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ABSTRACT

UTILIZING FLUIDIC PLATFORMS FOR THE DEVELOPMENT OF IN VITRO
PHARMACOKINETIC/PHARMACODYNAMIC MODELS

By
Sarah Yvonne Lockwood

The pharmaceutical industry is constantly developing new therapies and
treatments, while the cost of the drug discovery process currently is estimated at
two billion dollars, spent over a 12-15 year period. Adding to the cost associated
with bringing a drug to market is the high attrition rate, with only 1 in every 10,000
compounds being approved by the Food and Drug Administration. Interest in
reassessing existing research procedures for improved efficiency has recently
been garnering attention.  Specifically, pharmacology studies, which utilize in
vivo studies to obtain pharmacokinetic (PK) and pharmacodynamic (PD)
information during the preclinical stage of the drug discovery process, have been
a focal point. By complimenting the in vivo studies with in vitro models, an
increase in efficiency is able to be realized by a reduction in consumed materials.

In this dissertation, a diffusion-based dynamic in vitro (DDIV) PK model,
fabricated on a microfluidic polydimethyl siloxane (PDMS) platform, was used to
characterize the loading and elimination of a PK profile. However, challenges
traditionally associated with the microfluidic devices, such as the fragility of the
membrane due to device flexibility, reusability, and lack of automation make long-

term PK studies incredibly difficult to perform, as well as reproduce.



DDIV models fabricated on a rigid three-dimensional (3D) printed platform
are rugged, reusable, and amenable to automation when integrated with a
disposable cell culture insert. The 3D printed DDIV PK/PD device was
characterized using fluorescein (332.31 g/mol) and validated using the antibiotic
levofloxacin (361.37 g/mol). The loading profiles were achieved by flowing
concentrated analyte through the device channels while adding buffer to the
membrane insert to create a concentration gradient across the porous membrane,
thereby allowing diffusion from the channel into the insert. Parameters related to
the loading portion of a PK curve, such as loading time, flow rate, volume of the
insert, and initial concentration in the channel were characterized. The profiles
obtained during the characterization of the initial concentrations (7.5, 15, 30 uM)
in the channel yielded a prediction model for both the concentration along the
loading profile and the maximum concentration (Cmax) at a given loading time.

Elimination of analyte from the membrane insert was proven to undergo
first order rate kinetics. The elimination profile, and the resulting elimination rate
constant are used to obtain the half-life. Ultimately, a prediction model for the
half-life will be crucial to the characterization of the DDIV model, however
preliminary gradient studies highlighted the importance of a correction factor
pertaining to the amount of analyte absorbed by the device. Upon complete
characterization, the reusable 3D printed DDIV PK/PD millifluidic device will allow
researchers to mimic in vivo dosing regimens on an in vitro platform, resulting in

a useful tool to be used in tandem with animal models.



By failing to prepare, you are preparing to fail.
-Benjamin Franklin
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CHAPTER 1



INTRODUCTION

1.1 Pharmaceutical Industry Current State of Affairs

The ever incessant demand for new therapies and treatments drives the
drug discovery and development process of the pharmaceutical industry. The
cost associated with bringing a drug to market has breached a billion dollars, i.e.,
1.24 billion in 2005," and continues to rise due to low success rates coupled with
a long, cumbersome drug development time frame (approximately 12.5 years).?*
The drug development model currently employed by pharmaceutical companies
involves supplementing ongoing research for new drugs by utilizing blockbuster
patents held by the pharmaceutical companies. Before the patent expiration of
the blockbuster drug that funds the current drug discovery and developmental
research, the pharmaceutical company requires a hit on a new blockbuster drug,
thereby sustaining the funding for further development of drug targets to continue
the cycle of funding.?>° This cycle is increasingly difficult to maintain due to such
factors as risk evaluation, mitigation strategies, and post-market clinical studies
All of these are required by the Food and Drug Administration Amendment Acts’
passed in 2007, which lengthen clinical studies, increase overall costs, and are
accompanied by a reduced number of drugs obtaining approval.®®® To
counteract the aforementioned challenges of developing a successful drug,
pharmaceutical companies are complementing their own agenda by acquiring
small companies that have developed blockbuster drugs of their own. Another,

increasingly popular trend in ‘Big Pharma’ is to utilize contract research



organizations (for example, Eli Lilly outsourcing to Covance) for the majority of
analysis, resulting in the pharmaceutical companies filling the role of
management versus the traditional, all encompassing, drug development cycle of
synthesis to sales.”® By outsourcing research assays to contract research
organizations, pharmaceutical companies are better able to manage resources
increase efficiency, and reducing overhead costs, while still retaining ownership
of the target drugs, which the larger companies can then bring through the more

costly clinical trials, marketing, and sales.

Existing research procedures are another area in which increased
efficiency can be addressed and reassessed. Various research technologies,
e.g., high throughput screening, proteomics, and metabolomics, have potential to
reform for the development process by increasing efficiency'' and introducing
new target leads, but the projected gains have yet to make it to market. Between
1993-2003, funding by the National Institutes of Health and spending of
pharmaceutical companies doubled without an increase quantity of drugs
reaching approval.? Therefore, a reappraisal of the drug development process

may be required to increase the number of drugs reaching the market.
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Figure 1.1 Drug discovery and Development Process. The drug discovery
and development process is comprised of a series of stages, Development,
Preclinical, Clinical, and Approval. The initial development stage involves the
identification of approximately 10,000 target compounds. After optimization
studies analyzing parameters such as solubility, efficacy, and toxicity the
target compounds are narrowed to less than 250 lead target compounds which
enter the Preclinical stage. In the Preclinical stage studies focused on the
dosing, safety, toxicology and pharmacology take priority. Human in vivo
studies are preformed in the Clinical stage, which is comprised of three
phases. Upon completion of Phase lll the researchers apply for a New Drug
Application seeking FDA approval for the drug candidate. Utilizing in vitro
PK/PD models in tandem with the in vivo animal models during the Preclinical
stage, specifically the pharmacology portion would facilitate better decision
making therefore eliminate a drug prior to reaching the costly clinical trials.



1.2 General Drug Development Process

The highly complex and intricate drug discovery and development process
has several levels, with each subsequent stage adding to expenses and
materials. The various stages are prediscovery, discovery, preclinical, and
clinical (Figure 1.1). The clinical stage of development, by far the most costly

and time consuming, is further broken into Phase |, Phase Il and Phase lll trials,

all of which involve human subjects.'®?

1.2.1 Drug Prediscovery

The first stage of the drug development process is drug prediscovery,
which involves focus on specific diseases, e.g., cancer, arthritis, cardiovascular,
etc. and targeting potentially active therapeutic agents. Often, the influencing
factor driving pharmaceutical research is the profit margin associated with a
successful target selection, either due to quantity of population affected or a first

world concern. Upon understanding the disease, selected drug targets are

14,15

identified by testing analogues of natural ligands' or targeting genes and

16-23

such proteins as monoclonal antibodies >*°, which have been previously

14,24

associated with a particular disease. High throughput screening, or

combinatorial chemistry,"?>%’

is another approach that analyzes thousands of
compounds in a relatively short timeframe.?®*" Any compounds that ‘hit’ are then

targeted for further studies. Another prediscovery targeting approach is



structural-based drug design, i.e., obtaining three dimensional structure through
nuclear magnetic resonance or x-ray crystallography.®**” Early in vitro studies

are also performed to determine preliminary efficacy. '*'2

1.2.2 Drug Discovery

Emerging from the prediscovery stage are approximately 5,000-10,000
target compounds. Upon obtaining a group of lead targets, the compounds are
further narrowed by optimization analysis steps identifying such parameters as
solubility, toxic effects, genotoxicity, and lack of efficacy Strategies for
optimization include preliminary in vivo studies to identify bioavailability,
metabolism byproducts, and efficacy. In vitro studies are also used to monitor
pharmacodynamic properties associated with the lead targets. During drug
discovery the initial 10,000 potential targets are reduced to approximately 250

lead targets, before being passed to preclinical stage for further analysis. "%

1.2.3 Drug Development
1.2.3.1 Preclinical

Drug candidates are prepared for human clinical trials during the
preclinical stage, which involves additional safety and efficacy studies involving
toxicology and pharmacology. Synthesis and formulations are evaluated as the
drug target is being investigated for eventual human and animal model dosing.

