH2/Laponite]io barrier are noteworthy.
This barrier layer induced sustained release of sSiRNA2 during the first week, followed by sustained
release of siRNAL. This release profile roughly matches the physiological timeline of wound
healing, with inflammation and proliferation generally occurring during the first week post-injury,
followed by the remodeling stage afterward. A promising application of this work would be to coat
a wound dressing with this LbL formulation for initial release of SiRNA to address wound closure
during the first week, followed by release of sSiRNA to address fibrosis.

In this chapter, we describe our discovery of LbL formulations and barrier layers that
provide stratification of sSiRNA release. Apart from using these films for testing in animal wound
models, recommendations for further work include efforts to tune delay of underlying siRNAL by
changing the number of bilayers used for the barrier. We hypothesize that increasing the number
of bilayers would result in increased stratification of release. Further study may also include
investigating different barrier layer compositions with GO and GO-NHo2. Partly initiated in the
next chapter of this thesis, investigation into the effects of assembly parameters (eg. pH,
concentrations, etc.) on siRNA loading, release, and efficacy is warranted as well. LbL
formulations discovered in this work may apply to modulate sequential release of not only siRNA,
but potentially also other therapeutic nucleic acids (eg. plasmid DNA, mRNA, miRNA mimics),

growth factors, and antibiotics for controlled localized delivery.
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CHAPTER 3.
Optimizing Layer-by-Layer Films for siRNA-Mediated Knockdown with

Fractional Factorial Design

3.1 Introduction

Small interfering RNAs (SiRNA) have great therapeutic potential for modulating protein
expression at the post-transcriptional level. By associating with the endogenous RNA-induced
silencing complex (RISC), siRNA cleaves mRNA of complementary sequence?. Thus, siRNA
may be synthesized to theoretically target and knock down expression of any protein of choice,
without concerns of integration and modification to the host DNA. FDA approvals have recently
generated much excitement around siRNA therapies®. Potential applications are vast, ranging from
inflammation management within a wound to personalized treatment of cancer*®.

Nonetheless, siRNA therapy is not without its challenges; naked siRNA administered
intravenously is prone to nuclease degradation, rapid clearance, and rejection by the cellular
membrane due to its negative charge®. Once in the cell, siRNA faces barriers of endosomal
entrapment and lysosomal degradation. These hurdles must be overcome for effective sSiRNA
treatment. Efforts to address these challenges in siRNA delivery have largely focused on
nanoparticle delivery’. While there are undoubtedly benefits to intravenous delivery of siRNA
nanoparticles, localized administration of siRNA may reduce both off-target effects and
therapeutic load requirements. Moreover, localized delivery approaches hold promise across a
variety of applications, such as treatment for bone repair, muscle regeneration, and fibrosis
mitigation®,

Research groups including our own have investigated using layer-by-layer (LbL)
technology to coat orthopedic implants, wound dressings, and other medically relevant substrates
with nucleic acids for local delivery®?*2. Utilizing electrostatic interactions, LbL technology
enables the assembly of conformal thin films exhibiting enhanced therapeutic loading and
stability®. While reports have shown varied success in delivery of siRNA via LbL films, the effects
of assembly conditions on efficacy remain unclear.

Hence we aim to elucidate LbL film fabrication for sSiRNA delivery. To complement the
negatively charged siRNA in LbL assembly, we chose to use poly(B-amino ester) (PBAE), a

polycation known for its biocompatibility and efficacy in gene delivery*. Studies have shown that
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for nanoparticle delivery, therapeutic efficiency varies with the respective weight ratio (w/w ratio)
of PBAE to siRNA®. In physiological conditions, a film containing PBAE degrades due to the
hydrolyzable moieties of the polymer and releases its components for therapeutic activitys’. A
schematic for assembling our LbL films is shown in Figure 3.1a. LbL films were assembled on
polyglactin 910 (Vicryl®) sutures. By alternately dipping the suture in solutions of PBAE and
SiRNA, with wash steps in between each deposition step, the bilayer film [PBAE/siRNA] was
assembled on top of the sutures (Figure 3.1b). Here, we investigate the effects of LbL assembly
parameters on PBAE incorporation, siRNA incorporation, and the resultant film’s ability to induce

protein silencing in vitro.
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Figure 3.1 Layer-by-layer coating of suture and the parameters varied. (a) Schematic representation of dip LbL assembly
for coating Vicryl 3-0 suture with [PBAE/siRNA] bilayers. (b) Cross-section depiction of a suture coated with 3 bilayers.
Films assembled in this study consisted of 15 bilayers. (c) List of parameters varied in the fractional factorial design. The
pH (pH 4.5 — pH 6.0) of the entire process, ionic strength (150 mM - 250 mM) and PBAE concentration (0.5 mg/mL - 2.0
mg/mL) of the PBAE bath, and the siRNA concentration (20 pg/mL — 30 pg/mL) of the siRNA bath were varied. Parameters
are color coded to reference the affected steps: black for the entire process, red for the PBAE bath, and blue for the siRNA
bath. Wash baths and the siRNA bath were buffered to 10 mM Sodium Acetate.
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The assembly parameters that were studied consist of: pH, ionic strength, PBAE
concentration, and siRNA concentration (Figure 3.1c). Experimental ranges were determined
based on parameter values previously published by our lab***®, Guided by Design of Experiment
(DOE) principles, we conducted a Fractional Factorial Design to reduce the number of experiments
required to determine statistically significant trends. Through this approach, we elucidated
parameter effects and thereby optimized assembly conditions to establish an LbL film that,

compared to previous efforts*!, induced greater knockdown while requiring fewer film layers.
3.2  Materials and Methods

3.2.1 Materials

SiRNA targeting green fluorescent protein was purchased from Dharmacon (Lafayette,
CO); Qiagen AllStars Neg. siRNA AF 647 Alexa Fluor 647-labeled siRNA was purchased from
Qiagen (Valencia, CA). The GFP targeting siRNA has sequence 5’-GCA AGC TGA CCC TGA
AGT TC-3". Lipofectamine RNAIMAX transfection reagent was obtained from ThermoFisher
Scientific (Waltham, MA). Ethicon 3-0 Vicryl sutures were purchased from Ethicon Inc.
(Somerville, NJ). RNase free UltraPure water was purchased from Life Technologies (Carlsbad,
CA). Sodium acetate buffer was purchased from Alfa Aesar (Haverhill, MA). 97% 4,4’-
trimethylene dipiperidine and 99.9% anhydrous tetrahydrofuran (THF), inhibitor-free, were
obtained from Sigma (St. Louis, MO). 99% 1,6-hexanediol diacrylate, stabilized with 90 ppm
hydroquinone, was purchased from Alfa Aesar (Haverhill, MA). Hexane was purchased from
Fisher Scientific (Waltham, MA). Chemicals were stored per manufacturer's instructions.

HeLa cervical cancer cells stably expressing a destabilized green fluorescent protein (GFP)
(HeLa d2eGFP) were a gift from Professor Piyush Jain’s Lab at the University of Florida. The
plasmid construct used to express GFP in HeLa cells was CMV-d2eGFP-empty, which was a gift
from Phil Sharp (Addgene plasmid # 26164). Media was Corning Dulbecco’s Modified Eagle
Medium (DMEM, Corning, NY) supplemented with Gibco 10% Fetal Bovine Serum (FBS,
Waltham, MA) and Corning 1% Penicillin-Streptomycin (Corning, NY). The cells tested negative
for mycoplasma on arrival, after thawing from storage, and periodically during culture, using a
Lonza MycoAlert kit (Morristown, NJ).
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3.2.2 Polymer synthesis

Synthesis of the PBAE polymer proceeded according to the literature!®. Briefly, a 50 mL
round bottom (RB) flask and stir bar were cleaned and dried in a drying oven. An oil bath was set
to warm to 50°C with the stir rate set to 500 rpm. Meanwhile, 2.167 g (10.30 mmol, 1.02
equivalents) of 4,4’-trimethylene dipiperidine and 2.285 g (10.10 mmol, 1.0 equivs.) of 1,6-
hexanediol diacrylate were massed to the nearest half milligram and added to the RB flask. A
rubber stopper was used to cap the flask. Using the Schlenk line and dry nitrogen gas to maintain
the solvent as anhydrous, a needle and syringe were used to draw up about 17 mL of THF, which
was added to the RB flask. Dry nitrogen gas was bubbled into the reaction pot to purge any air,
and the synthesis proceeded for 48 hours. The polymer was re-precipitated three times in ice-cold
hexanes through a filter funnel, re-dissolving in THF between precipitations. The polymer was
dried and stored at -20°C in a bag with desiccant. This synthesis has been successfully scaled up

to three times the present synthesis, changing only the RB flask size to 250 mL.

3.2.3 Layer-by-layer film preparation

Layer-by-layer films were deposited on plasma treated Vicryl sutures. Sutures were
cleaned with a 70% ethanol / 30% water mixture, rinsed with water, and consequently dried.
Sutures were then wrapped around a stainless steel wire frame for ease in handling. Air plasma
treatment was performed for 10 minutes on high setting in a plasma cleaner (PDC-32G, Harrick,
USA). Sutures were then immediately immersed in a solution of PBAE for a duration of 1 hour.
The PBAE was dissolved fresh daily using a rotating mixer due to its hydrolyzable nature and then
filtered through a 0.2 um cellulose acetate filter. Dissolution took a few hours. The concentration
of PBAE, buffer pH, and ionic strength were defined by the design of experiments setup for each
run.

A Carl Zeiss HMS-DS50 stainer (Oberkochen, Germany) was used to assemble the LbL
films. Bilayer films were constructed through alternating adsorption steps. PBAE was adsorbed
for 10 minutes, and siRNA was adsorbed for 15 minutes. Between the adsorption steps, the sutures
were dipped in two wash baths of RNase free water for 30 seconds each. The fractional factorial
design determined the pH of the entire process, the ionic strength of the PBAE bath, the PBAE
concentration of the PBAE adsorption bath, and the siRNA concentration of the sSiRNA adsorption

bath. All solutions were prepared in RNase free water, adjusted to the predetermined pH with
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sodium acetate buffer. The wash baths and the siRNA baths were buffered to an ionic strength of
10 mM of sodium acetate.

3.2.4 LbL film characterization

Total PBAE and siRNA incorporation were measured by the following methods. Sutures
coated with the LbL films were immersed in a 3 M NaCl solution. Sutures were incubated for 1
hour at 37°C then subjected to vigorous agitation for complete dissolution of the film. Releasate
was split for quantification of PBAE and siRNA. The Pierce Micro BCA Protein Assay Kit
(Thermo Scientific), typically used to measure protein concentration via detection of copper ion
reduction®®, was repurposed to quantify the PBAE polycation in the releasate. To quantify siRNA,
100 pL releasate was first incubated with 50 uL 0.1 M NaOH for 1 hour at room temperature to
hydrolyze the PBAE. Hydrolysis of the polymer was necessary, as we found that polymer
complexation with siRNA interfered with RNA quantification. The releasate was then neutralized
with an equal volume of 0.1 M HCI (50 pL), and the Quant-iT RiboGreen RNA Assay Kit
(Invitrogen) was used to quantify the siRNA, following manufacturer’s instructions. See Figure
B.1 and Figure B.2 in Appendix B for standard curves and further rationale for these quantitation
methods.

