











Figure 4.6: Cellular Chemotaxis Tracking

(A) Fluorescent microscope image of passage 4 human MSCs labeled with TRI-color barcodes
plated into Ibidi’s microfluidics chemotaxis platform. A gradient of 0% FBS supplemented mem-
alpha to 15% supplemented mem-alpha was created to provide a nutrient gradient to drive
chemotaxis. Barcode particles were given unique identifiers and mapped to an XY axis. The same
process was done after (B) 2 hours, and (C) 24 hours. Barcode particles were then correlated based
on total fluorescent intensity and ratio of fluorescence and their displacement was measured. (D)
shows the XY displacement of each correlated particle.

4.3. Short Falls

While we were successfully able to repeatedly identify particles, during our functional tests
we did identify a problem. The barcode signatures were rapidly decaying when inside cells. Figure
4.7 represents the decay of barcodes located within cells. This amount of decay far exceeded our
expectations based on literature and in-house studies of quantum dot stabilities under ideal
conditions. Further, the amount of decay made it very difficult to repeatedly identify most of the
particles. Co-staining of labeled cells with lysosomal staining agents demonstrated that particles
were largely localizing to lysosomes. This lead to the hypothesis that the harsh environment of the
lysosome was rapidly degrading encapsulated quantum dots. Initial literature study indicated
several potential mechanisms that could be driving the degradation. Some groups have shown that

repeat or extensive excitation of quantum dots can slowly cause bleaching?8-2%, Other groups have
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produced some evidence that demonstrated that alkaline environments could degrade the shell of
the quantum dot causing loss of fluorescence?®26!, These mechanisms were corroborated by in
house testing that showed that the mean fluorescent index decreased in acidic media and when
barcodes were excited by 425 nm light as opposed to 555 nm light. To determine if alkaline
environments impacted barcode stability the particles were placed in either HBSS, a buffer that is
stable at neutral pH, and in acidified media at pH 5 and imaged repeatedly. After 50 images of it
was seen that barcodes in acidic Media had a MFI about 25 % lower than quantum dots in HBSS.
A similar trend was observed in barcodes exposed to 425 nm wavelength light. After 50 exposures,
the relative MFI was approximately half of its initial values and no significant changes were seen

in barcodes exposed to 555 nm excitation. Figure 4.8 demonstrates the loss of fluorescence.
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Figure 4.7 Barcode Degradation In-Vivo

(A) 3-d plot of quantitative fluorescent measurements taken of barcodes analyzed during
morphological change tracking experiment discussed above. Time points of particles are shown by
the size of points, large points are 0 hour measurements and small points are 48 hour measurements.
Each color represents a unique barcode analyzed. Axis are the relative amount of fluorescence
contributed by each QD channel, barcodes tend to degrade towards single color barcodes. Each
barcode was read 5 times to account for possible variances (B) 3-D plot of quantitative fluorescent
measurements taken of barcodes analyzed during the chemotaxis tracking assay discussed above.
Large points are 0 hour and small points are 24 hour. Each color represents a unique barcode, and
all barcodes were read 5 times to account for possible variance. (C) raw intensity and ratio of
intensity primary component analysis performed. Each color is a unique barcode @ represents the
0 hour time point, m represents the 2 hour time point, A represents the 7 hour time point, ¢
represents 24 hour time point.

58



MFI

1259 1.5

100 A

w
=
@
7519 >
=
=
@
['4
501 = 425nm excitation
= 555nm excitation
25 T T T T 1 0-0 T T 1
0 10 20 30 40 50 0 20 40 60
Repeat Measure Repeat Measure

Figure 4.8 Barcode Decay In-Vitro

(A) Barcode particles were placed into either neutral HBSS or Media and imaged 50 times over
the course of an horur. Their MFI was then plotted. (B) relative MFI of barcodes excited with
either 425 nm wavelengths or 555 nm wavelengths during imaging. Each barcode was measured
50 times over the course of an hour.