Toxicology studies determine the adverse effects of the drug on in vivo models



and how those adverse effects translate to humans. The toxicology studies are
conducted based on a single dosing (acute) or repeat dosing (chronic). Overall,
toxicology studies, during the preclinical stage, shape the safety parameters and
dosing regiment of future clinical studies. During the pharmacology studies, the
starting dose for human clinical trials is determined, as well as predicting the
effect that the administered drug will have in humans based upon predetermined
pharmacokinetic (PK) and pharmacodynamic (PD) profiles obtained with in vitro
and in vivo studies®. There has been a push to supplement costly in vivo studies
with in vitro models,*® as well as integrate PK and PD profiles in an effort to

increase drug discovery efficiency.”’

1.2.3.2 Pharmacodynamics

PD is the effect that the drug has on the body. Specifically, it is often
viewed as drug binding to a receptor to elicit a physiological effect (Figure 1.2).**
* Upon varying concentrations of a drug, while simultaneously monitoring the
physiological effect, the maximum response will yield an optimal concentration to
dose. PD profiles contain information that can be used to determine such
parameters as, potency (Esp), efficacy (Emax), minimum effective concentration
(MEC), and maximum effective concentration. The maximum response or
efficacy typically occurs when 100% of the receptors are bound. An exception is
when a fraction of the receptors being bound elicit the maximum response, with

the remaining receptors being referred to as spare receptors.'? Potency, or the



Effect

Concentration

Figure 1.2 Pharmacodynamic Profile and Parameters. A PD profile is
obtained by plotting the observed effect with respect concentration. Various
parameters such as efficacy and potency are obtained from PD profiles.



drug concentration at which cellular response is 50% of the maximum, is

determined at the Esp point on the PD profile.

PD profiles are primarily obtained on in vitro platforms, utilizing static flow

models.**3

For example, in a stationary environment, a given bacteria is
cultured and administered a specific dose of antibiotic, which is unable to be
manipulated. The growth of the bacterial cells in the static model, is limited by
available nutrition, space, and produced waste and can be further read about in

section 1.2.3.5 under Static Models. However, kinetics of death rate and MEC

are vital parameters obtained in PD in vitro experiments.*

1.2.3.3 Pharmacokinetics

PKs, the effect of the body on the drug,®* describe a drug’s absorption,
and subsequent distribution throughout the system, before the drug is both
metabolized and excreted from an individual (ADME; Figure 1.3).
Characterization and quantification of the ADME properties are critical for

approval of a potential drug or target.'®'?

Absorption
There are various routes in which a drug is administered to a patient, including

enteral (oral), parenteral (intravenous, subcutaneous, intramuscular), mucus



Maximum Effective Concentration

Maximum Concentration (Cmax)

Concentration

Minimum Effective Concentration

Time

Figure 1.3 Pharmacokinetic Profile and Parameters. A PK profile is
obtained by taking the concentration in plasma verse time. Various
parameters such area under the curve, absorbance rates, elimination rate
constants, half life, and maximum concentrations can be obtained with PK
profiles.
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membrane, and transdermal. Each dosing route has advantages and
disadvantages, thereby allowing the proper dosage form to be chosen. The oral
route is a simple form of dosing that is convenient and painless for the patient to
self-administer, although bioavailability (the fraction of drug absorbed into body)
may be hindered by the digestive system environment. Absorption into the body
is delayed in oral administrations, especially when compared to intravenous (1V)
dosing, which bypasses all boundaries and administers the drug directly into the

blood stream. IV dosing results in 100% bioavailability, which is defined as:

Concentration present in Circulation
Concentration Administered

Bioavailability =

Subcutaneous dosing has a relatively slow absorption rate compared to the
intramuscular injections, however, the injections are much more painful for the
patients. Transdermal administrations, are noninvasive, user friendly, and simple,
but must contain highly lipophilic properties to allow transport across cellular
membranes, which results in a very slow dosing onset."® Upon being absorbed,
the drug reaches a maximum concentration in the plasma (Cmax), a critical

parameter obtained during PK studies.

Distribution
Once the absorbed drug reaches the circulation, the drug is may be distributed

throughout the body, allowing it to reach the target tissues. Importantly, although

11



drug concentrations in the body are often reported in the plasma, this does not
directly reflect the concentration in the target tissue. Volume of distribution (Vq) is
the main parameter characterized during the distribution process. V4 determines

the extent that a drug distributes through the body and is described by:

_ [Drug]pody
d [Druglplasma

Therefore, the ratio of the concentration of the drug in the body, or dose
administered, to the concentration in the plasma yields the extent of distribution.
A higher distribution indicates that more of the target tissues have been reached.
Vg4 does not represent a physiologically relevant volume due to values of Vy4
potentially exceeding the volume of a human body. Thus, when V4 exceed that
of the total volume of blood, a greater distribution can be inferred, whereas, if V4
yields a value similar to that of the plasma it can be assumed that very little drug

has left the circulation.®°°

The distribution of a drug in the body is divided into various compartments
(Figure 1.4). In a one compartment model, the body is viewed as a single entity;
therefore, upon administering the drug it is distributed throughout the body
instantaneously. In a two compartment model, as implied by the name, the drug
is administered to a particular compartment (blood, brain, lungs, kidney, liver),

before being distributed to the second compartment(s) such as skin, muscle,

12



One Compartment

Dosing W Elimination
Central >
-

Contains Sample

Two Compartment

Peripheral

'f‘ ~ Contains Sample
1
|
1

|
|
1
|
\ 4

Dosing

W Elimination
Central J >

Figure 1.4 Schematic of a One and Two Compartment Model. Top. One
compartment model is the simplest model, where uniform, simultaneous
absorbance is assumed. Sample is located in the central compartment in
direct contact with the flow. Bottom. Two compartment model where drug is
flowed through the central compartment and out to waste. Drug transports
from the central reservoir to the peripheral compartment, which contains
sample.
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and/or fat. Additional compartments can be added to the model, however, with
each subsequent compartment the complexity of the model significantly

increases.>®

Metabolism

Metabolism of a drug often renders the drug inactive before subsequent
elimination by excretion. While several organs such as skin, lungs, kidneys, and
the gastrointestinal tract contain metabolizing enzymes, the main organ
responsible for metabolism is the liver. In general, the liver modifies the drugs
through biotransformation, which is broken down into oxidation/reduction
reactions (Phase |) and conjugation/hydrolysis reactions (Phase 11)."°° In
oxidation/reduction biotransformation the drug is modified by either an oxidation
or reduction reaction. Most drugs are oxidized through the cytochrome P450
pathway. Prodrugs such as clopidogrel (Plavix) are administered as biologically
inactive molecules, but upon being metabolized in Phase [, either through
oxidation or reduction reactions, the active form of the drug is exposed and
released back into circulation. Once the drug returns to the liver it is further
metabolized (Phase Il) to a form that facilitates excretion. Conjugation and
hydrolysis reactions are also able to trigger prodrug activation. In general,
conjugation/hydrolysis reactions hydrolyze hydrophobic molecules to increase

hydrophilicity, thereby increasing solubility and subsequent excretion. '#°°
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Excretion