3.2.5 Polyplex Transfection Evaluation

HeLa d2eGFP cells in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin were grown to confluence in a T75 flask at 37°C and 5% CO2. The cells were
incubated for 10 minutes with Trypsin-EDTA solution to dissociate them. The dissociation was
quenched with 5 mL of warm media, and the cells were pelleted at 1000 rpm in a centrifuge for 5
minutes at room temperature. The cells were resuspended in warm media and seeded at 5,000 per
well in a 96-well plate. The next day, transfection was performed. 17 pmol siRNA (approx. 274
ng of labeled siRNA or 240 ng of GFP-targeting non-labeled siRNA) was mixed at varying w/w
ratios with PBAE (dissolved at 1 mg/mL in 50 mM pH 5.2 sodium acetate buffer). 50 mM pH 5.2
sodium acetate buffer was added to a total volume of 85 uL. Additionally, 17 pmol siRNA was
added to 85 puL 50 mM pH 5.2 sodium acetate buffer with 0.68 pL of RNAiMax to serve as a
positive control. The cell media was replaced with 75 pulL of OPTI-MEM, and 25 uL of the
polyplexes was added to a well in the 96-well plate. This correlates to 50 nM siRNA in the final

solution. Note that each stock solution therefore was plated in triplicate, with 10 uL to spare. Three
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wells with just 100 pL of OPTI-MEM served as negative controls. The cells were returned to the
incubator. After 6 hours, the media was replaced with warm DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin. The cells were incubated for three days after treatment at 37°C

and 5% CO2 and then prepared for flow cytometry.

3.2.6 LbL Suture Transfection Evaluation

HeLa d2eGFP cells in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin were grown to confluence in a T75 flask at 37°C and 5% CO2. The cells were
incubated for 10 minutes with 5 mL Trypsin-EDTA solution to dissociate them. The dissociation
was quenched with 5 mL of warm media, and the cells were pelleted at 1000 rpm in a centrifuge
for 5 minutes at room temperature. The cells were resuspended in warm media and seeded at 7,000
per well in 48-well plates. The next day, transfection was performed. LbL coated sutures (cut into
three 1 cm segments) were placed directly in culture with the cells in DMEM. The cells were

incubated for three days after treatment at 37°C and 5% CO2 and then prepared for flow cytometry.

3.2.7 Flow Cytometry

Three days after treatment, cells were prepared for flow cytometry. The cells were
dissociated with Trypsin-EDTA, as before, and the reaction was neutralized with warm media.
The cells were spun down at 1000 rpm for 5 minutes at room temperature and the old media
removed. The cells were resuspended in 50 pL of cold PBS with NucBlue Live Cell Stain (2
drops/mL per manufacturer's instructions) and incubated on ice, shielded from light for 30 minutes.
The cells were centrifuged once again with the same conditions as before, and the PBS replaced
with 150 uL of OPTI-MEM. Fluorescence was measured using a BD LSR Il flow cytometer with
a high throughput sampler attachment in the Swanson Biotechnology Center Flow Cytometry
Facility at the Koch Institute for Integrative Cancer Research. NucBlue stain fluorescence was
read with a 355 nm laser and 450/50 filter set, GFP fluorescence was read with a 488 nm laser and
530/30 filter set, and AlexaFluor647 labelled scrambled siRNA was read with a 640 nm laser and
660/20 filter set. 50 puL or up to 10000 live single cells, whichever came first, were read for each
sample. Analysis was performed in BD FlowlJo software (Ashland, OR). Live single-cell
populations were analyzed for siRNA fluorescence, signaling uptake, and GFP expression,
signaling siRNA-mediated knockdown for the polyplex data. For the suture data, only the NucBlue
and GFP channels were read. The gating strategy can be found in Figure B.3.
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3.2.8 Statistics

Each LbL film was assembled in triplicate (n = 3) and measurements were done in
duplicate. Design of Experiment (DOE) was conducted with the assistance of JMP Pro 14
statistical software (SAS, Cary, NC). JMP was used to generate Runs 1-8 of the fractional factorial
design. Runs 9-12 were added as center points for pH and PBAE. Assembly parameters pH, ionic
strength, PBAE concentration, and siRNA concentration served as quantitative factors. Parameter
ranges: pH (4.5 - 6.0), ionic strength (150 mM - 250 mM), PBAE concentration (0.5 mg/mL - 2
mg/mL), siRNA concentration (20 pg/mL - 30 pg/mL), were determined based on parameters
previously published by our lab.1>% pH 5.2 and 1 mg/mL PBAE served as center points for their
respective factors. JMP Pro software was used to run the standard least squares linear regression

models. Statistical significance was pre-specified at the a=0.05 level.
3.3 Results and Discussion

3.3.1 Characterization of Films

LbL films were assembled on Polyglactin 910 (Vicryl®) sutures according to the fractional
factorial design (Table 3.1). The siRNA used was designed to target the reporter gene, green
fluorescent protein (GFP). Once sutures were coated, loading was characterized and in vitro
knockdown studies were conducted as fully described in the methods section. Briefly, the Micro
BCA assay and the RiboGreen assay were used to measure PBAE and siRNA incorporation
respectively. The w/w ratio of loadings were also determined. To determine knockdown efficacy,
HeLa cells expressing d2e-GFP were exposed to the coated sutures. Gene silencing was measured
via flow cytometry. The PBAE loading, siRNA loading, w/w ratio, and knockdown are reported
as mean with standard deviation in Table 3.1. No significant cytotoxicity was observed in cells
treated with coated suture (Table B.1).
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Table 3.1 Fractional factorial design parameters and response variable data. The parameters tested include pH, ionic
strength, PBAE concentration, and siRNA concentration. Ranges were determined based on parameters previously
published by our lab. Response variables of PBAE loading, siRNA loading, w/w ratio, and knockdown are reported as the
mean and the standard deviation (SD). Cells are colored to depict differences in magnitude. JMP was used to determine
Runs 1-8 for the fractional factorial design. Runs 9 — 12 were added as midpoints for pH and polymer concentration to test
for non-linearity.

lonic PBAE | siRNA PBAE Loading SiRNA Loading T Knockdown (%)
Run pH Strength | Conc. Conc. (mngfcm) (nefcm)
(mM) | (mg/mL} | (ug/mL)
Mean SD Mean 5D Mean SD Mean 5D
1 45 150 2.0 20 118 0.14 0.66 0.08 1.80 0.20 17.88 6.49
2 45 150 2.0 30 030 0.03 130 021 0.71 0.11 B.16 3.44
3 45 250 05 20 0.05 1.08 0.06 0.53 0.05 1082 | 1019 High
4 45 250 05 30 0.02 0.07 0.41 0.02 9.23 2.89
5 6.0 150 05 20 0.09 m 0.3 1.13 0.27 7.54 3.81 E{::‘i‘::
6 6.0 150 05 30 0.10 0.08 0.60 0.05 - 17.98
7 6.0 250 2.0 20 0.10 0.09 0.02 - 3.24 0.00 0.00 Low
8 6.0 250 2.0 30 0.11 029 0.01 3.07 0.31 104 113
9 5.2 150 1.0 20 0.01 0.89 0.09 1.22 0.13 2.26 1.60
10 5.2 150 1.0 30 0.01 14 0.15 0.85 0.09 2.10 1.49
11 52 250 1.0 20 0.08 072 0.11 2.02 0.45 0.38 0.48
12 5.2 250 1.0 30 0.07 134 0.08 0.87 0.05 3.61 2.47

3.3.2 Least Squares Linear Regression Model

A standard least squares linear regression model was applied to PBAE and siRNA loadings,
as well as their w/w ratio using the assembly parameters as the explanatory variables (Figure 3.2).
Predicted values are plotted against actual values to visualize goodness-of-fit for each regression.
Normalized coefficients, representing the correlation between the explanatory variable and the
response, are reported for each parameter along with their p-values. While no significant trends (p
< 0.05) were found for PBAE loading, several parameters were found to be statistically significant

for the siRNA loading and the w/w ratio.
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a PBAE Loading b siRNA Loading c PBAE:siRNA w/w Ratio
Term Norm. Coeff. p-value Term Norm. Coeff. p-value Term Norm. Coeff. p-value
pH +0.23 P 0.286 pH -0.25 0.166 pH +2,51 1t 0.033
lonic Strength -0.28 ) 0.129 lonic Strength -0.39 . 0.021 lonic Strength +1.53 T 0.088
PBAE Conc. -0.19 1 0.370 PBAE Conc. -1.02 ) <0.001 PBAE Conc. +2.95 P 0.016
siRNA Conc. -0.04 1 0.830 siRNA Conc. +0.60 P 0.003 siRNA Conc. -1.47 1 0.099
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Figure 3.2 Standard Least Squares Fit of Parameters on Response Variables. A standard least squares fit was performed
on the average values from each run for (a) PBAE loading, (b) siRNA loading, and (c) PBAE:siRNA w/w ratio. “Actual by
Predicted” plots are shown with R? and p-values reported. The coefficients for each parameter were normalized by the
range tested and p-values are reported. Parameter terms with correlation p-values < 0.05 are highlighted; significant
positive coefficients are highlighted in red, negative coefficients are highlighted in blue. Error bars represent standard
deviation.

3.3.3 Effects of pH

The assembly pH was not found to have a statistically significant effect on either the PBAE
loading or the siRNA loading. Nonetheless, the slight positive correlation to PBAE loading
compounded with the slight negative correlation to the siRNA resulted in a significant positive
coefficient for the w/w ratio. This phenomenon is supported by previous research on the effect of
pH in constructing LbL films?. As pH increases, the weak electrolyte PBAE becomes less
positively charged. The decrease in charge leads to a loopier conformation during the adsorption
of the polymer. The arrangement of dense loops may thus explain the increase in loading of PBAE.
Since the phosphate groups on the RNA backbone have a pKa near 0, SiRNA is completely ionized
with a negative charge across the pH range in this study’. Furthermore, the stiff conformation of
SiRNA remains unchanged due to its short double helix structure. Nevertheless, the decrease in
charge of the adsorbed PBAE results in a lower amount of siRNA required to neutralize the charge,

and thus lesser adsorption.
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3.3.4 Effects of lonic Strength

The ionic strength of the PBAE deposition bath was not found to have a significant effect
on PBAE loading within the experimental range. Previous studies have reported the thickness of a
film to have a parabolic dependence on salt concentration, with the maximum thickness dependent
on pH?2. As the ionic strength within the PBAE deposition bath increases, ion exchange occurs to
extrinsically compensate the PBAE charge with acetate ions while decreasing intrinsic charge
compensation by the siRNA. Thus, loopier structures of PBAE would be formed, leading to greater
incorporation of the polymer. However, if the salt concentration exceeds a certain point, the charge
shielding of PBAE chains becomes so extensive that complexation to the LbL film no longer
occurs. The ionic strength at which the maximum PBAE adsorption occurs is thus related to the
ionization of the PBAE and therefore the solution pH. We have observed separately that at pH 4.5,
ionic strength has a positive correlation with PBAE loading while at pH 6.0, the ionic strength has
a negative correlation. As the pH shifts from 4.5 to 6.0, the measured PBAE pKa of 7.4 (Figure
B.4) is approached and the degree of ionization decreases. This supports the observed phenomenon
that the ionic strength at which maximum PBAE loading occurs decreases as the pH is increased.
Due to this interaction between pH and ionic strength, the linear regression does not
comprehensively capture the effects of ionic strength on PBAE loading.