4.4. Conclusion

While most of the characterization and design for this platform has proven successful, the
decay of barcodes in the cellular environment is currently a significant hurdle. There are a couple
of strategies, which could resolve this issue. First would be chemical inhibition of lysosome
acidification or rupture of lysosomal vesicles via chloroquine or another agent. While this
strategy offers potential to resolve the degradation, it was an approach we were opposed to as the
addition of chloroguine, and other chemical agents could disrupt the natural behavior of cells in a

way that we determined undermined the overarching goals of the project.

Another theorized strategy would be introduction of the barcodes to the cells via a non-
endocytic pathway. Small particles have previously been demonstrated to be able to penetrate
cellular membranes via simple diffusion mechanisms, which should theoretically allow them to
enter a cell in a mechanism that would not locate them to a lysosomal vesicle. However, this

strategy is limited because particles small enough to passively diffuse into cells can easily diffuse
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back out. Additionally, particles in the size range where this is possible would be very limited in
the number of conjugated quantum dots heavily limiting the size of the library. Strategies
involving electroporation to produce internalization of particles have been tested. Unfortunately,

electroporation caused degradation of the barcodes and can have impacts on cellular behavior.

Hopefully, continued research into stabilizing and functionalization of quantum dots will
yield a particle that is stable in the lysosome. Fortunately, many groups are continuing research
into these fields and recently some groups have presented evidence of new formulations for
quantum dots that utilize polymers as opposed to metals?2-24, These new highly fluorescent
semiconducting polymer dots could present a platform that would enable the intracellular barcode
technology. However, more research and characterization into these new polymer dots is needed
before this approach could be practical. If these improvements can be demonstrated, any of these
technologies could be rapidly and easily incorporated into the barcode platform. Success in this
area would be a significant step in producing a photo stable, barcode capable of longitudinal

single cell tracking.
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CHAPTER 5: TARGETED DRUG DELIVERY SYSTEM FOR BAM-15:

5.1. Introduction

Obesity is one of the most significant health epidemics of the developed world, and is
especially prevalent in the United States. In fact, the CDC estimated that in 2014 a full 37.9% of
the adult population over the age of 20 was obese, with an additional 32.8% of the population being
overweight. Further, projections made by the CDC showed that more than half of all adults will be
obese by 2030. 20.6% percent of teenagers, and 17.4% of children aged 6-11 are also obese?6%26,
This represents a long-term health crisis across virtually every age, gender, and racial demographic.
Obesity has been linked to a significant increase in the risk for heart disease, type 2 diabetes, stroke,
a variety of types of cancer; many of these comorbidities are among the leading causes of
preventable deaths. This health burden produced an estimated medical cost of 147 billion in 2008,
with projections showing this cost could raise to as much as 390-580 billion annually by 203026%266,
Further, this estimated cost does little to calculate in the costs associated with lost time on jobs, and
lost quality of life due to skeletomuscular issues that frequently arise in obese populations. While
obesity is a major epidemic crossing many racial demographics, some groups are affected by it to
a significantly higher rate; among these are non-Hispanic blacks who have a 48.1% age adjusted
rate of obesity. Further, Hispanics also have an increased prevalence with 42.5% of the Hispanic
population being obese?®’. As can be readily seen, obesity is a major health epidemic in the US.
The most common non-dietary therapies for obesity are invasive, requiring cosmetic surgery or
other more invasive procedures to reduce the volume a person can eat. Treatments for obesity also
includes routine and behavior modification by promoting exercise and healthier diet. These
changes can be challenging for the most widely affected demographics as low-income populations
that have higher prevalence’s of obesity often have inferior access to affordable healthy food or
access to safe exercise facilities. This is a large part of the reason that obesity remains a long-term

issue for the US.
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5.1.1. Motivation