Upon metabolism, drugs and their metabolites have an enhanced
hydrophilicity compared to their original states. The primary path of elimination is
through renal excretion (kidney) although there are other pathways of elimination
such as biliary excretion (bile). Elimination rate in the kidneys is contingent upon
such parameters as secretion, reabsorption, and drug filtration rates. Reduced
kidney function can hinder renal excretion and possibly lead to overdose due to

accumulation of drug. '#°°

Pharmacokinetic Parameters

The elimination portion of the PK curve, chiefly encompassing metabolism
and excretion, contains various parameters including the elimination rate
constant, clearance, and half-life. The kinetics, related to the elimination, must
first be examined before determining the aforementioned parameters. Most

drugs [D] are eliminated under first order kinetics:

Consequently, the concentration of drug that is eliminated, represented by the
elimination rate constant (k), is proportional to the concentration in the plasma
with respect to time (d[D]/dt). Therefore, graphically, a quadratic relationship is

observed for all first order elimination kinetics. The quadratic relationship proves

15



linear when imposing natural logarithmic association, with the resulting slope

being equivalent to the elimination rate constant (k):
In[D];, = —kt +1n [D],

Derived from the first order reaction equation, the natural log of the drug at a
specific time point yields a slope (k) and a y-intercept of the natural log of the
original concentration. Although less common, drugs could potentially undergo
zero order rate kinetics where the elimination rate is entirely independent of

plasma drug concentration, resulting in a linear relationship:'2°%°°

K[D],=k

The previously mentioned linear slope of the zero order reaction is equivalent to
the elimination rate constant (k). Such zero order rates are seen with alcohol

consumption.

The main parameter derived from the elimination rate constant is the half-

life (t12), or the time required for the original concentration to be reduced by 50%:

1
In(z) 0693

t =
2 Kk Kk
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The equation for determining the half-life is derived from the natural logarithmic
relationship of the first order rate reaction. In first order rate reactions, the half-
life is independent of initial concentration; therefore the half-life is constant
regardless of the starting dose of the drugs. However, in zero order rate

reactions the half-life is halved each consecutive half-life.'2-°%°¢

Another key parameter in defining the elimination of a drug is clearance.
Under first order rate kinetics, the clearance of a curve is constant and is related

to the volume of distribution and elimination rate constant, which can

subsequently be associated with the half-life:'*°°

0693 0.693+%V,

t
27k Cl

PK parameters are applied to determine the appropriate concentrations required
to reach a steady state for both single and multiple dosing (Figure 1.5). Steady
state is achieved when the amount of drug in the system is equivalent to the
amount being eliminated, while still maintaining the concentration in a therapeutic
range. An example of maintaining steady state is a patient administering an

antibiotic daily over a period of 7-10 days. A steady state is achieved after a
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// \ Therapeutic Range

Concentration

Time

Figure 1.5 Multiple Day Dosing Steady State. Example of a three day dosing PK
profiles assuming the dosing has achieved steady state.
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specific time point, resulting in the plasma concentration remaining approximately
constant. Therefore, prior to administration, a drug must undergo extensive
clinical trials to determine the various parameters described above.'?®®

Traditionally, in vivo animal models are used to obtain PK profiles prior to human

trials.

1.2.3.4 In Vivo Animal Pharmacokinetics

In vivo animal models are crucial in PK studies for predicting potential drug
dosing and side effects in humans. The animal models provide a living system
that is somewhat comparable to humans. However, PK profiles have the potential
and ultimate disadvantage of varying from that of a human due to metabolism
differences and scaling issues.’”*® Moreover, specific animal models for specific
disease types might not be available, or are extremely costly to produce. In vivo
animal experiments are costly, regardless if the animal models are readily
available. Many in vivo studies are obtained through composite or parallel
sampling, i.e., a different animal sampled at every time point on a PK profile,
which consumes large quantities of materials, time and requires high technical

skills (Figure 1.6).%"*°
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Acquire Blood Sample

Administer Drug

Concentration

Time

Figure 1.6 Schematic of Parallel or Composite In Vivo Sampling. An
example of a typical composite in vivo sampling. The drug is administered to
all animal samples. At specific time points, one animal is sampled and the
concentration of drug in the plasma determined, i.e., in the schematic, Animal
1 was sampled for time point 1, Animal 2 was sampled for time point 2, etc.
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1.2.3.5 In Vitro Pharmacokinetics

Although in vivo studies yield valuable PK information, the associated
material and costs have resulted in these studies being complimented with in
vitro studies since the 1960’s.*>*%®" While in vivo studies are irreplaceable, in
vitro studies have a multitude of advantages, including enhanced control over
variables, wider dosing range, and sizeable variety of cellular additions. In vitro
studies are not without disadvantages though, such as the general design and
set-up being an oversimplification of in vivo systems. Thus, such in vitro systems
are often lacking variables present in a living system. These missing variables
may include an immune system, dynamic temperatures, cellular growth rate,
experimental time versus therapy time, distribution of the drug, and protein
binding. Attempting to address the aforementioned limitations of an in vitro set-
up results in an increasingly complex model. The simplicity of in vitro set-ups can
be saved when coupling in vitro studies with in vivo animal models, thereby
increasing efficiency while reducing materials and cost. Three in vitro models, in
increasing complexity are static, dynamic, and diffusion dynamic models. The
models are identified based on the environment to which the sample is exposed,

as well as how the dosing is achieved.*>>"%?
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Static In Vitro Model

Sample

Dilution Based Dynamic
In Vitro Model

Drug Sample |waste/Sample

Diffusion Based Dynamic
In Vitro Model

Waste

Figure 1.7 Various types of Pharmacokinetic and Pharmacodynamics In
Vitro Models. Top. Static in vitro model where a sample is in a constant
environment and dosed. Drug concentration is not able to be manipulated.
Middle. The dilution based in vitro model introduces flow into the sample
reservoir to manipulate concentration but sample is lost. Bottom. In a diffusion
based in vitro model the sample is conserved by isolating from the flow.
Analyte diffuses to the sample compartment from the central compartment
while toxic metabolites, produced by the sample simultaneously diffuses into
the flow where is goes to waste.
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Static Models

Static models are traditionally utilized in PD studies, but will be described here in
order to describe in vitro classifications together. Static models, the simplest in
vitro model, are used to describe a constant environment, mimicking that of an
intravenous dosing (Figure 1.7). Samples such as bacteria or cells are exposed
to a fixed dose of drug administered directly to the sample.***® Within static
studies, the sample may be constrained in such containers as cell culture
flasks,®® spinner flasks,®* tubes,®>®® and flasks.**®" While valuable parameters,
such as minimum effective concentration or minimum bactericidal concentration
are obtained, the growth of the bacteria is limited by the media present, build up
of waste, aeration, and space. Differentiating the effect of the drug from that of
the static environment can be a challenge in these studies. Another limitation of
constant dosing that does not mimic the manipulation of dosing observed in vivo

is the presence of flow that occurs in the circulation.>’:%267:68

Dilution-Based Dynamic Models

The concentration of drug in an in vitro system is able to be manipulated
with the introduction of flow. Dilution-based dynamic in vitro models are a one
compartment model (see section 1.2.3.1.2 under Distribution), where the sample
is in direct contact with flow (Figure 1.7). For example, in a dilution based
dynamic in vitro model lacking a filter, samples are added to a fixed-volume flask

containing concentrated drug. Drug-free media is subsequently added to the
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flask, essentially diluting the concentration of drug exposed to the sample,
therefore mimicking an elimination of drug from the body.>”®* Various models
dose the drug in either stepwise or continuous dilutions. Stepwise dilutions
result in the dilution of drug and direct loss of sample, as media is removed at the

same time fresh media is added.®® Continuous dilution models’®%?

not only dilute
the drug, but also result in a dilution of the sample creating bias. Although this
bias can be corrected through mathematical projections, error is still possible due
to complexities involved with growth of biofilms™* and changes in growth

rates.®”%?