The ionic strength of the PBAE deposition bath was found to be a significant term in only
the siRNA loading. As the ionic strength increased, siRNA loading decreased. This suggests that
across the pH levels tested, the increased ionic strength in the PBAE deposition bath induces
swelling and partial decomposition of the film. At higher salt concentrations, extrinsic
compensation occurs within the film, prompting ejection of some siRNA from the film into the
PBAE bath.

3.3.5 Effects of PBAE Deposition Bath Concentration

In our experiments, the PBAE concentration did not have a significant effect on the PBAE
loading in the film. This suggests that adsorption of PBAE is not diffusion limited in the range of
concentrations tested. At the lowest concentration of 0.5 mg/mL PBAE, deposition equilibrium is
already reached in the allotted dipping time of 10 minutes. Increase of PBAE concentration does
not affect its loading.

Interestingly, the concentration of the PBAE deposition bath has a negative effect on

SiIRNA loading. In separate experiments using fluorescently tagged siRNA, the fluorescent dye is
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seen in the PBAE bath at the conclusion of film assembly when high PBAE concentrations are
used (data not shown). This concentration-dependent stripping phenomena has been previously
reported in LbL coating of nylon fibers?®. Within the polycation bath during film assembly,
polycation is typically deposited but polyanion may also be stripped from the surface®. As
polyplexes are known to have greater stability in solution with excess of one of the polyelectrolyte
species®, a greater PBAE concentration within the deposition bath would promote stability of
PBAE/siRNA complexes in solution. Coupling this effect with translational and configurational
entropic gains of polyplex formation over film deposition®*, increasing the PBAE concentration
within our experimental range leads to increased stripping of siRNA from the film. The negative
correlation PBAE concentration has on siRNA loading contributes to the significant positive

correlation with the w/w ratio.

3.3.6 Effects of sSiRNA Deposition Bath Concentration

The PBAE loading does not seem to be affected by the siRNA concentration. The lack of
the aforementioned stripping effect may be due to the relatively low concentration of SiIRNA within
the deposition bath.

The siRNA concentration exhibited a significant positive correlation to the sSiRNA loading.
This suggests deposition of siRNA is diffusion limited in this concentration regime. As siRNA is
the most expensive component of the assembly process, the concentrations used are admittedly
much lower than those of the complementary PBAE. While the siRNA concentration of 20 pug/mL
appears to be sufficient for adsorption and subsequent surface charge reversal for film formation,

the greater concentration of 30 ug/mL indeed results in greater loading.

3.3.7 Optimization of Assembly Parameters for Knockdown

When the standard least squares linear regression was applied to the knockdown with the
assembly parameters as the explanatory variables, significant terms were not identified (Figure
B.5a). A regression using PBAE loading, SiRNA loading, and w/w ratio as the explanatory variable
produced a slightly better fit (Figure B.5b), albeit was still unable to determine significant effects.

Studies have shown that nanoparticle transfection of nucleic acids is dependent on the w/w
ratio of its components!>2627, In vitro transfection experiments with PBAE/siRNA polyplexes
confirm that siRNA uptake and knockdown increased as w/w ratio increased (Figure B.6). To
further investigate, we plotted the knockdown efficacy by the siRNA and PBAE loadings of each
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individual suture in a bubble plot (Figure 3.3). In this visualization, we find that sutures that
produce the greatest knockdown have the greatest SiRNA loading. Furthermore, the sutures of high

siRNA loading show greater knockdown if they also have high PBAE loading.
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Figure 3.3 Bubble plot of in vitro knockdown by PBAE loading and siRNA loading. Resulting GFP knockdown data of all
LbL films are represented with siRNA loading on the x-axis and PBAE loading on the y-axis. Each biological replicate is
included as its own data point. LbL coated sutures that effected greater knockdown are represented with larger bubbles.
The knockdown is also color coded with high knockdown in red and low knockdown in blue. Sutures that produce the
greatest knockdown are seen to have the greatest siRNA loading. Sutures with high siRNA loading show greater knockdown
if they also have high PBAE loading.

Informed by these experiments, we aimed to maximize knockdown by tuning assembly
parameters to maximize siRNA loading while also maintaining an adequate w/w ratio. From the
significant terms in the standard least squares fit, a low ionic strength and high SiRNA
concentration in our experimental range both contribute to greater siRNA loading. A high pH
contributes to a greater w/w ratio. Since the polymer concentration is negatively correlated to

siRNA loading and positively correlated to the w/w ratio, a moderate concentration was chosen.
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Knockdown by Conditions
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Figure 3.4 Knockdown comparison of optimized formulation vs. runs with neighboring conditions. The optimized LbL
parameters of pH 6, ionic strength of 150 mM, PBAE concentration of 1.0 mg/mL, and siRNA concentration of 30 pg/mL
was found to achieve in vitro knockdown of 47%. Run 6 (37% knockdown) and Run 10 (2% knockdown) from the fractional
factorial design both neighbor these conditions with a single parameter varied. Colors denote high (red), moderate (yellow),
and low (blue) values of parameters within the experimental range of the design.

Within our parameter space, the assembly conditions were thus optimized as follows: pH
6.0, ionic strength of 150 mM, PBAE concentration of 1.0 mg/mL, and siRNA concentration of
30 ug/mL. An LbL film was constructed on sutures with these conditions and in vitro knockdown
was evaluated (Figure 3.4). As hypothesized, the optimized conditions resulted in greater
knockdown than all the runs from the fractional factorial design. The optimized conditions
neighbor two of the runs from the design: Run 6 and Run 10. The increase in PBAE deposition
bath concentration compared to Run 6 (the run that produced the highest knockdown from the
fractional factorial design) resulted in 10% greater gene silencing efficiency. This reflects the
beneficial trade-off between siRNA loading and w/w ratio in that regime.
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Previous efforts from our lab in incorporating sSiRNA on sutures involve a hierarchical LbL
structure with a [PBAE/Dextran Sulfate]o degradable layer deposited first, followed by a
[Chitosan/siRNA]2s bilayer'!. 37% knockdown was achieved in HelLa cells after three days of
transfection. The optimized conditions determined here results in a film that is simpler in
construction (bilayer formulation vs. hierarchical structure of two bilayers), requires fewer film

layers (15 bilayers vs. a total of 45 bilayers), and produces greater knockdown (47% vs. 37%).
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Figure 3.5 Knockdown of LbL films with optimized parameters. As the number of bilayers is increased to 30, over 80% of
siRNA knockdown is achieved.

In further investigation of these optimized conditions, films of 30 bilayers were constructed
on the Vicryl sutures and in vitro efficacy was evaluated (Figure 3.5). The increase of knockdown
with 30 bilayers compared to 15 bilayers reveals the dose-responsiveness of the cells to the LbL

film. With 30 bilayers, the optimal assembly conditions resulted in over 80% knockdown.

3.4  Conclusions

In this study we have investigated the incorporation of siRNA in LbL thin films for local
delivery. By conducting a fractional factorial design, we determined the effects of assembly
parameters: pH, ionic strength, PBAE concentration, and siRNA concentration on the loadings of
PBAE, siRNA, and their w/w ratio in an LbL film assembled on commercially available

polyglactin 910 (Vicryl®) sutures. The significant effects drawn from a standard least squares
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linear regression model are corroborated from theory and findings from past studies on films
assembled with weak polyelectrolytes. Adjusting the conditions to maximize siRNA loading and
w/w ratio, we determined a set of optimized assembly conditions that achieved greater in vitro
knockdown compared to all runs from the experimental design. Compared to previously published
siRNA LbL films from our lab'?, films identified in this study are simpler in construction and
require fewer film layers to achieve similar SIRNA efficacy in vitro. The reduction of required film
layers could translate to savings in time and materials in therapeutic LbL film production. The
discussed effects of assembly conditions on LbL formulation suggests that investigation of values
outside the parameter ranges of this study may yield even more efficient films. We believe that
this work demonstrates the applicability of DOE principles to optimize LbL assembly conditions
for maximizing siRNA efficacy. This work has potential applications in designing films to

optimize efficacy of other therapeutic nucleic acids.
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CHAPTER 4.
Development of In Vivo Model to Evaluate siRNA Layer-by-Layer Film
Efficacy

4.1 Introduction

The overall goal of this thesis work is to develop layer-by-layer (LbL) films for controlled
localized delivery of siRNA to modulate gene expression in wound healing. In Chapter 3, we
presented our work in maximizing siRNA-mediated knockdown via coated sutures in vitro by
tuning LbL assembly parameters. The next step is to assess the ability of these LbL coated sutures
to achieve gene knockdown in vivo.

Previous work has been performed to evaluate siRNA-mediated knockdown from LbL
coated sutures in a third-degree burn model in ratst. While Castleberry et al. was able to show gene
reduction of approximately 36% compared to controls, we sought to develop a simpler model to
evaluate gene knockdown. Wound repair is a highly intricate process involving various cell types,
growth factors, and chemokines?. Though application in wound healing is the ultimate goal, we
decided that developing a simple in vivo model, without the complexities of a wound environment,
to validate siRNA efficacy would be beneficial.

Here we describe our efforts in developing a simple in vivo mouse model to test SiRNA
knockdown efficacy of LbL coated polyglactin 910 (Vicryl) sutures. We present findings from a
pilot study using film coatings constructed with conditions similar to the optimized LbL assembly

parameters determined in Chapter 3.
4.2 Materials and Methods

4.2.1 Materials

SIRNA targeting green fluorescent protein was purchased from Dharmacon (Lafayette,
CO); the GFP targeting siRNA has sequence 5’-GCA AGC TGA CCC TGA AGT TC-3’. Qiagen
AllStars Neg. siRNA AF 647 Alexa Fluor 647-labeled siRNA was purchased from Qiagen
(Valencia, CA). Lipofectamine RNAIMAX transfection reagent was obtained from ThermoFisher
Scientific (Waltham, MA). Ethicon 3-0 Vicryl sutures (with 60 mm KS needle) were purchased
from Ethicon Inc. (Somerville, NJ). RNase free UltraPure water was purchased from Life

Technologies (Carlsbad, CA). Sodium acetate buffer pH 6.0 was purchased from Teknova
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(Hollister, CA). 97% 4,4’-trimethylene dipiperidine, 99% ReagentPlus diethylenetriamine
(DETA), and 99.9% anhydrous tetrahydrofuran (THF), inhibitor-free, were obtained from Sigma
(St. Louis, MO). 99% 1,6-hexanediol diacrylate, stabilized with 90 ppm hydroquinone, and 3-
amino-1-propanol, 99% were purchased from Alfa Aesar (Haverhill, MA). Hexane was purchased
from Fisher Scientific (Waltham, MA). Chemicals were stored per manufacturer's instructions.