Because treatments for obesity are highly invasive, the possibility of developing a
pharmacological therapy for obesity could have a massive long-term impact on the health of the
general population. It could be especially impactful as a safer alternative to surgery with less post-
operative recovery time necessary. Several pharmacological avenues to drive weight loss have
previously been explored with one of the most effective being the use of protonophores such as
2,4-dinitrophenol (DNP). These protonophores function by disrupting the electron transport chain
in mitochondrial membranes to make ATP synthesis by oxidative phosphorylation significantly
less effective. DNP demonstrated a high degree of success at driving weight loss and was marketed
as a diet aid between 1933 and 1938 before it was removed from the market. In addition to its dose
dependent ability to increase basal metabolic rate, it could result in fatal hyperthermia if too much
was taken. Moreover, many other dangerous side effects including seizures were prevalent as the
drug would localize to the membranes of neuronal cells causing depolarization of the membrane?®®,
Due to the dangers of this drug it is no longer considered a viable therapy for obesity, however it’s
mechanism of action as a protonophore has remained an area of investigation. Recent studies by
Jastroch and Keipert et al. in 2013 discovered a similar protonophore, BAM-15 that maintained the
uncoupling activity of DNP but lacked the cytotoxic side effects. By utilizing a patch-clamp
technique they were able to demonstrate that BAM-15 was selective for the mitochondrial
membrane and did not affect plasma membrane potential?6®27. While this protonophore is very
promising, our group was still concerned with minimizing the possibility of toxic side-effects while
wanting to optimize the therapeutic value of a protonophore. As such we turned to our expertise in
the development of Nano systems to design a controlled release, targeted nanoparticle. For this
project, the following design criteria was decided on. First, we needed to identify what particle size
range provided optimal targeting to adipose tissues following systemic delivery and then we needed

to formulate BAM-15 particles in a size range capable of delivering drug for >4 days. Following

62



w

Particles 1000

variable

synthesis

"
2

4w
g 2

@
8

Particle Average Diameter (nm)
2 08 ow B o4
8 8 8 8 8

1234567891011121314151617181920212223242526272829303132333435363738394041424344
Trials

i v
1 10 100 1000 10000 01 1 10 100 1000 100t

Figure 5.2: Process Engineering 500 nm PLGA Particles

(A) Flow chart illustrating the process utilized while developing the protocol to produce 500 nm
particles with low polydispersity and characterize the resulting system. (B) Average diameter of
chronologically ordered batches produced. The green highlight is the region where particles were
500 nm +/- 50 nm. (C&B) C and B are representative zetasizer results produced by the 500 nm
protocol. The average radius of C is 517.8 nm and the average radius of D is 497.4. The width of
the peak illustrates the narrow polydispersity achieved.

5.2.3. Characterization of Drug Loading

With a procedure for producing 500 nm particles, the next step became the characterization
of the physical properties of the particles. As was expected, measuring the zeta potential of these
particles showed that the particles were strongly negatively charged at -30 mV. This is primarily a
result of using carboxylate end group PLGA, and indicates that the carboxyl groups are accessible
to allow for post-production modification. Additionally, strong negative charge on nanoparticles is
associated with a reduction in undesirable cellular interactions. Next the release kinetics, and drug
loading of the particles was determined. BAM-15 absorbs at wavelengths of 205 nm, 230 nm, and

330 nm and a BAM-15 standard curve ranging from 5 um to 100 um for all 3 wavelengths was
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constructed using nanodrop. Following this, to determine the drug loading, drug was released from
5 mg of particles using methanol to induce swelling of the PLGA. The resulting supernatant was
isolated and analyzed by nanodrop. The absorbance was read at 205 nm, 230 nm, and 330 nm to
determine the concentration of released BAM-15. This could then be used to calculate the total
drug loading of the particles. It was found that on average batches showed a drug loading, the
percent of particle by mass that is drug, of 7.5%. This further represented an encapsulation
efficiency, the amount of BAM-15 added during the production process that was successfully
encapsulated, of on average 60.4%. These are relatively standard encapsulation and drug loading

values for this type of hydrophobic drug encapsulation in PLGA.