Dilution-based dynamic in vitro models, upon incorporating a filter, allows
the conservation of sample, in the reservoir.*”%4728388 The filter contains the
sample in the flask throughout dilution steps, while a stir bar keeps the sample
from clogging the filter membrane. As drug-infused media is added to the flask,
sample-free media is continuously drawn out of the flask. PK profiles are
obtained through the simple dilution steps, while conserving the sample
throughout the dosing and dilutions. Dilution based dynamic models lacking
filters can operate in either a stepwise or continuous manner that is dependent
upon the setup. A potential limitation with filter dilution based dynamic model is

blockage of the filter from sample as flow rates are increased.®’:%
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Diffusion-Based Dynamic Models

The third type of PK model is a diffusion-based dynamic model, also
known as a dialysis model, which is modeled after a closed system, two
compartment model (see section 1.2.3.1.2 under Distribution). This model
houses the sample in a compartment isolated from direct flow by a porous

|89-97

membrane (Figure 1.7). The membranes are classified as either artificia or

natural membranes.%® %2

Artificial membranes are simply porous filters of
synthetic materials such as polycarbonate or polyester, whereas natural
membranes have adhered cells cultured on the artificial membranes. Natural
membranes study the diffusion of drugs across an intracellular barrier. The
general concept of the two membrane varieties are similar with the passive
diffusion of drug from the channel into a sample compartment while toxic
metabolites produced by the sample can simultaneously diffuse back into the
flow compartment and out to waste. The sample is conserved, and due to the
diffusion-based dosing the limitation of membrane blockage is averted. Typically,
media containing high concentrations of drug, is initially flowed through the
central compartment, allowing the drug to diffuse into the sample compartment.
The flow of the drug-infused media continues until the sample compartment has
reached a concentration similar to those obtained in vivo. Once the desired

concentration in the sample compartment has been reached, drug-free media is

introduced into the flow chamber, essentially reversing the concentration gradient,
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and allowing the drug to diffuse back into the flow compartment and

subsequently out to waste, thereby mimicking elimination.**%2

An example of a diffusion-based dynamic in vitro PK model utilized in
industry is the hollow fiber chamber reactor (HFCR).”"'%'% The HFCR is
comprised of a cartridge containing thousands of porous capillaries. Samples
are seeded in the sterile extra capillary space. Drug, fresh media, and nutrients
are flowed through the porous capillaries, thereby allowing diffusion into the extra
capillary space to dose the samples, while waste created by the samples diffuses
into the capillaries. While this model conserves sample during the dosing process,
large volumes of drug and media are consumed in the process. The large
volume of drug becomes problematic when the drug has a challenging or costly
synthesis. Also, samples seeded in the extra capillary space are not able to be
accessed once the cartridges have been sealed, resulting in the cartridges being
essentially single use due to the sterilization concerns and reductions in. This
lack of reusability, and the low throughput significantly add to the expensive set
up. Other limiting factors are drugs binding to the porous capillaries, membrane
blockage, and sampling from the sampling chamber containing sample to

determine actual concentrations.**%2

PK and PD detection are able to be coupled, on an in vitro platform, in

order determine the efficacy in response to a specific dosage scheme. Monitoring
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these two pharmacological factors would increase efficiency by allowing more

informed decisions toward the target in question.

Upon completion of the preclinical stage, an Investigational New Drug Application
(IND) is submitted to the FDA for approval for the drug to continue on to clinical
12,13

trials. The IND is essentially a summary of all preceding stages and studies.

Without approval of the IND, a drug is not able to proceed to clinical trials.

1.2.3.6 Clinical Trials

At the point that a drug is approved for clinical trials, i.e., the first time
humans are dosed, the target compounds have been further reduced to
approximately five. Clinical trials encompass 50-70% of the drug discovery and
development cost, while the timeframe associated with clinical trials is on the
order of 6-7 years. The drug discovery and preclinical steps, combined, are

approximately 3-6 years before being passed to the clinical stage (Figure

1.1 )-12,13,109

Phase |

A small group consisting of 20-100 healthy patients are dosed in Phase |
trials to observe potential side effects with dose. The dose administered to
humans will have been previously determined with in vivo animal models during

the preclinical stage.'” Safety due to toxicity, adverse effects, and kinetics in the
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human body are the main focus points in Phase | trials. Approximately 40% of

drugs that enter phase | end up undergoing attrition.®

Phase Il

Phase Il involves a larger study group, typically exceeding 200 participants,
in which patients with the disease are dosed at random with placebos or actual
dosing determined in Phase |. Studies can be single (patient does not know if
they have been given the actual drug or a placebo) or double blinded (the patient
and doctor are both unaware). Additional information on safety, efficacy, and
side effects obtained in Phase Il assists in designing future Phase Ill trials.'®

Approximately 62% of drugs that passed Phase | do not pass Phase I1.°

Phase Il

Phase Il trials are very similar to Phase |l trials, but a patient population
between 1000-5000 individuals is studied. Similar concepts involving placebos,
dosing, and double-blinded studies are employed with various parameters being
monitored. Dosing used in Phase Il is determined from observations made in
Phase Il, as a result of the safety and efficacy studies. The failure rate in Phase
Il is 40%.° Upon completion of Phase Ill studies, a drug can be submitted for
approval as a New Drug Application (NDA) to the FDA where all results from
preceding stages are reviewed. The review process could potentially take up to

two years. Additional studies involving a “Phase IV’ and Post Market

28



Surveillance, could possibly be needed and is dependent upon reviews from the

NDA."®'® A fourth of the drugs that reach the review process undergo attrition.°

1.3 Microfluidic Applications

Thus far the drug discovery and development process has been examined
in depth. Specifically highlighted is the inefficiency, and high cost associated with
bringing a drug to market.>* Research improvements, such as high throughput
screening, have the potential to increase efficiency in identifying potential targets,
although increased number of drug approvals has yet to be realized. Downsizing
and developing high throughput dynamic diffusion in vitro PK models, based on
the concept of existing in vitro setups, is another area in which efficiency can be
increased. Microfluidics offer an attractive downsizing platform to reduce volume