HeLa cervical cancer cells stably expressing a destabilized green fluorescent protein (GFP)
(HeLa d2eGFP) were a gift from Professor Piyush Jain’s Lab at the University of Florida. The
plasmid construct used to express GFP in HeLa cells was CMV-d2eGFP-empty, which was a gift
from Phil Sharp (Addgene plasmid # 26164). Media was Corning Dulbecco’s Modified Eagle
Medium (DMEM, Corning, NY) supplemented with Gibco 10% Fetal Bovine Serum (FBS,
Waltham, MA) and Corning 1% Penicillin-Streptomycin (Corning, NY). The cells tested negative
for mycoplasma on arrival, after thawing from storage, and periodically during culture, using a
Lonza MycoAlert kit (Morristown, NJ).

4.2.2 Poly 2-30%C30H-DETA (P2C30HD) Synthesis

Synthesis of the poly(B-amino ester) (PBAE) polymer proceeded according to the
literature®*. Briefly, a 250 mL round bottom (RB) flask and stir bar were cleaned and dried in a
drying oven. An oil bath was set to warm to 50°C with the stir rate set to 500 rpm. The reaction
ratio is designed so that the total moles of amine-functionalized monomer to acrylate-
functionalized monomer is 1.02. The total amine-functionalized monomer is comprised of 70%
4,4’-trimethylene dipiperidine and 30% 3-amino-1-propanol, by moles. Thus, 4.555 g (21.63
mmol, 0.714 equivalents) of 4,4’-trimethylene dipiperidine, 0.697 g (9.27 mmol, 0.306
equivalents) 3-amino-1-propanol, and 6.856 g (30.30 mmol, 1.00 equivalents) were massed. The
4,4’-trimethylene dipiperidine was added first to the RB flask. Using the Schlenk line and dry
nitrogen gas to maintain the solvent as anhydrous, a needle and syringe were used to draw up about
50 mL of THF, about 10 mL of which was added to the RB flask. The 4,4’-trimethylene
dipiperidine monomer was left to dissolve, at which point 3-amino-1-propanol was added to the
RB flask. Finally, 1,6-hexanediol diacrylate was added to the RB flask along with the remainder
of the THF. A rubber stopper was used to cap the flask. Dry nitrogen gas was bubbled into the
reaction pot to purge any air. The synthesis proceeded for 48 hours. A balloon filled with dry
nitrogen gas provided nitrogen to the reaction environment throughout the course of the synthesis.

The resulting polymer is a Poly 2 modified with 30% 3-amino-1-propanol feed which we termed
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Poly 2-30%C30H (P2C30H). The polymer was re-precipitated in ice-cold hexanes through a filter
funnel and then dried.

The P2C30H polymer was end-capped with diethylenetriamine (DETA) following a
procedure from the literature. In this work, a ratio of 4 mmol DETA was used for end-capping
per 1 g of dried polymer. Weighing to the nearest half milligram, as before, 1 g of polymer was
massed along with 0.413 g (4 mmol) diethylenetriamine. The reagents were mixed in an RB flask
with 20 mL anhydrous THF. The RB flask was capped with a rubber stopper, bubbled with dry
nitrogen gas, and equipped with a nitrogen-filled balloon. The reaction proceeded for 24 hours at
50°C with stir set to 500 rpm. After 24 hours, the polymer was re-precipitated as before using ice-
cold hexanes and a filter funnel. We termed the resulting end-capped polymer as Poly 2-
30%C30H-DETA (P2C30HD). The polymer was dried and stored at -20°C in a bag with

desiccant.

4.2.3 Layer-by-layer Film Preparation

P2C30HD was prepared at 1.0 mg/mL in RNase free water buffered to an ionic strength
of 150 mM with pH 6.0 sodium acetate. The P2C30HD was dissolved fresh daily using a rotating
mixer due to its hydrolyzable nature and then filtered through a 0.2 um cellulose acetate filter.
Dissolution took a few hours.

Layer-by-layer films were deposited on plasma treated Vicryl sutures. Sutures were
cleaned with a 70% ethanol / 30% water mixture, rinsed with water, and consequently dried.
Sutures were then wrapped around a stainless-steel wire frame for ease in handling. Sutures for in
vivo experiments were coated with the needle attached. Care was taken to retain sharpness of the
needles during handling of the sutures. Air plasma treatment was performed for 10 minutes on
high setting in a plasma cleaner (PDC-32G, Harrick, USA). Sutures were then immediately
immersed in the solution of P2C30HD for a duration of 1 hour.

A Carl Zeiss HMS-DS50 stainer (Oberkochen, Germany) was used to assemble the LbL
films. Bilayer films were constructed through alternating adsorption steps. P2C30HD was
adsorbed for 10 minutes, and siRNA (25 ug/mL) was adsorbed for 15 minutes. Between the
adsorption steps, the sutures were dipped in two wash baths of RNase free water for 30 seconds
each. The wash baths and the siRNA baths were buffered to an ionic strength of 10 mM of pH 6.0

sodium acetate.
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4.2.4 LbL Suture In Vitro Evaluation

HeLa d2eGFP cells in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin were grown to confluence in a T75 flask at 37°C and 5% CO2. The cells were
incubated for 10 minutes with 5 mL Trypsin-EDTA solution to dissociate them. The dissociation
was quenched with 5 mL of warm media, and the cells were pelleted at 1000 rpm in a centrifuge
for 5 minutes at room temperature. The cells were resuspended in warm media and seeded at 6,000
per well in 48-well plates. The next day, transfection was performed. LbL coated sutures (cut into
three 1 cm segments) were placed directly in culture with the cells in DMEM. The cells were
incubated for three days after treatment at 37°C and 5% CO2 and then prepared for flow cytometry.
The cells were dissociated with Trypsin-EDTA. Fluorescence was measured using a BD LSR I
flow cytometer with a high throughput sampler attachment in the Swanson Biotechnology Center
Flow Cytometry Facility at the Koch Institute for Integrative Cancer Research. GFP fluorescence
was read with a 488 nm laser and 530/30 filter set. 50 uL or up to 10000 live single cells, whichever

came first, were read for each sample.

4.2.5 LbL Suture In Vivo Evaluation

All animal studies were approved by the MIT Institutional Animal Care and Use
Committee (IACUC). Animals were housed and cared for in the USDA-inspected MIT Animal
Facility under federal, state, local, and NIH guidelines for animal care. C57BL/6-Tg(UBC-
GFP)30Scha/J mice were purchased from Jackson Labs (Bar Harbor, ME). Two groups of mice
were used: (1) GFP siRNA suture treated and (2) negative control Alexa Fluor 647-labeled sSiRNA
suture treated. Each group consisted of 3 mice total.

One day before suture implantation, mice were anesthetized with 1-4% isoflurane in
oxygen. The backs of the mice were shaved and Nair product was used to carefully remove hair
from the implantation area. The next day, suture implantation was performed with mice under
anesthesia. Marker and ruler were used to mark insertion and exit points (4 cm apart) on both the
right and left sides of the dorsum. Coated suture was inserted on the left side, pushed through the
subcutaneous space, and exited 4 cm from the insertion point. Excess suture was cut and tissue
glue was applied. Unmodified suture was similarly inserted on the right side as an internal control.

The mice were imaged daily for 3 days post suture implantation.
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4.2.6 In Vivo Fluorescence Imaging

IVIS Spectrum In Vivo Imaging System was used to image and measure fluorescence of
the mice. GFP fluorescence was quantified at 465 ex / 540 em wavelengths. Fluorescence of Alexa
Fluor 647-labeled siRNA was quantified at 640 ex / 700 em wavelengths. Living Image software
(PerkinElmer) was used to measure radiant efficiency. Regions of interest (ROI) were drawn on
the left and right sides to encompass the corresponding implanted suture. The ROI drawn were of

similar size and shape across all mice.

4.2.7 Statistics
Sutures were constructed in triplicate. Three mice were used in each group. Values are

represented mean + standard deviation (SD).
4.3  Results and Discussion

4.3.1 Modified Poly 2 for LbL Film Incorporation

In Chapter 3, we describe our efforts in optimizing film assembly parameters to maximize
knockdown efficacy of LbL films composed of Poly 2 and siRNA. Poly 2 is a type of poly(p-
amino ester) (PBAE), a synthetic polycation known for its biocompatibility as well as its efficacy
in gene delivery®. In the work presented here, we chose to use a modified Poly 2 as the polycation
to complement siRNA.

Poly 2 was synthesized with a 30% feed of 3-amino-1-propanol to incorporate a propanol
side chain within the polymer. Studies have shown that the addition of hydrophobic alkyl side
chains improves transfection efficacy of PBAES®. Furthermore, diethylenetriamine (DETA) was
used to endcap the polymer in efforts to enhance binding interaction with RNA and transfection
efficiency®. A scheme of the synthesis of the resulting polymer, Poly 2-30%C30H-DETA
(P2C30HD), is shown in Figure 4.1. The synthesis of this polymer is described in greater detail in

the Materials and Methods section.
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Figure 4.1 Synthesis of Poly 2-30%C30H-DETA. Poly 2 was constructed with 30% feed of 3-amino-1-propanol. It was then
endcapped with diethylenetriamine.

4.3.2 Layer-by-Layer Film Assembly

Layer-by-layer films were assembled onto Vicryl sutures as previously described. Briefly,
Vicryl sutures were cleaned, wrapped around a stainless-steel wire frame, and plasma treated.
Films were assembled by alternately dipping the suture in solutions of P2C30HD (1 mg/mL) and
SiRNA (25 pg/mL) with wash baths in between (Figure 4.2a). Assembly parameters are similar to

those determined in Chapter 3 and are detailed in the Materials and Methods section.
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Figure 4.2 (a) Schematic of [P2C30HD/siRNA]z0 assembly on Vicryl sutures. (b) In Vitro knockdown of GFP from sutures
with the [P2C30HD/siRNA]so film relative to treatment of uncoated suture. Error bars represent standard deviation.
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4.3.3 In Vitro Knockdown from LbL Coated Sutures

In vitro knockdown efficacy was characterized for these LbL films as described previously.
Briefly, HeLa cells expressing d2e-GFP, a destabilized GFP protein, were seeded at a density of
6,000 cells per well in 48-well plates a day before transfection in DMEM. The next day,
transfection was performed. LbL coated sutures (cut into three 1 cm segments) were placed directly
in culture with the cells. The siRNA used in the film coatings was designed to silence the GFP
gene. After three days of transfection, flow cytometry was used to measure cell fluorescence.