5.2.4. Characterization of Release Kinetics

With the maximum drug loading identified, we could start analyzing the release kinetics of
the particles. To do this, 5 mg of nanoparticles were suspended in 1 ml of PBS and placed inside
dialysis tubing. The dialysis tubing was placed in 20 milliliters of PBS in a 50-ml conical tube and
placed on a heated shaker at 37 degrees Celsius. Samples were drawn at 4, 8,12, and 24 hours
followed by taking a sample every 24 hours out to 10 days, lyophilized and resuspended in
methanol. The resulting solution was measured by nanodrop and analyzed for concentration of
BAM-15. The release are curves presented in Figure 5.3 are consistent with the type of PLGA that
was used. A 10-day release curve was observed in which there was an initial burst release of ~20%
of the encapsulated drug within the first 4 hours followed by a relatively linear release profile out

to 10 days.
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Figure 5.3: Drug Loading and Release Kinetics

(A) BAM-15 standard curve. Absorbance of BAM-15 as a function of molarity in methanol.
Measurements made on nanodrop in triplicate, and time controlled. (B) Average BAM-15 release
kinetics curve from PLGA, (n=5). (C) Formula used to calculate the percent drug loading of the
particles by mass. C;= concentration of release media, V, = volume of release media, mm, = mass
of microparticles dissolved. (D) Formula used to calculate the encapsulation efficiency of the
formulation process. Cr= concentration of release media, V: = volume of release media, mm, = mass
of microparticles, mp =mass of drug initially added during formulation, myg = Mass of PLGA
initially added during formulation. (E) Formula used to calculate cumulative release at time T. C;
= concentration of the sample taken at time t, Vr = volume of release media taken at time t, C; =
the drug concentration at sample time i, and V, = volume of release media taken at time i.
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5.2.5. Targeting of Brown Adipose Tissue

The next step was to develop and further validate our ability to target to desired tissues as
a means of reducing any potential off target effects, we decided to investigate a brown adipose
targeting moiety anti P2rx5, an antibody to a receptor that is expressed predominately on brown
adipose tissue?’*-2"4, The targeting moiety was attached to the particles through an NHS-EDC
reaction in MES buffer at pH 6.3. In order to validate successful conjugation of the targeting
peptide, zetasizing for zeta potential was done before and after the modification. Conjugation of
the brown adipose targeting anti-p2rx5 resulted in a charge flip from -30mV to +16mV, further,
conjugation of the white adipose targeting peptide resulted in a charge increase from -30mV to -
0.5mV. This change in charge provided evidence of successful conjugation of the targeting moieties
to DIR loaded particles. The Brown Adipose Tissue targeting particles, a control 500 nm particle
and particles with the previously validated white adipose targeting peptide were systemically
delivered to mice via a retro-orbital injection. 24 hours following injection the mice were sacrificed
and dissected. The lungs, liver, kidney, spleen, heart, epidydimal white adipose tissue, inguinal
white adipose tissue, brown adipose tissue and the eyes were imaged by Odyssey scanner to detect
fluorescence of the encapsulated DIR dye at the 800 nm wavelength. The resulting fluorescence is
displayed as a heatmap in figure 5.4 along with the MFI for the adipose tissues as well as the liver
and spleen. as you can see conjugation of the brown adipose targeting antibody had a similar impact
to the white adipose targeting peptide. Increased accumulation is seen in every fatty tissue, though
it is challenging to tell whether the BAT or WAT targeting moieties was superior. Both targeting
peptides also show higher nonspecific accumulation in the liver and spleen, though
bioaccumulation in the lungs, heart and spleen appear similar to controls. This could be the result
of charge flipping of particles when the targeting moieties are bound. Increasing charge of
nanoparticles would have impact on their uptake in all tissues. Additionally, the WAT targeting

moiety has a PEG spacer. This PEG spacer would have likely decreased clearance of nanoparticles
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leaving more to be imaged. The next step to test this hypothesis would be to administer mice with
particles modified with a polymer such as PLL or PEI to determine what impacts charge alone has

on uptake in adipose tissue.