101 The terms

consumption of the diffusion based dynamic in vitro platforms.
‘Body on a Chip’ and ‘Organ on a Chip’ have been frequently used to describe
microfluidic devices that merge varying cell types in different compartments,
similar to the multi-compartment model, which more closely represents an in vivo

environment. 2117

The aforementioned models utilized PK and PD profiling
(PK/PD) monitored in tandem. However, as the models include additional

compartments, the complexity increases significantly.
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1.3.1 Pharmacokinetic/Pharmacodynamic Microfluidic Platforms
Multiple microfluidic platforms have been reported in pharmacological
models comprised of various materials such as, Plexiglass,'”® polydimethyl

123,124

siloxane (PDMS),'">119122  nolystyrene, three dimensional printed

125126 5r combinations of the aforementioned materials.'" Specifically,

acrylates
Sung et al. fabricated a PK/PD microfluidic model, containing multiple layers of
PDMS, Plexiglass and polystyrene, which incorporated multiple compartments
consisting of tissue representing liver, tumor, and marrow."'?'?”  Another ‘organ
on a chip’ PDMS based PK/PD microfluidic device fabricated by Huh et al. was
modeled after alveolar-capillary interface of a human lung.""® Lockwood et al.,
although not marketed as a PK/PD device, used a two compartment PDMS
based microfluidic device which, upon dosing red blood cells with the sickle cell
drug hydroxyurea, enabled the monitoring of the PD response of endothelial cells

adhered to a detection well.'?°

The microfluidic scale offers the unique
opportunity to observe and monitor various cell types in spatially relevant
proximities. However, as in all cases of microfluidic PK/PD devices, such drastic
reductions in volume are not necessary. Even reducing volumes to a milifluidic
scale would result in significant improvements in volume consumption. Potential
limitations associated with microfluidics are a lack of automation, skilled
technicians for fabrication and use, impact of materials on adhered cells, as well

111,112,128,129

as, subsequent shear forces. The lack of automation is one of many

reasons microfluidics have not been regularly employed by the pharmaceutical
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industry. Established and existing automated infrastructure, e.g., auto samplers,
plate readers, and robotics, demands that any new technologies conform to such
equipment.  Pharmaceutical companies would have to make a significant

commitment financially to utilize microfluidics in their current state."’

Polystyrene/PDMS based microfluidic devices have been reported to be
amenable to automation and are more rigid than PDMS based devices; however,
fabrication was still highly technical and labor intensive.'®*'?*  Furthermore, the
polystyrene/PDMS device was not specifically utilized for PK/PD experimentation.
The devices were modeled after a 96 well plate, thereby adding amenability to
automation, such as a conventional plate reader. However, the trained technical
skills required, as well as the high risk of device failure make the gap associated

with the jump to industry challenging.

3D printing has the potential to bridge the aforementioned gap into

industry.'®

3D printed devices, Anderson et al., offer a rigid, reusable two
compartment PK/PD platforms that would alleviate limitations associated with
traditional microfluidics, i.e., lack of automation, skilled technicians, and
reusability.’® 3D printing allows flexibility with device design, thereby integration
with commercial fittings, as well as, modeling after 96 or 24 well plates merges

milifluidic technologies with automation such as plate readers, auto samplers,

robotics, etc. Again, limitations such as material biocompatibility also plague 3D
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printed fabricated devices. Also, current resolutions hinder the channel sizes to
the milifluidic scale however although the scale size is larger than the microfluidic

models the change in volume scale is not a deterring factor.

In the following chapters, both PDMS and 3D printed devices will be
explored and utilized for two compartment PK/PD modeling. Chapter 2 describes
the experimental design and set up of the aforementioned Lockwood et al. device
that was not marketed toward a PK/PD model, however in hindsight, the device is
a rudimentary two compartment PK/PD set up. The dosing of the sickle cell drug,
hydroxyurea to the red blood cell, a PK response, and the subsequent release of
ATP in response to mechanical deformation while flowing through the microfluidic
device channels, stimulates a nitric oxide production, a PD response, in
endothelial cells, which is detected using an intracellular probe. The third chapter
uses a prototype, comparable to the PDMS device used in Chapter 2, for specific
PK characterization. While limitations previously mentioned, corresponding to
PDMS based microfluidics, ultimately compromised this device layout and lead to
the 3D printed diffusion based dynamic PK/PD device characterized in Chapter 4.
Chapter 5 explores future uses, e.g., dosing spheroids with for chemotherapeutic
agents, dosing E. coli over multiple days, with the 3D printed diffusion based

dynamic in vitro PK/PD device with capabilities of natural or artificial membranes.
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UTILIZING POLYDIMETHYL-SILOXANE BASED MICROFLUIDIC DEVICES
FOR ANALYSIS OF ENDOTHELIUM-DERIVED NITRIC OXIDE PRODUCTION
STIMULATED BY ADENOSINE TRIPHOSPHATE RELEASED FROM RED

BLOOD CELLS INCUBATED WITH HYDROXYUREA

2.1 Red Blood Cells and the Vascular System

Red blood cells (RBCs) are the oxygen delivery component of the whole
blood matrix, which comprise approximately 5-6 L in an adult human. The matrix
consists of approximately 45% RBCs, platelets, and leukocytes. The remaining
55% of matrix is made up of the plasma, which contains water, glucose, proteins,
electrolytes, clotting factors and hormones.! The biconcave disc shape (6-8 ym
diameter) of the RBC allows the maximum surface area per volume, thereby
reducing the time required for oxygen to leave the cell by diffusion. The absence
of nuclei and organelles in RBCs is yet another modification that enhances the
efficiency of the RBC to carry oxygen, by allowing large quantities of hemoglobin
(2.7 x 10° hemoglobin/RBC), an oxygen carrying protein. In humans, hemoglobin
is comprised of 4 subunits (2 a globin and 2 B globin chains), which bind up to
four oxygen molecules in the lungs and delivers the oxygen throughout the
vascular system to tissues.? Resistance vessels (capillaries, arterioles) that ferry

the oxygen-laden RBCs throughout the body are lined with a monolayer of
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Figure 2.1 Proposed Sources of Nitric Oxide in Resistance Vessels, as well
as, Adenosine Triphosphate Elicited Nitric Oxide Production in Endothelial
Cells. Cross section of a resistance vessel (Left), showing only endothelial cells,
RBC, and smooth muscle cells. Zoomed in version (Top Right) shows potential
sources of NO in the vascular system; NO produced from RBC or the
subsequent RBC derived ATP stimulation of NO production in endothelial cells.

The ATP elicited NO synthesis is further depicted on bottom left.

the purinergic receptor, P2y, which allows an influx of calcium ion into the cell,
thereby stimulating e-NOS to convert L-arginine to L-citrulline.
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endothelial cells. Surrounding this endothelial layer are the smooth muscle cells,
which act to mediate resistance vessel diameter upon stimulation by the
endothelium derived relaxation factor, nitric oxide (NO; Figure 2.1). NO has
several potential sources, but RBC-derived adenosine triphosphate (ATP) is a

main stimulus.

2.1.1 Red Blood Cell-Derived Adenosine Triphosphate

RBCs produce millimolar concentrations of adenosine triphosphate (ATP)*
through anaerobic glycolysis, due to the absence of mitochondria, thus impairing
oxidative glycolysis.* ATP can be released from RBCs in response to a variety of
different factors such as hypoxia,>® pH,” mechanical deformation (shear stress),®

1415 jloprost, ).