These films were found to achieve considerable knockdown in vitro. Films coated on
Vicryl sutures with USP size designation of 0 were found to achieve 86.7 + 10.8% knockdown
relative to treatment with uncoated suture. Vicryl sutures of size 3-0 coated with the LbL film were
found to achieve 80.5 £+ 10.1% knockdown. With this remarkable knockdown achieved in vitro,

we proceeded with evaluating knockdown in a simple mouse model.

4.3.4 InVivo Model to Evaluate LbL Coated Sutures

For our pilot studies, we used C57BL/6-Tg(UBC-GFP)30Scha/J mice, which are
transgenic mice that express the GFP reporter gene. One day before suture implantation, the
dorsum of each mouse was shaved and Nair was used to remove any remaining hair in the area. A
ruler was used to mark suture entrance and exit points 4 cm apart on the right and left sides of each
mouse. For suture implantation, LbL coated sutures with 60 mm KS needle intact were used. The
sutures were of USP size designation 3-0. The needle was inserted, and passed through the
subcutaneous space along the spine, and consequently exited at the marked locations. The suture
was clipped at the entrance and exit points near the skin to leave as little suture for the mice to
interact with. Tissue glue was used at both entrance and exit locations to secure the suture. The
protocol is described in (Figure 4.3). For this pilot study, two treatment groups were investigated:
(1) suture coated with siRNA targeting GFP (siGFP) and (2) negative control siRNA (siCon)
labeled with Alexa Fluor 647 dye. Each group consisted of three mice. Coated sutures were
implanted on the left side of each mouse. Uncoated sutures were implanted on the right side of

each mouse as an internal control.
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Shave Mark Implant Suture Tissue Glue

Figure 4.3 Implantation of LbL Coated Suture in Mice. Mice were shaved and suture entrance and exit points were marked.
LbL coated suture was implanted in the subcutaneous space and tissue glue was used to secure the suture.

4.3.5 InVivo GFP Imaging of Mice

To evaluate siRNA activity of the LbL coated, IVIS Spectrum In Vivo Imaging System
was used to image the mice immediately before suture implantation, after implantation, and daily
for three days post implantation (Figure 4.4a). Regions of interest (ROI) were drawn around the
suture implantation site and radiant efficiency was measured. To quantify GFP fluorescence, 465
ex / 540 em wavelengths were used.

During the course of the study, two of the mice in the siGFP group were not imaged on
both Day 2 and Day 3 due to complications that arose with the mice. From the VIS imaging, no
significant differences of GFP were seen between the left (treatment) and right (uncoated control)
sides of the mice. Nonetheless, a trend may be appreciated when plotting the averaged GFP signal
for both groups (Figure 4.4b).
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Figure 4.4 In Vivo GFP Fluorescence (a) GFP Fluorescence Imaging of Mice Treated with siRNA Coated Sutures. VIS was
used to image GFP fluorescence at 465 ex / 540 em. Images were taken pre-implantation, post-implantation, and then daily
for three days. Regions of interest (ROI) were drawn to cover the area around the sutures. Coated sutures were implanted
on the left; uncoated sutures were implanted on the right. Representative mice from each treatment group are presented.
(b) Average radiant efficiency of GFP over time. Radiant efficiency was averaged over both left and right ROIs for each
mouse. Data for mice treated with suture coated with GFP-targeting siRNA (siGFP) are shown in green. Data for mice
treated with negative control siRNA (siCon) are shown in black. Error bars represent standard error.

81



While statistical significance could not be claimed due to only imaging a single mouse on
Day 2 and Day 3, it does appear that treatment with SiGFP may produce some effect. Mice treated
with siCon displayed relatively constant GFP signal over the course of the study. Mice treated with
siGFP began to show reduction in signal on Day 1. On the following days, the single imaged mouse
showed continued reduction of GFP fluorescence, with approximately 45% reduction of radiant
efficiency on Day 3 compared to pre-implantation.

4.3.6 In Vivo Tracking of Fluorescently Tagged siRNA

The negative control siRNA used in this in vivo pilot study was tagged with Alexa Fluor
647 to track the siRNA after implantation. IVIS images taken at 640 ex / 700 em confirm loading
and release of sSiRNA in the mice (Figure 4.5). Images taken Day 0 immediately after implantation
show bright signal of the fluorescent siRNA on and surrounding the suture. The signal confirms
retention of coated siRNA on the suture after being drawn through the subcutaneous space in the
dorsum. On Day 1, the reduction of signal indicates near complete release of siRNA from the

implanted sutures within 24 hours.

Day O Day 1 -

Figure 4.5 In Vivo Release of Fluorescently Tagged siRNA. Negative control siRNA tagged with Alexa Fluor 647 was imaged
at 640 ex / 700 em. Images taken immediately post implantation (left) reveal retention of SiRNA on the suture after the
procedure was performed. Images taken on Day 1 (right) show that near complete release of siRNA is released within 24
hours from implantation.
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4.4  Conclusions and Recommendations

Local siRNA delivery has great potential for application in treating various pathologies
including bone repair, muscle regeneration, inflammation, and fibrosis mitigation’. Here we
describe our work in developing a mouse model for proof-of-concept validation of in vivo efficacy
of siRNA delivered via LbL coated sutures. The model is a non-wounding model to remove
confounding factors associated with the complex microenvironment of a wound. Mice
ubiquitously expressing GFP were used to detect real-time knockdown of the reporter gene with
in vivo fluorescence imaging.

The LbL films used in this study had the architecture of [P2C30HD/siRNA]so. The PBAE,
Poly 2, was modified with a propanol side chain and DETA endcap to form P2C30HD. The
modifications were made in efforts to increase transfection efficacy. Polyglactin 910 (Vicryl)
sutures were used as the substrate. In vitro evaluations of sutures coated with the LbL films show
achievement of over 80% siRNA-mediated knockdown of GFP.

In our in vivo pilot study, these sutures were implanted into GFP expressing mice. VIS
technology was successfully used to image GFP fluorescence of shaved mice over time.
Furthermore, fluorescently tagged siRNA was successfully monitored in the treated mice with
IVIS.

Though complications within the pilot experiment led to only one mouse in the siGFP
group being imaged on Day 2 and Day 3, some trends may be appreciated; reduction of GFP signal
is seen in this group compared to mice treated with siCon. We were also able to visualize delivery
of fluorescently tagged siRNA; near complete release from the suture is achieved within 24 hours
of implantation.

After imaging on Day 3, mice were sacrificed and the tissue surrounding the suture implant
were taken for cryosectioning. Lab shutdown due to COVID-19 response prevented us from
sufficiently analyzing these samples. Analysis of GFP expression from the surrounding tissue may
provide deeper insight to the efficacy of the siRNA released from the coated suture implants.

From this pilot experiment, we formed the following recommendations for future work
involving this model:

e Locked nucleic acid (LNA) modification of siRNA has been shown to increase biostability

and efficacy, while reducing off-target effects®. Using LNA modified siRNA to target the
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GFP gene may be more effective in evaluating silencing potential for therapeutic
application.

Complications arose for two of the mice in the pilot study. Autopsy of these mice revealed
puncturing of the peritoneum from the suture needle. Great care must be taken during
suture implantation to keep the implant in the subcutaneous space, avoiding piercing of the
peritoneum.

Tissue glue application seemed to cause irritation on the mouse dorsum. In some mice, we
noticed areas of skin treated with tissue glue were clawed off. During VIS imaging, the
tissue glue was also found to exhibit background radiation. For future studies, we
recommend against the use of tissue glue, or using a very sparing amount if necessary.

To prevent other mice from disturbing the suture implant, we recommend single housing
of each mouse during this study.

To better evaluate siRNA efficacy, a greater dose of sSIRNA may be needed. Implanting
multiple strands of coated suture in parallel across a concentrated area may be prudent for
observing siRNA knockdown.

While reduction of GFP was noticed for the single siGFP-treated mouse imaged over the
course of the three days, this may in fact be due to regrowth of hair in the area quenching
the GFP signal. Care must be taken to completely remove the hair by shaving and
application of Nair to the area before suture implantation. If regrowth of hair is noticed
post-implantation, the hair must be shaven to prevent interference with VIS fluorescence

imaging.
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CHAPTER 5.

Conclusions and Future Directions

5.1 Summary

RNA interference is a promising technology for treatment of a number of diseases
involving dysregulated gene expression. This thesis presents our work in exploiting layer-by-layer
(LbL) self-assembly technology to construct thin films for controlled localized delivery of sSiRNA.
We investigated films for sequential release of siRNA, optimized LbL assembly parameters to
maximize siRNA efficacy in vitro, and developed a non-wounding mouse model to evaluate in
vivo efficacy of LbL films constructed on sutures.

In Chapter 1, we describe the potential of siRNA as a therapeutic to modulate gene
expression. The barriers to siRNA delivery are discussed and LbL technology is presented as a
method for controlled localized delivery of siRNA. Wound healing is introduced as a promising
field for the application of this sSiRNA therapy. The three overlapping stages of the wound healing
process are described in detail and the complications of dysregulated healing are discussed. Thus,
context is provided for the work presented in this thesis.

In Chapter 2, we present our work in constructing LbL films for sequential release of
SIRNA. The tetralayer film [Chitosan/siRNA/Poly 2/Laponite]2s was identified as an architecture
exhibiting sustained release of sSiRNA for over 14 days in PBS. This architecture served as the base
tetralayer in our work developing dual release films. We investigated effects of molecular weight
and number of bilayers on the effectiveness of the barrier [Chitosan/Laponite]x to prevent sSiRNA
interlayer diffusion between tetralayers of similar composition. These studies led us to discover
the hierarchical structure of layering the [Chitosan/siRNA2/Poly 2/Dextran Sulfate]zs tetralayer
over the [Chitosan/siRNAL/Poly 2/Laponite]2s tetralayer. This film exhibited staggered release of
siRNA without the assistance of a barrier layer. Various barrier layers containing GO and/or GO-
NH: were investigated and found to modulate sequential siRNA release of the films even further.
The [GO-NH2/Laponite]1o barrier layer was found to induce sustained release of SIRNA2 over the
course of the first seven days of incubation, followed by sustained release of SiRNA1.

In Chapter 3, we analyze the effects of assembly parameters on composition and in vitro
knockdown efficacy of LbL films containing siRNA. Polyglactin 910 (Vicryl) sutures were coated
with a bilayer consisting of Poly 2, a PBAE, and siRNA. A library of films were constructed on
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sutures under varying LbL conditions. A fractional factorial design was employed to determine
the assembly parameters of pH, ionic strength of the PBAE bath, PBAE concentration, and sSiRNA
concentration. Significant effects of these assembly parameters on PBAE loading, sSiRNA loading,
and their respective weight ratios were elucidated and corroborated with theory from previously
published studies. Informed by these findings, assembly parameters were tuned to maximize
siRNA knockdown efficacy. Films constructed with the optimized conditions were found to
achieve over 80% knockdown in vitro.