Liver Spleen

A) 1 1 1 1 1

B) 098 101 098 364 501
C) 174 175 221 2159 9.8
D) 159 137 270 2180 6.33

Figure 5.4 Biodistribution of 500 nm Targeted Nanoparticles

C57BI6 mice were systemically injected with 200 ul of 5 mg/mL DIR loaded 500 nm particles in
PBS except mouse A which received empty PBS. 24 hours following injection mice were sacrificed
and tissues were fixed. (A) empty control, (B) unmodified PLGA nanoparticles, (C) white adipose
targeting peptide modified PLGA nanoparticles, (D) Brown adipose targeting antibody. Relative
MFI for adipose tissues, liver and spleen are summarized in the attached table. MFI for each tissue
is controlled relative to the MFI of the empty control mouse.
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Chapter 5.3: Discussion

Despite other groups demonstration of metabolic activity and our own validation of
respirational changes in cell culture when treated with BAM-15 with SEAHORSE, mice given 1
mg/kg injections of free BAM-15 failed to demonstrate any significant decrease in weight after 3
weeks in thermoneutral cages. Additionally, there was no significant change in gene expression or
proteome. While it could be possible that 3 weeks is not adequate time to see a weight loss, perhaps
systemic injection of free drug is rapidly cleared before it can affect tissue. This is still an
unfortunate hurdle to the application of BAM-15 as a weight loss drug. however, BAM-15 has
specifically been shown to be protective against renal ischemia and reperfusion injuries?”°. Other
protonophores have been shown to have beneficial impacts on insulin sensitization and diseases
associated with ROS production such as Parkinson’s. As such, translation of this system to

application in one of these indications could be possible.

Additionally, successful demonstration of targeting to white and brown adipose tissues
opens the door to encapsulating different therapeutics in these particles for targeting fatty tissue in
diseases where adipose tissue is defective. One possible disease state is diabetes, where adipose
tissues shows chronic inflammation?™. A classical marker of the chronic inflammation in diabetic
fatty tissue is crown like structures produced by macrophages?’®. These macrophages are typically
locked in pro-inflammatory phenotypes and express high levels of IL-1p and TNF-a?’. Several
small molecule inhibitors of IL-1p and TNF-a are available and good candidates for encapsulation
in this platform, in addition more broadly acting steroids that are traditionally exceptionally easy
to encapsulate in PLGA could be options. Either of these approaches could potentially demonstrate

therapeutic value.

Despite these shortcomings this project did successfully develop a protocol to create 500
nm particles, a size range that could be desirable for several applications. Additionally, by

highlighting the impacts of the formulation parameters a platform for future work has been laid.
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This project also highlights some of the inherent difficulties in developing targeted nanosystems.
While targeting might significantly alter the biodistribution it is not uncommon to see increased
bioaccumulation in non-target tissues. These off-target effects can be challenging to manage and
hard to predict due to the immense complexity of the body. Nanoparticles can fundamentally
change how the body processes drugs and this could create issues. For example, as seen in the WAT
and BAT targeting work done on this project increased bioaccumulation in the liver and spleen
occurred, likely due to increased surface charge increasing non-specific tissue interactions.
However, this could create unique challenges in prescribing such a therapy. Using this platform as
an example, if a patient with a history of injury to the spleen wanted this therapy, a nano-
formulation with these targeting moieties could potentially make the platform more toxic for them.
Increased bioaccumulation in all tissues would need to be examined to determine the potential
change in toxicological profiles and understand the patient populations it would be best for. This
makes the next steps for this project determining whether it is charge interactions or reduced
clearance due to PEGylation that is driving the increase in non-specific interactions and to examine

tissues after exposure to drug loaded for evidence of any potential off target toxic effects.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

The future of nanoparticle therapies and tools is very promising but ultimately dependent
on developing systems that can scale to commercial manufacturing needs while maintaining

uniformity and quality of the produced product.