2 or small peptides,’® and pharmaceutical agents (hydroxyurea,
Shear stress has been linked to endothelium NO production,’” and the ensuing
vasodilation, although Sprague et al. made the first connection requiring RBCs to

be present for NO production.’® Subsequent data supported the role of RBC-

derived ATP in stimulating the P2y purinergic receptor on endothelial cells.®

When the RBC encounters mechanical deformation, the ATP release
mechanism begins with the receptor-mediated activation of G protein.”® The
protein subtypes, Ggos and Gg then stimulate adenylyl cyclase, which converts

ATP to 3-5 cyclic adenosine monophosphate (cAMP).?*?"  The cascade
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Figure 2.2 Proposed Signal Transduction Mechanism for Red Blood Cell
Release of Adenosine Triphosphate in Response to Stimuli. GPCR
activates the G protein in response to a conformation. The G protein
subsequently triggers AC, which produces cAMP. PKA is activated by cAMP,
which then phosphorylates the CFTR. ATP is then release but the remainder of
the mechanism, whether the CFTR or another unidentified channel is
responsible, is unknown
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continues with protein kinase A (PKA) activation and subsequent phosphorylation
of the cystic fibrosis transmembrane conductance regulator protein (CTFR).'%%%22
Upon phosphorylation of CTFR, ATP is released, although the exact mechanism

is still unknown (Figure 2.2).

2.1.2 Mechanism of Nitric Oxide Stimulation

The aforementioned RBC-derived ATP, upon release, diffuses to the
endothelium monolayer lining the resistance vessels, where it binds to Pay
purinergic receptors. Once activated, the receptor allows an influx of calcium
ions into the endothelial cell. Calcium, along with oxygen and NADPH, are
cofactors needed for NO production by the endothelial nitric oxide synthase (e-
NOS) enzyme. NO is formed upon the conversion of L-arginine to L-citrulline,
where due to the small molecule’s rapid diffusion (3,300-3,800 pm?/s) and
hydrophobicity, it easily passes through endothelial cell membranes to the
smooth muscle layer, thus affecting vascular tone.

RBCs also contain e-NOS and are thus capable of producing NO. RBCs
are capable of releasing NO in response to hypoxic conditions, however there
exists conflicting hypotheses as to the source of the NO, primarily due to the
relatively short half-life*® of NO.?*?” For RBC-elicited NO to play a role in
vasodilation, it must first diffuse to and cross the endothelial layer to reach the

smooth muscle cells. The environment, through which it is diffusing, contains
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hemoglobin and other oxidizing agents that would likely scavenge NO or change

its form through redox chemistry.

2.2 Sickle Cell Disease

Sickle cell disease (SCD) is an autosomal recessive genetic blood disorder
that primarily affects individuals of African descent.”® While the exact number of
infected individuals in the United States is unknown, it is estimated that 100,000
people have SCD.? This disease is caused by a single polymorphism mutation of
an adenine to a thymine, subsequently resulting in the substitution of a glutamate

to a valine on the B subunit of the new hemoglobin (HbSS). %%

Upon
deoxygenenation, the mutated hemoglobin will begin to polymerize.
Polymerization is reversible if the RBC is reoxygenated before a crucial threshold
time.*® The polymerization of HbSS into long fibers causes the affected RBC to
become rigid and deform into a ‘sickled’ shape. It is this rigid shape and ensuing
lack of deformation in RBCs that result in vaso-occlusive crises for patients with
SCD. Vaso-occlusive crises have a multitude of effects ranging from pain, organ
damage, stroke, and acute chest syndrome.** Anemia is an added symptom of
SCD patients, owing to the reduced life span of sickled RBCs from 120 days for
healthy RBCs to 16 days for sickled cells. These cells experience premature
lysis due to decreased deformation.>®® Additionally, the sickled RBCs

accumulate along the endothelium due to increased adhesiveness of the RBCs.

The aforementioned accumulation can cause damage to the endothelial layers of
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the vascular system, which subsequently activates platelets and potentially leads

to such medical complications as stroke, clotting, or pulmonary hypertension.®’

2.2.1 Use of Hydroxyurea as a Sickle Cell Disease Treatment
The only FDA approved drug for the treatment of SCD is hydroxyurea
(HU). While the mechanism of action is still unknown, is it generally accepted

3840 results in an increase in fetal

that HU, a ribonucleotide reductase inhibitor,
hemoglobin (HbF) in RBCs.*"* The sickle hemoglobin has shown increased
polymerization delay time (a reduction in sickling) in the presence of elevated
levels of HbF.***® However, increased levels of HbF are not observed in patients
who take HU for at least 4 weeks to 6 months after dosing, which does not
explain the immediate relief reported by patients. Also, the beneficial effects are
not uniformly reported through the adult population.*® HU has been reported to
result in overall improved blood flow, in accordance with the well-documented
relationship of HU and the vasodilator, NO.°>*®  The endothelial derived
relaxation factor,”” NO, potentially works to dilate blood vessels in SCD patients
to allow the sickling RBCs to return to the lungs faster, thus becoming

oxygenated before the polymerization of the deoxygenated hemoglobin becomes

permanent.

HU’s impact on the deformability of RBCs has been the focus of several

conflicting reports, although the studies in question should not have been
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controversial when considering that each study used varying concentrations of
HU per RBC.***® Previously, our group reported that incubation of rabbit RBCs
over a wide range of HU concentrations resulted in an increase in the amount of
ATP release. Furthermore, the response to mechanical deformation was
dependent upon the concentration of HU. As the concentration of HU increased,
the ATP increased until it reached a maximum before a subsequent decrease in
ATP as the HU concentrations continued to increase. Moreover, inhibiting e-
NOS in RBCs resulted in the return of ATP release to basal levels, indicating a

link between ATP release and the e-NOS stimulated NO."

2.3 Utilizing Microfluidics for Investigating In Vitro Cell to Cell Interactions
Microfluidics offer the unique ability to spatially represent such in vivo
conditions such as dynamic flow in channels that approximate blood vessels.
Assays analyzing single cell types on microfluidic platforms have been well
documented,®®®® however, the incorporation of a detection well isolated from a

d.%*%"  The detection well has

channel by a porous membrane has been limite
the added benefit of separating the analyte of interest from the complex matrix in

the channel (RBC containing hemoglobin).

A drawback of traditional microfluidics is the lack of integration with high

throughput automation equipment such as plate readers, robotics, and auto

samplers, ultimately limiting microfluidics expansion into industrial settings. Two
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polydimethyl siloxane (PDMS) based microfluidic devices, used to facilitate the
assay of endothelium derived NO release, are compared in this chapter. The
experimental set up and reagents are identical for both designs with the
difference lying in the detection schemes. The first is a conventional, time
intensive, macroscope-fluorescence detection scheme where each individual
detection well is imaged several times for cellular count, background, and NO
signal. The second microfluidic device was modeled after a 96 well plate,
therefore all detection wells were able to be simultaneously detected using a high

throughput plate reader, resulting in a significant reduction in time of analysis.'

2.4 Adenosine Triphosphate Release in Hydroxyurea Incubated Human
Red Blood Cells

ATP release from human RBCs, incubated in various concentrations of
HU, has been reported using the exact PDMS based microfluidic device design
used in the plate reader set up described later in section 2.5.4.2. The results for
ATP release from human RBCs incubated in HU were similar to those reported
for rabbit RBCs incubated in similar concentrations of HU. A concentration of
100 pM HU resulted in the highest ATP release from the RBCs (2.06 + 0.37 fold).
Concentrations less than or greater than 100 mM resulted in less RBC released

ATP.
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The use of ATP release inhibitors such as diamide and glybenclamide
provided evidence that measured extracellular ATP was not due to cell lysis. The
role of RBC-derived NO was found to play a critical role in the ATP release.
Incubation of RBCs with L-N®-Nitroarginine methyl ester (L-NAME), an e-NOS
inhibitor, reduced ATP release to basal levels. ATP, when released in the

vascular system, stimulates the endothelium to produce NO.