In Chapter 4, we describe our work in developing a non-wounding mouse model to evaluate
in vivo knockdown from LbL coated sutures. The LbL films used in this study were constructed
similarly to the optimized films presented in Chapter 3. The polycation used was a Poly 2 modified
with a propanol side chain and endcapped to increase transfection efficacy. We decided upon using
mice that ubiquitously expressed the reporter gene GFP. Vicryl sutures coated with the LbL film
were implanted subcutaneously in the dorsum of the mice. In our preliminary pilot study, we were
able to track GFP fluorescence in the mice over the course of three days. Though significance in
knockdown could not be determined, the results proved promising. Fluorescence of control sSiRNA
tagged with Alexa Fluor 647 were found to be released from implanted sutures within 24 hours of

implantation. A number of recommendations for future studies were drawn from this pilot study.
5.2 Future Directions

5.2.1 Optimizing Efficacy of Dual-Release siRNA Films

In this thesis, we have studied the construction of LbL films for delivery of siRNA. We
have discovered film architectures that exhibit sequential release of sSiRNA with the assistance of
barrier layers; we have also determined assembly conditions to optimize knockdown from the
bilayer film [PBAE/siRNA]x. A natural follow-up to this work would be an investigation of
assembly conditions to improve knockdown efficacy of the sequential release siRNA films.
Though a systematic study to tune the tetralayer assemblies within the hierarchical structure of the
dual-release films will require a much more extensive effort compared the optimization study of
the single-release bilayer, this work would be crucial to the development of sequential release
SIRNA films. Multi-therapy films with tunable release of sSiRNAs would show greater promise in
the treatment of pathologies such as bone regeneration and wound repair.
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5.2.2 LbL Delivery of Other Therapeutic Nucleic Acids

Apart from siRNA, other nucleic acids have been widely researched for therapeutic use.
These therapeutic nucleic acids (TNAs) include plasmid DNA, microRNA mimics, anti-
microRNA oligonucleotides, messenger RNA, and antisense oligonucleotides. Each of these
TNASs operate with different mechanisms and have their own unique benefits in modulating gene
expression. While similarities in composition and charge provide a common basis for LbL
incorporation of the various TNAs, differences in shape, size, and mechanism of the TNAs present
distinct challenges in achieving effective transfection from LbL films. A systematic approach, such
as the fractional factorial design presented in Chapter 3, may be used to optimize LbL film

assembly for delivery of alternate TNAs.

5.2.3 Further Development of Non-Wounding Animal Model

As detailed in Chapter 4, we conducted a pilot experiment involving the implant of SIRNA
coated sutures in a GFP-expressing mice. Further development of this model may be prudent for
verification of in vivo siRNA efficacy without the complexities associated with the wound
environment. As described in the conclusion of Chapter 4, recommendations for future work with
this model include using locked nucleic acid (LNA) modified siRNA to increase biostability,
single housing of mice, implanting multiple strands of suture, and greater care in suture

implantation tissue glue application, and hair removal.
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APPENDIX A.
Troubleshooting LbL Knockdown

In this section, we present our efforts in troubleshooting knockdown from LbL films. These

experiments were performed to follow up on the research presented in Chapter 2.

A.1  InVitro Cell Line Experiments

To test the dual siRNA systems developed in Chapter 2, we sought to use a cell line with
two reporter genes. The cell line that was investigated was an MDA-MB-435 melanoma cell line
that expresses both green fluorescent protein (GFP) and red fluorescent protein (RFP). siRNAs
against both fluorescent reporter genes were obtained and validated (Figure A.1). Treatment of a
single siRNA using Lipofectamine RNAIMAX was able to achieve knockdown of the associated
reporter gene without affecting expression of the other reporter gene. Treatment of both SiRNAs

was shown to achieve knockdown of both genes.

FITC Texas Red Merge

Control
siRNA

SiGFP

siRFP

SiGFP

siRFP

Figure A.1 Validation of siRNAs for Dual-Reporter MDA-MB-435 Cells siRNAs for GFP and RFP were validated for the
cell line. Treatment of a single siRNA resulted in the exclusive knockdown of the corresponding reporter gene. Treatment
with both siRNAs resulted in knockdown of both reporter genes.
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A.2  Troubleshooting Knockdown

Before testing the sequential knockdown from our dual release films, we investigated
whether or not the LbL architecture with a single siRNA can knockdown a single reporter gene.
For these experiments, we used HelLa cells expressing d2e-GFP, a destabilized GFP with a shorter
half-life. Films constructed on silicon chips were incubated in Opti-MEM (a reduced serum
medium) at 37°C for either 2 or 3 days. The GFP-expressing cells were then exposed to the
releasate in a 96-well plate. Flow cytometry was performed 2 days later.

The first film tested was the bottom siRNA-containing layer of the previously investigated
architecture: [Chitosan/siGFP/Poly2/Laponite]zs. Previous work in the Hammond lab has shown
this film to effect up to 45% knockdown. However, despite all our efforts in troubleshooting,
knockdown from this film architecture was not reproduced. When the commercially available
transfection reagent Lipofectamine RNAIMAX was added with the releasate, approximately 70%
knockdown was achieved. This suggests that the sSiRNA released from the film is not degraded
and is still active. However, the lack of knockdown suggests that either the sSiRNA complexes are
not able to enter the cell, or the complexes have entered but are not able to escape the endosomes.

Many different architectures were then tested to investigate which, if any, were able to
effect knockdown of GFP. The results are tabulated in Table A.1.
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Table A.1 LbL Architectures

tetralayers.

Built on Silicon Chips Tested for In Vitro Knockdown. Films were assembled with 25

Knock- KD with Elution
Polycation Polyanion Polycation Polyanion pH lipo Time
down? !
RNAIMAX (Days)
Chitosan SIRNA 23 L RIS 45 No ~80% 2
Poly 2 Clay
Chitosan siRNA Lo Lo Lilgailis 45 No ~90% 2
Poly 2 Clay
Chitosan SiRNA 1y i RIS 45 No ~70% 2
Poly 2 Clay
: . 10 kDa Dextran 900
Chitosan SiRNA Poly 2 Sulfate 45 No 20% 2
10 kDa . 10 kDa . _aro
Poly 2 SiRNA Poly 2 SiRNA 45 No 35% 2
10 kDa : 10 kDa Laponite 500
Poly 2 SsiRNA Poly 2 Clay 45 No 20% 2
10 kDa . 10 kDa Dextran
Poly 2 IRHLA Poly 2 Sulfate 45 No No 2
40 kDa . 25 kDa Laponite 0
LPEI siRNA Poly 2 Clay 4.5 No 70% 3
40 kDa . 10 kDa Laponite 0
LPEI siRNA Poly 2 Clay 45 No 100% 3
40 kDa . 40 kDa Laponite 0
LPE SiRNA LPEI Clay 45 No 100% 3
40 kDa . 10 kDa .
~ 0,
LPEI siRNA Poly 2 SiRNA 4.5 No 100% 3
40 kDa . 10 kDa Dextran
~ 0,
LPEI SIRNA Poly 2 Sulfate 45 No 25% 3
. . Poly 2/ Laponite 0
Chitosan siRNA LPEI Clay 45 No 95% 3
Chitosan SiIRNA 10 kDa Laponite 5.2 No ~95% 3
Poly 2 Clay

Of the fourteen different LbL architectures listed in this table, not a single film’s releasate
from its silicon chip substrate produced any GFP knockdown. However, when Lipofectamine
RNAIMAX is added, significant knockdown is achieved for many of the films. This indicates that
for those films, active siRNA is indeed released, but unable to effect knockdown without the aid
of the additional transfection reagent. The complexes released by the film itself are not sufficient.

91



Several more experiments were performed with Vicryl Rapide PLGA sutures. Sutures were
coated with LbL films. The sutures were then cut into approximately 1 cm pieces. Three pieces of
suture were placed directly in culture with GFP-expressing cells in a 48-well plate. sSiRNA against
GFP and a fluorescently-tagged negative control siRNA were used. Flow cytometry was
performed 3 days after initial incubation. Several of the formulations and their results are tabulated
in Table A.2.

Table A.2 LbL Architectures Built on PLGA Suture Tested for In Vitro Knockdown. Films were assembled with 25

tetralayers.

Labeled Release
. . . . Knock- . .
Polycation Polyanion Polycation Polyanion pH siControl Time
down? .
Signal (Days)
Chitosan SiRNA 25 kba Laponite 45 No ~90% 3
Poly 2 Clay
Chitosan SIRNA 10kba Laponite 45 No ~95% 3
Poly 2 Clay
10 kDa . 10 kDa Laponite
Poly 2 SiRNA Poly 2 Clay 45 No N/A 3
10kDa SiRNA 10 kba SiRNA 45 ~10% ~99% 3
Poly 2 Poly 2
40 kDa . 40 kDa .
~ 0,
LPEI SIRNA LPEI SIRNA 45 No 15% 3
40 kDa . 10 kDa .
~ 0, ~ 0,
= siRNA Poly 2 SiRNA 45 20% 90% 3
40 kDa . 10 kDa Laponite 0
LPEI SIRNA Poly 2 Clay 45 No 75% 2

From the suture experiments, there were two formulations that achieved siRNA-specific
knockdown. The [10 kDa Poly 2/siRNA] bilayer film resulted in approximately 10% knockdown.
The [40 kDa LPEI/siRNA/10 kDa Poly 2/siRNA] tetralayer film resulted in 20% knockdown. Yet
remarkably, cells exhibited much greater signal of the labeled control sSiRNA. This is seen in films
that resulted in no appreciable GFP knockdown as well. This suggests that the siRNA is indeed
entering the cells; however, once inside, knockdown is not achieved. This may be explained by

failure of the complexes to escape the endosome.
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Confocal imaging was performed to further investigate how the LbL releasate interacts
with the cell. Vicryl Rapide suture was coated with the bilayer [Poly 2/siRNA]so0. The siRNA used
was a negative control siRNA labeled with Alexa-Fluor 647. The suture was placed directly in
culture with HeLa cells expressing d2eGFP. Imaging with Nikon A1R was performed 3 days post
incubation. Hoechst staining was used to stain for the nucleus. A representative image is shown
below in Figure A.2. The nucleus is stained in blue. The GFP is shown in green. The siRNA is
shown in red. Many of the cells are seen to have taken up the siRNA. However, the punctate

fluorescence suggests that the siRNA is indeed trapped in endosomes.

Figure A.2 Confocal Imaging of LbL Treated Cells. HeLa cells expressing d2eGFP were exposed to PLGA sutures coated
with a [Poly 2/siRNAJso0 LbL coating. The nuclei is stained in blue with Hoechst. The GFP is shown in green. The siRNA is
labeled with Alexa-Fluor 647 and is shown in red. The punctate fluorescence suggests the siRNA is trapped in endosomes.