Nanoparticles currently suffer from limitations in heterogeneity, burst release, and scaling
to commercial production, however improving the techniques that we use to design and
characterize these systems, and designing well optimized systems will help us to overcome these
limitations. Improvements in production methods such as microfluidics and spray drying are
opening the door to mass production of new types of monodisperse formulations. Further advances
in targeting, and circulation time are helping to reduce the risk associated with burst release profiles.
By targeting drugs to specific tissues systemic dose is reduced and burst releases are mitigated.
However, further improvements in material design and environmentally responsive polymers
should help to further refine control over this process making nanoparticle drug delivery systems
safer and more effective. While these processes do require extensive and complex machinery to
produce, improvements in storage of nanoparticles using lyophilization allows for mass production
and distribution of shelf stable formulations. Off the shelf therapies are the gold standard of medical

therapies as they require minimum preparation before they can be delivered to patients.

The work in this thesis for drug delivery nanoparticles focused on:

o Developing the production process for 500 nm drug loaded nanoparticles.

e Characterization of the encapsulation efficiency and drug loading of nanoparticles.

e Calculating the release kinetics of encapsulated biologics.

o Development of a targeting system that increases the concentration of nanoparticles in

adipose tissue.
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Unfortunately, BAM-15 lacked any noticeable effect in-vivo forcing us to rethink its
application as a weight loss system. Fortunately, BAM 15 has been shown to be protective
against IR injury, and other protonophores have been shown to improve insulin sensitization
and protect against ROS associated damages that occur in aging and Parkinson’s. these
applications should allow for a seamless transition in the goals of project. The failure of BAM
15 to illicit a response in mice though does illustrates the necessity of testing the fundamental
assumptions of any project. It also highlights how unexpected interactions can occur at any
point in a project. This was further highlighted in a nanoparticle system developed for the Yang
lab at the University of lowa parallel to the work in this thesis in which an unpredicted drug
polymer interaction spawned an idea for a new project. Observing the self-driven degradation
of AC-DEX nanoparticles in response to an encapsulated biologic that was acidic was an
unexpected drug polymer interaction that is now being leveraged to create a library of
nanoparticle formulations that catalyze their own unique degradation profiles. Ideas like this

could be the next step in developing environmentally responsive polymers.

This thesis also focused on a nanoparticle imaging tool designed to enable single cell
tracking and repeat interrogation of individual cells. This project involved difficulties not
frequently seen in imaging modalities that are typically limited by toxic bioaccumulation or
biocompatibility issues. The degradation of QDs in response to the lysosome also highlights
the limitations of what can be learned by reading published literature. The majority of papers
discussing quantum dots laud their stability for both in-vivo and in-vitro applications, and very
few mention their limitations. this could be a by-product of the current atmosphere regarding
scientific publications. Very rarely is work done to confirm the work done by other groups, and
even more rarely are papers published highlighting a failure. However, these failures are
important aspects of understanding the world around us, and publication of failures could save

time and money for other research teams with similar ideas. Despite the setbacks in this project
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we were able to develop a tool that is on the verge of being able to cause a paradigm shift in
cellular analysis. If improvements in quantum dot functionalization and design continue it is
very possible that a lysosome stable barcode could still be developed. A platform for which we

have already demonstrated the underlying functionality for.

Looking back over the work done during the past year in the Ankrum lab I have learned
many things about material interactions, and the challenges that face us in the development of
new systems. Most notably, the need to rigorously test the underlying principles of a project
early on to validate the feasibility of the project, and the need for rigorous and detailed
recording of all work done. Ultimately, | hope that | am able to take the lessons learned under
the tutelage of Dr. Ankrum, and in the company of my peers in his lab to continue expanding

our understanding of nano regime structures.
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