The cell to cell communication, i.e., RBC-derived ATP stimulating NO
produced from endothelial cells, is mimicked in the in vitro microfluidic device. In
short, RBCs, upon being incubated with the optimal concentration of HU, release
ATP through mechanical deformation. The aforementioned ATP diffuses from
the channel, through a porous polycarbonate membrane where it stimulates NO

production in the endothelial cells.

2.5 Experimental
2.5.1 Materials and Methods
2.5.1.1 Fabrication of Master

The silicon wafers used in master fabrication have photocured resin that
serve as molds for the polydimethyl siloxane (PDMS) devices. Before
photocuring, the silicon wafers are cleaned with acetone, isopropanol and water,
respectively. A piranha solution (2:1 sulfuric acid, 30% (w/w) hydrogen peroxide)

was prepared to soak the silicon wafer overnight at 95 °C for a thorough clean.
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Upon cooling to room temperature, the silicon wafer was removed from the

corrosive acid before rinsing with deionized water and isopropanol.

Once cleaned, the wafer was ready to be prepared for fabrication of the
master (Figure 2.3). The wafer was heated for 1 hour at 200 °C to allow for
dehydration of the silanol groups. After the wafer had cooled, it was spin coated
with SU-8-50 photoresist. A 50 mL syringe was filled with SU-8-50 and allowed
to rest overnight to allow for degassing. The height of the features is dependent
upon the uniformity of the layer of SU-8-50 achieved during the spin coat process.
For example, to achieve 100 ym features, the wafer is accelerated at 100 rpm/s
to 500 rpm for 15 seconds before being further accelerated at 300 rpm/s until
ultimately reaching 1000 rpm, where the rpm were held for 30 seconds. Post
spin coating, the SU-8-50 coated wafer is prebaked at 95 °C for 15 minutes to
evaporate excess solvent. Once cooled, a transparent mask also referred to as a
negative, which contains the desired features, is positioned above the wafer prior
to curing by exposure to UV light. Current masks used for fabrication of masters
are printed on conventional plastic transparencies by a laser printer. The ease
and cost associated with using the laser printed transparencies are a significant
enhancement over the time consuming and costly traditional masks. However, a
critical limitation when using the laser printers for mask fabrication is reduced

resolution of the mask features. Also, the printed portion of the transparency
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Figure 2.3 Silicon Master and Polydimethyl Siloxane based device
Fabrication.  Silicon master fabrication (Top) involves spin coating SU-8
photoresist, applying a transparent mask with printed features and exposing a
UV light source for an allotted amount of time. Upon removing the excess
photoresist cured features are revealed. The completed master is then coved
with degassed (Bottom) PDMS and baked to cure, before being pealed off the
master.
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must be traced with a black marker to guarantee further blockage of UV light.
CorelDraw was used to create the precise designs for the transparency masks.
Upon laying the mask over the uncured photoresist, a mercury arc lamp (< 375
nm) was used to expose the mask/wafer to UV light. Any photoresist exposed to
the UV light was cured by activation of a polymerized crosslinking process. An
exposure control system, which has a detector in the light source, controls the
exact UV dosing received by the wafer through an automatic shutter. Once the
UV source was automatically turned off, the mask was removed from the wafer
and the wafer returned to the hot plate for a post baking step for 15 min at 90 °C
to complete the crosslinking process. A developing step, soaking the wafer in
propylene glycol monomethyl ether acetate, follows the post baking step to
remove any excess or uncured photoresist. If a laser jet printed transparency is
used, additional developing steps could be required, such as using a fine brush
to scrub the master with the solvent in SU-8-50 gamma-butylrolactone (GBR).
Upon removing all excess photoresist, a final washing step of acetone and

isopropanol was performed to complete the master fabrication.

2.5.1.2 Polydimethyl Siloxane (PDMS) Device Fabrication
Using the master fabricated in section 2.5.1.1, PDMS slabs were prepared
for both sides of a microfluidic device (Figure 2.3). Both PDMS based devices,

utilized for the macroscope detection platform (Figure 2.4), as well as the plate
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Figure 2.4 Macroscope Fluorescence Microfluidic Device Schematic,
Cross Section and Actual Image. Schematic (Top) shows the layout for the
PDMS based microfluidic device as well as a cross section of the device with
RBCs flowing through the channel and endothelial cells culturing in the
detection well. ATP, released from the RBCs, diffuses across the porous
polycarbonate layer where it stimulated NO production from the endothelial
cells. Subsequent fluorescence detection was observed using a macroscope.
An actual image of the PDMS based microfluidic device (Bottom, 4 inch
diameter) utilized.
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reader detection scheme (Figure 2.5) were fabricated in the following manner.
PDMS, Dow Corning’s Sylgard 184 Elastomer (Ellsworth Adhesives,
Germantown, WI) can be prepared in a variety of different concentrations to elicit
the desired the rigidity of cured PDMS. In this study, 10 g each of 5:1 and 20:1
PDMS (w/w) to curing agent were prepared, thoroughly mixed, and degassed.
The 20:1 mixture was poured over the channels of the positive feature master, as
well as the center of a blank master. The masters were heated for 11 min at
75 °C to allow for the PDMS to cure. Once removed from the heat, the 5:1
mixture was then poured over the entire wafer. A 5:1 mixture is much more rigid
than the 20:1 mixture, thereby offering stability to the PDMS slabs. The curing
process was then repeated at 75 °C for 11 min. Post curing, the PDMS was
removed from the silicon masters and inlets were made in the PDMS slabs
containing features by punching the ends of channels with 20 gauge steel tubing.
Excess PDMS plugs were removed from the inlets using forceps. Wells were
produced into the blank slab of PDMS using a % inch hollow punch with a
channel guide to allow for proper alignment. After both slabs were prepared, a
piece of porous polycarbonate membrane having 0.6 ym diameter pores, was
carefully flattened over the channels (20:1 face up). The well slab was then
positioned above the channel/polycarbonate (20:1 face down) to allow for
alignment of wells and channels. The device, as a whole, was then reversibly

sealed together at 75 °C for 15 min.
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Figure 2.5 Plate Reader Fluorescence Microfluidic Device Schematic, Cross
Section and Actual Image. Schematic (Top Right) shows the layout for the PDMS
based microfluidic device. An actual image of the PDMS based microfluidic device
(Bottom, 4 inch diameter) utilized.  Cross section of the device (Bottom) showing
ERYs flowing through the channel and endothelial cells culturing in the detection well.
ATP, released from the ERYs, diffuses across the porous polycarbonate layer where
NO production is stimulated from the endothelial cells. Subsequent fluorescence
detection was observed using a plate reader and a modified 96 well plate.
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2.5.1.3 Preparation of Regents
Collection and Purification of Human Red Blood Cells

Human whole blood was collected by venipuncture and RBCs were
isolated by centrifuging the whole blood at 500g for 10 min at 20 °C. The plasma
and buffy coat were removed by aspiration and the remaining RBCs were
washed multiple times in a physiological salt solution (PSS; 1.2 mM magnesium
sulfate, 2.0 mM calcium chloride, 4.7 mM potassium chloride, 5.6 mM glucose,
21.0 mM tris (hydroxymethyl) aminomethane, 140.5 mM sodium chloride in 5%
bovine serum albumin, adjusted to a pH of 7.4). All samples were measured
within 8 hours of harvesting from consenting donors. The hematocrit of the
washed RBCs was determined to allow samples to be diluted to 7% RBCs with
the PSS. For certain studies, calcium®* free PSS was used during the RBC

washing steps and diluted to a 7% RBC-containing solution.