To further troubleshoot the knockdown problem, we investigated deeper into the LbL
coating process of the sutures. We monitored the siRNA concentration in the dipping bath. From
previous studies performed in the lab, the concentration of the siRNA in the bath was set to 20
ug/mL at the beginning of the dipping process. During the coating process of 30 bilayers, the
siRNA bath was found to be depleted at an unanticipated rate. Taking into account coating of the
suture and the wire frame, the concentration in the siRNA bath, and transfer into other baths, still
a considerable amount of siRNA remains unaccounted for. Due to the newfound depletion of
SIRNA, we investigated the effects of replenishing the siRNA multiple times throughout the
dipping process. The effects on the concentration of the siRNA bath are shown in Figure A.3. In
each case, the decrease in sSiRNA concentration appears to be first order. This may be expected;

the amount of siRNA adsorbed onto the suture may follow the concentration of siRNA in the bath.
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Figure A.3 Effect of Replenishing siRNA on Concentration in Bath Over Dipping Process. The concentration of the siRNA
bath was monitored over the course of bilayer coating of [Poly 2/siRNAJs on PLGA sutures. The amount of siRNA added

was predetermined in an estimate to bring the concentration back to the initial level of approximately 18 pg/mL. There
appears to be a first order decrease in the concentration for each case.

The effect of replenishing on the siRNA loading on the sutures was also investigated, as
shown in Figure A.4a. The ability for these sutures to effect GFP knockdown was also measured,
as shown in Figure A.4b. As the number of replenishments increases, the amount of siRNA
incorporated into the LbL coating on the suture generally increases. However, this does not directly
correlate with the ability to achieve knockdown in vitro. The film that effected the most
knockdown came from the process that included a single replenishment of SiRNA midway through
dipping. Approximately 20% GFP knockdown was seen with this film. Films that included more

replenishment, and therefore greater siRNA loading, in fact effected less knockdown.
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Figure A.4 Effects of Replenishing siRNA on siRNA Loading and Effecting Knockdown (a) siRNA loading generally
increases as the number of replenishments increases. Approximately 4 pg/cm loading is achieved when siRNA is replenished
four times throughout LbL coating. (b) The film that resulted in the greatest GFP knockdown is when siRNA is replenished
once, midway through dipping. Almost 20% knockdown is achieved with this film.
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We then further investigated the coating that included a single replenishment of sSiRNA as
it effected the greatest knockdown. We looked at the effect of putting different amount of suture
pieces into the wells with the cells. This can be seen in Figure A.5. Generally, as the number of
suture pieces applied to the wells increased, GFP knockdown increased. With the data produced
in Figure A.4b, this suggests that an increase in SiRNA dosing alone will not effect greater
knockdown. The N:P ratio of the LbL releasate is likely a more appropriate metric of ability to
effect knockdown. With more replenishment, more siRNA is loaded; however, we hypothesize the
composition of the film becomes less conducive for knockdown. Yet with a more optimal
composition from a single replenishment, an increase of dosing does indeed effect greater
knockdown.

30 +

25 -
20 -
-[Poly 2/siRNA] 5o
15 -
-siRNA replenished
10 - once (midway
through dipping)
5 =
0 v . ' .
2 3 4 5

Number of ~1 cm Pieces of Suture Added to Well

Percent GFP Knockdown Relative to
Uncoated Suture

Figure A.5 Effect of Number of Pieces of Suture on GFP Knockdown. HeLa cells were treated with sutures coated with
[Poly 2/siRNA]so bilayers. The siRNA bath was replenished midway through the dipping process. Generally, as the number
of pieces of suture applied to each well increases, the GFP knockdown increases. Over 25% knockdown was achieved with
5 pieces of suture.

These findings on the importance of N:P ratio as well as dose on achieving in vitro
knockdown prompted the work presented in Chapter 3. Assembly parameters were investigated in

their effects on film composition and consequent knockdown.
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APPENDIX B.

Supporting Information for Chapter 3

0.14

0.12

0.10

0.08

0.06

0.04

Absorbance at 562 nm

0.02

0.00

Micro BCA Assay for PBAE Quantitation

o
ke
f”
F
e
'//
f’ -
27 ® PBAE with 1.29
”/,i’ pg siRNA
e A PBAE only
yad
-
4
2 a 6 8 10 12

PBAE in well (pg)

Figure B.1 Micro BCA Assay for PBAE Quantitation. Serial two-fold dilutions of PBAE were made with siRNA (red
squares) and without siRNA (blue triangles). The Micro BCA assay was performed following manufacturer’s instructions.
The linear regressions (represented by dashed lines) show that the presence of siRNA does not affect Micro BCA assay
readings. We found that the Micro BCA assay can be appropriately repurposed to quantify PBAE loading in the LbL film.
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Figure B.2 Ribogreen Assay for siRNA Quantitation. Standard curves with known siRNA amounts were made with
PBAE (red squares) and without PBAE (blue triangles). The Ribogreen assay was performed following manufacturer’s
instructions. Without modification (a), the presence of PBAE quenches the Ribogreen fluorescent signal considerably. To
address the quenching, the PBAE was hydrolyzed as detailed in the experimental section. After hydrolysis of the PBAE
(b), interference from the PBAE is shown to be minimized.
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Figure B.3 Gating Strategy for Flow Cytometry
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Table B.1 Fractional factorial design parameters and response variable data. The parameters tested include pH, ionic
strength, PBAE concentration, and siRNA concentration. Ranges were determined based on parameters previously
published by our lab. Response variables of PBAE loading, siRNA loading, w/w ratio, knockdown, and viability are
reported for each replicate. Cells are colored to depict differences in magnitude. JMP was used to determine Runs 1a - 8c
for the fractional factorial design. Runs 9a — 12¢ were added as midpoints for pH and polymer concentration to test for
non-linearity.

Run pH s:::m PEAE Conc. |=iRNA Conc. I.nP;B:ng L:fcimng wfveratio | oI bty (%)
oy | ey | ey U %)
1A as 150 0 o 102
18 as 150 0 o 118
1 as 150 0 o 135
2 as 150 0 0 BB
28 as 150 20 30 088
2 as 150 20 E 094
3a as =0 05 o 064
38 as =0 05 o 052
ac as =0 05 o 055
an as =0 05 0 77
a8 as 50 05 30 083
ac as =0 05 0 081
sS4 &0 150 05 Y High
s &0 150 0s 0 N——
sC &0 150 05 o varlables
BA &0 150 05 0
6B &0 150 05 0 low
&0 &0 150 05 30
7A &0 50 0 o
78 &0 50 20 Y
7C &0 250 20 0
BA &0 250 0 E
88 &0 =0 0 0
8C &0 =0 0 0
o 53 150 10 o
96 53 150 10 o
ac 53 150 10 o
W 53 150 10 E
108 53 150 10 £
10C 53 150 10 0
1a 53 =0 10 o
116 53 =0 10 o
1c 53 =0 10 o
A 53 50 10 30
12 52 50 10 30
120 53 250 10 E
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Figure B.4 pH Titration of PBAE. 10.1 mg PBAE was dissolved at 1 mg/mL in water with 75 pL of 1 M HCI. 0.1 N NaOH
was used for titration. The pKa of the PBAE was found to be 7.4.
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a Knockdown b Knockdown
Term Norm. Coeff. p-value Term Norm. Coeff. p-value
PH +0.33 17 0.967 | PBAE Loading +1.83 P 0.862
lonic Strength -831 4 0.233
siRNA Loading +25.24 P 0.118
PBAE Conc. -7.03 0.389
siRNA Conc. #3714 0.579 w/w Ratio +7.16 T 0.662
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Figure B.5 Standard Least Squares Fit on Knockdown. A standard least squares fit was performed for in vitro knockdown
with (a) assembly parameters as explanatory variables and (b) PBAE loading, siRNA loading, and w/w ratio as explanatory
variables. “Actual by Predicted” plots are shown with R% and p-values reported. The coefficients for each parameter were
normalized by the ranges of the explanatory variables and p-values are reported. No significant parameter terms were
identified for either regression (correlation p-value < 0.05). Error bars represent standard deviation.
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Figure B.6 Polyplex transfection studies. Polyplexes were formed by mixing PBAE and siRNA together at predetermined
ratios. HeLa cells expressing d2e-GFP were treated with polyplexes. Flow cytometry was performed three days after
treatment. (a) NucBlue assay was used to measure viability. (b) Alexa Fluor 647-labeled siRNA was used to track siRNA
uptake. (c) GFP-targeting siRNA was used in studies of siRNA knockdown efficacy. Untreated cells served as negative
controls. For positive controls, cells were treated with sSiRNA + Lipofectamine RNAIMAX.

Polyplexes were assembled by mixing PBAE and siRNA at predetermined N:P ratios of 5,
10, and 20. (A 1:1 weight ratio of PBAE to siRNA roughly equates to an N:P ratio of 2.) HelLa
cells expressing destabilized GFP were treated with these polyplexes, and cell viability, SiRNA
uptake, and GFP silencing were measured through flow cytometry.

The polyplexes were shown to have minimal cytotoxicity in the range of N:P ratios tested.
As the N:P ratio increases, uptake of fluorescent siRNA increases steadily. Accordingly, GFP

knockdown also increases with N:P ratio.
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APPENDIX C.
Supporting Information for Chapter 4

Here we detail some of the work that led us to the LbL film formulation used in Chapter 4

C.1  P2C30HD vs. Poly 2

The bilayer [P2C30HD/siRNA]3s0 was constructed on PLGA sutures in a similar manner
as with Poly 2 to achieve the greatest knockdown, with a pH of 6.0, 20 pg/mL siRNA bath, and a
single replenishment of siRNA midway through dipping (as described in Appendix A). At this
point in our research, we had not yet begun to monitor ionic strength. With three pieces of suture
placed into culture with HelLa cells expressing d2eGFP, approximately 50% knockdown was
achieved with this formulation. This is greater knockdown than what was observed previously
with the [Poly 2/siRNA] bilayers. The resulting GFP expression relative to uncoated suture for the
[Poly 2/siRNA] film and the [P2C30HD/siRNA] film is seen in Figure C.1.

120 -
100 +
80 -+
60 +

40 -

Uncoated Suture

20 +

Percent GFP Expression Relative to

Uncoated Suture [Poly 2/siGFP] [P2C30HD/siGFP]

Figure C.1 GFP Knockdown of [P2C30HD/siRNA] vs. [Poly 2/siRNA] The [Poly 2/siGFP] coated suture was able to effect
approximately 20% knockdown. The [P2C30HD/siGFP] suture was able to effect approximately 50% knockdown. Error
bars represent standard error.
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C.2  Evaluation of Various Substrates

This [P2C30HD/siRNA] formulation was also applied to various other substrates. These
substrates effected different responses in GFP knockdown. Figure C.2 shows the knockdown
achieved by the same LbL coating on different substrates. The variation in knockdown seems to
indicate that the substrate itself has an effect on transfection efficiency. Once hypothesis to why
the Vicryl Rapide suture may lead to greater knockdown is that its relatively quick degradation
rate leads to the breaking up of the LbL film into smaller fragments which may be more easily
endocytosed by cells and may contribute to greater endosomal escape. Other hypotheses to the
variation in knockdown include differences in diameters of the sutures as well as differences in
construction (ie. woven vs. monofilament sutures).

70 =

0 T i T ' r i r - r I "

Vicryl Rapide  Wechryl suture  PDS Il suture PGCL suture PLGA Strip Tegaderm
suture (PLGA) (PLGA) (polydioxanone) (poliglecaprone)

Figure C.2 GFP Knockdown from [P2C30HD/siRNA] Film from Various Substrates. The [P2C30HD/siGFP] bilayer was
constructed on Vicryl Rapide Suture, Webcryl suture, PDS 11 suture, PLGA strips, and Tegaderm. Knockdown ranges
from 10% to 50%. The distinct abilities to effect knockdown indicates that the substrate may have an effect on transfection.
Error bars represent standard error.
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C.3  Polyplex Evaluation of P2C30HD

To better understand the mechanism of transfection from the LbL coatings, we performed
some studies with simple polyplexes of P2C30HD and siRNA. For a range of weight ratios, zeta
potential and knockdown efficiency measurements were taken. These data are shown in Figure
C.3. We see that as the weight ratio of P2C30HD to siRNA increases, the zeta potential increases
as expected. As the weight ratio increases above 10, the zeta potential levels off around +22 mV.
A similar phenomenon is seen in the knockdown study. As the weight ratio increases, greater
knockdown is achieved. The knockdown efficiency starts to level off after above a weight ratio of
10.
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Figure C.3 Analysis of P2C30HD siRNA Polyplexes (a) Zeta potential vs. P2C30HD to siRNA weight ratio plot. Generally,
as the weight ratio of P2C30HD to siRNA increases, the zeta potential increases. As the weight ratio increases above 10,
the zeta potential levels off around +22 mV. (b) GFP Knockdown vs. P2C30HD to siRNA weight ratio plot. As the weight
ratio increases, greater knockdown is effected. The knockdown efficiency starts to level off after above a weight ratio of 10.
Error bars represent standard deviation.

Sutures coated with [P2C30HD/siRNA]so in the same manner as before were incubated in
water. The releasate was analyzed by DLS and was found to have an average size of 150 nm and
an average zeta potential of -10.1 mV. Correlating to Figure C.3a, this would suggest that the
releasate may have a weight ratio around 1.5. Correlating this ratio with Figure C.3b, we can
recognize that the expected knockdown for this weight ratio is slightly above 20%. This agrees

with the average knockdown seen across the substrates in Figure C.2.

C.4  Dose Studies of [P2C30HD/siRNA] Bilayer

Studies were then performed to determine effects of pH and ionic strength on siRNA and
P2C30HD loading (data not shown). Assembly at pH 6.0 with an ionic strength of 150 mM in the
P2C30HD bath was found to result in a high weight ratio of P2C30HD to siRNA with good
siRNA loading. At this point, the assembly conditions that were chosen were the following: pH
6.0, 150 mM ionic strength, 1 mg/mL P2C30HD, and 20 pug/mL siRNA. With these conditions,
we analyzed the effect of suture dose and number of bilayers on in vitro knockdown.
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Figure C.4 Knockdown by Varying Suture Number and Bilayers. The [P2C30HD/siGFP] bilayer was constructed on size
5-0 Vicryl Rapide Suture. The concentration of the P2C30OHD bath was 1 mg/mL, the concentration of the sSiRNA was 20
pg/mL. The dipping pH was 6.0 and the concentration of buffer in the PBAE bath was 150 mM. The number of sutures
applied to each well and the number of bilayers coated were varied. Knockdown was normalized to cells treated with
uncoated suture. Error bars represent standard error.

Vicryl Rapide sutures of size 5-0 were coated with [P2C30HD/siGFP]x with varying
number of bilayers. GFP-expressing HelLa cells were treated with these sutures, and at various
doses of suture coated with 30 bilayers (Figure C.4). One suture dose corresponds to a 1 cm piece
of suture placed in the well. As expected and previously seen in Appendix A, the increased dose
of coated suture resulted in greater knockdown. Over 40% knockdown is achieved when 5 sutures
were used. When 60 bilayers were assembled on the suture, greater knockdown was seen compared
to 30 bilayers when 3 suture pieces were used. Curiously, the 45 bilayer formulation resulted in

less knockdown, this warrants further investigation.

C.5 Loading Studies by Bilayer and Suture Size

We then investigated the difference in loadings with 30 bilayers compared to 60 bilayers.
For this study, BCA assay was used to quantify the P2C30HD (PBAE) and siRNA was quantified
by its fluorescent tag. (Later we found that the fluorescent tag affects the BCA reading. While the
following data may not reflect completely accurate loadings, we believe comparisons of magnitude
are still valid. See Chapter 3 and Appendix B for refined methods in quantification.) While an
increase of loadings is seen with 60 bilayers compared to 30 bilayers, the loadings were far from

double as initially hypothesized (Figure C.5).
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Figure C.5 Loading on Sutures of Varying Sizes and Varied Bilayers The [P2C30HD/siGFP] bilayer was constructed on
size 5-0 Vicryl Rapide Suture and size 0 Vicryl Suture. The concentration of the P2C30HD (PBAE) bath was 1 mg/mL, the
concentration of the siRNA was 20 pg/mL. The dipping pH was 6.0 and the concentration of buffer in the PBAE bath was
150 mM. PBAE and siRNA loading were measured with BCA assay and fluorescence reading respectively.

To further increase loading on a suture, we investigated coating sutures of thicker gauge.
A Size 0 Vicryl suture was used. The diameter of the 0 gauge suture is 0.35 mm while the diameter
of the 5-0 gauge suture is 0.1 mm. The larger suture was coated with 15 bilayers. With 15 bilayers
on the Size 0 suture, loadings exceeded Size 5-0 sutures coated with 30 bilayers, and even with 60

bilayers.

C.6  Final Approach to Assembly Conditions

Taking into account these considerations on size and availability of straight needles, the
Vicryl 3-0 suture with a KS 60 mm straight needle was decided upon for the in vivo pilot
experiments. Further experiments revealed that increasing the siRNA bath concentration leads to
increase of SIRNA loading and subsequent in vitro knockdown. Thus the assembly conditions of
pH 6.0, 150 mM ionic strength, 1 mg/mL P2C30HD, and 25 pg/mL siRNA with size 3-0 Vicryl

sutures as the substrate were determined for the work presented in Chapter 4.

107



	Acknowledgements
	Table of Contents
	List of Figures
	List of Tables
	CHAPTER 1.  Introduction
	1.1 siRNA as a Therapeutic
	1.2 Barriers to siRNA Delivery
	1.3 Approaches to siRNA Delivery
	1.4 Local Delivery of siRNA
	1.5 Layer-by-Layer Self-Assembly
	1.6 LbL Assembly for Controlled Localized Drug Delivery
	1.7 Wound Healing Process
	1.8 Dysregulated Wound Healing
	1.9 Controlled Drug Delivery for Wound Healing
	1.10 Scope and Outline of Thesis
	1.11 References

	CHAPTER 2.  Modulating Sequential Release of siRNA from Layer-by-Layer Films
	2.1 Introduction
	2.2 Materials and Methods
	2.2.1 Materials
	2.2.2 Preparation of Solutions
	2.2.3 Layer-by-layer Film Preparation
	2.2.4 Characterization of siRNA Loading and Release
	2.2.5 Characterization of Barrier Layer Surface Morphology

	2.3 Results and Discussion
	2.3.1 Incorporating siRNA into Layer-by-Layer Films
	2.3.2 Initial Efforts in Modulating Sequential Release
	2.3.3 [Chitosan/Laponite] Barrier Layers
	2.3.4 Hierarchical Structure for Sequential Release
	2.3.5 Graphene Oxide as a Barrier Layer Component

	2.4 Conclusions
	2.5 References

	CHAPTER 3.  Optimizing Layer-by-Layer Films for siRNA-Mediated Knockdown with Fractional Factorial Design
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Materials
	3.2.2 Polymer synthesis
	3.2.3 Layer-by-layer film preparation
	3.2.4 LbL film characterization
	3.2.5 Polyplex Transfection Evaluation
	3.2.6 LbL Suture Transfection Evaluation
	3.2.7 Flow Cytometry
	3.2.8 Statistics

	3.3 Results and Discussion
	3.3.1 Characterization of Films
	3.3.2 Least Squares Linear Regression Model
	3.3.3 Effects of pH
	3.3.4 Effects of Ionic Strength
	3.3.5 Effects of PBAE Deposition Bath Concentration
	3.3.6 Effects of siRNA Deposition Bath Concentration
	3.3.7 Optimization of Assembly Parameters for Knockdown

	3.4 Conclusions
	3.5 References

	CHAPTER 4.  Development of In Vivo Model to Evaluate siRNA Layer-by-Layer Film Efficacy............................
	4.1 Introduction
	4.2 Materials and Methods
	4.2.1 Materials
	4.2.2 Poly 2-30%C3OH-DETA (P2C3OHD) Synthesis
	4.2.3 Layer-by-layer Film Preparation
	4.2.4 LbL Suture In Vitro Evaluation
	4.2.5 LbL Suture In Vivo Evaluation
	4.2.6 In Vivo Fluorescence Imaging
	4.2.7 Statistics

	4.3 Results and Discussion
	4.3.1 Modified Poly 2 for LbL Film Incorporation
	4.3.2 Layer-by-Layer Film Assembly
	4.3.3 In Vitro Knockdown from LbL Coated Sutures
	4.3.4 In Vivo Model to Evaluate LbL Coated Sutures
	4.3.5 In Vivo GFP Imaging of Mice
	4.3.6 In Vivo Tracking of Fluorescently Tagged siRNA

	4.4 Conclusions and Recommendations
	4.5 References

	CHAPTER 5.   Conclusions and Future Directions
	5.1 Summary
	5.2 Future Directions
	5.2.1 Optimizing Efficacy of Dual-Release siRNA Films
	5.2.2 LbL Delivery of Other Therapeutic Nucleic Acids
	5.2.3 Further Development of Non-Wounding Animal Model
	APPENDIX A.  Troubleshooting LbL Knockdown
	A.1 In Vitro Cell Line Experiments
	A.2 Troubleshooting Knockdown

	APPENDIX B.  Supporting Information for Chapter 3
	APPENDIX C.  Supporting Information for Chapter 4
	C.1 P2C3OHD vs. Poly 2
	C.2 Evaluation of Various Substrates
	C.3 Polyplex Evaluation of P2C3OHD
	C.4 Dose Studies of [P2C3OHD/siRNA] Bilayer
	C.5 Loading Studies by Bilayer and Suture Size
	C.6 Final Approach to Assembly Conditions