Immobilizing Endothelial Cells in Wells

A 10 pL solution of fibronectin (100 uM, Sigma, St. Louis, MO) was added
to the detector well and allowed to evaporate. Upon evaporation, the device was
exposed to a UV light (15 min) to sterilize the well contents. A 10 pL suspension
of bovine pulmonary artery endothelial cells (bPAECs) in endothelial growth
media (EGM, Caisson Laboratories Inc., North Logan, UT) was added to wells

and the device was incubated at 37 °C. The EGM was replaced in the detector
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wells every 2 h. After 12 h, confluent cells could be observed in the wells using a

Hoechst 33342 DNA and nuclei stain (excitation 346/emission 497).

2.5.2 Fluorescence Determination of Nitric Oxide Released from
Endothelial Cells
2.5.2.1 Macroscope Fluorescence Detection

The HU incubated RBCs were flowed through the device at 6 puL/min for
30 minutes at 37 ° using fused silica capillaries to connect the syringes to the
microfluidic device (Figure 2.6). First, confluency of bPAECs in the microfluidic
device was validated by observing fluorescence from bPAECs, which were
incubated with Hoechst 33342 stain, using a DAPI filter (ex: 340-380 nm/em:
435-485 nm) on an Olympus MVX10 macroscope (Olympus America, Melville,
NY). Fluorescence intensities in the wells were averaged using MicroSuite
Biological Suite software (Olympus America, Melville, NY). Due to the variation
in number of cells per well, the fluorescence measured for Hoechst 33342 stain is

required to enable NO analysis to be normalized per cell (Figure 2.7).

NO was detected with the extracellular fluorescent probe
diaminodifluorofluorescein (DAF-FM, excitation: 495 nm/emission: 515 nm,
Invitrogen, Eugene, OR). A 10 pL aliquot of 50 uM DAF-FM was pipetted into the

wells, followed by the initiation of flow through the device channels. The amount
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Figure 2.6 Experimental Set Up for All Microfluidic Devices. RBC samples were
delivered to the devices by syringe pumps (6 pL/min) and fused silica capillary tubing
(50 umi.d.). Oven was kept at 37 °C throughout the duration of the experiment.
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of NO released from the endothelial cells is proportional to the measured
fluorescence signal. Fluorescence images of wells loaded with DAF-FM prior to
flowing samples were obtained using a FITC filter cube (ex: 465-495 nm/em:
515-555 nm). The RBC samples were incubated for 30 minutes with various
concentrations of HU and introduced to the channels of the microfluidic device at

a flow rate of 6 uL/min (Figure 2.6).

A 2 mM hydroxyurea working solution was prepared by adding 10 mL of
PSS to 1.6 mg of HU. During the incubation, inhibitors such as pyridoxal
phosphate 6-azo (benzene — 2’,4’ — disulfonic acid) (PPADS, Sigma, St. Louis,
MO) and L-N®-Nitroarginine methyl ester (L-NAME, Cayman Chemical Company,
Ann Arbor, MI) could be added to the wells of the microfluidic device or to the
RBCs. PPADS, a purinergic receptor inhibitor used to inhibit ATP binding to the
bPAECs, was added (10 pL) only to the wells containing the bPAECs; a 10 mM
solution of PPADS was used as the working concentration. A 5 mM L-NAME
stock solution was prepared by adding 5 mL of DDW to 6.7 mg of L-NAME with

10 plL aliquots being added to the detection well.

After 30 minutes of flow through the device channels, the final fluorescence

intensity was obtained, allowing calculation of change in fluorescence (Figure

2.7). Specific wells were assigned to be control wells, where no sample was
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Figure 2.7 Macroscope and Florescent Images of Confluent Cells and
DAF-FM. Image of macroscope (Left) used for fluorescence detection.
Confluent cells (Top Right) stained with Hoechst 33342 dye. Fluorescence of
DAF-FM in same detection well, post RBC flow.
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introduced to the channels. The change in fluorescence from the control wells
was averaged and added to the final fluorescence intensity to act as a correction
factor. The change in fluorescence for each sample was normalized to the
change in fluorescence for the 7% RBC control sample. There were three total
fluorescence images taken per well, to account for cell count, background, and
experimental fluorescence. There were 48 wells per device, thus totaling 144
images. As surmised, the detection procedure becomes timely (approximately 5

hours) and tedious, thus providing motivation for alternative methods of detection.

2.5.4.2 Plate Reader Fluorescence Detection

Procedures and reagents were prepared as described in section 2.3.4.2. The
RBC samples were incubated for 30 minutes at 37 °C and subsequently, through
the use of syringes and fused silica capillaries, the samples were introduced to
the channels of the microfluidic device at a flow rate of 6 uL/min (Figure 2.6). As
previously described (section 2.5.41) inhibitors could be added to either the
microfluidic device or the RBCs during the incubation period. Throughout the 30
minutes of sample flow through the capillaries and device, the microfluidic chip
was maintained in a closed 37 °C environment. A 10 uL solution of 50 uM DAF-
FM was pipetted onto the detection well and sample flow was started. The
amount of NO released from the bPAEC cells is proportional to the fluorescence

signal measured in the plate reader. A 96 well plate was modified by removing
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Figure 2.8 Progression of Layout for Integrating the PDMS Microfluidic
Device with a High Throughput Plate Reader. Top Right: Glass Plate,
notched at the top by the glass shop, filled bottom of plate reader 96 well plate
holder. Top Left: Post flow, device is lined up on glass plate. Bottom Left:
Modified 96 well plate is positioned above microfluidic device. The bottoms of
wells in row 6 and 9 were removed to allow for fluorescence measurements.
Bottom Right: Top view of the modified plate with microfluidic device positioned
underneath.
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the bottoms on select rows and positioned above the detector wells. The device
was mounted on a glass plate whose dimensions were that of a 96 well plate. In
a matter of seconds the florescence was determined for the all 16 detection wells
(Figure 2.8). A background correction was performed to negate any native

fluorescence from the DAF-FM.

2.6 Results and Discussion
2.6.1 Macroscope Fluorescence Detection of Endothelium Nitric Oxide
Stimulated from Red Blood Cell-Derived Adenosine Triphosphate

Initial studies confirmed that RBCs, when exposed to flow conditions in
fused silica capillary tubing, release micromolar concentrations of ATP.?® The
aforementioned release of ATP from rabbit RBCs was increased when incubated
with HU prior to flowing.14 Microfluidics offer a unique opportunity to mesh
spatially relevant dimensions as well as approximating the dimensions of in vivo
vascular resistance vessels. RBCs were pumped (0.6 pL/min) through fused
silica capillaries (50 ym) that were connected to PDMS channels (200 um; Figure
2.6). The channels are separated from detection wells, which contain adhered
endothelial cells, by a polycarbonate membrane (0.6 um pore diameter; Figure
2.4). The RBCs release ATP in response to both pharmaceutical and
mechanical deformation stimuli. The ATP then diffuses across the polycarbonate

membrane where it stimulates NO production in the endothelial cells. The
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Figure 2.9 Fluorescence Detection of HU Incubated RBC derived ATP
Elicited NO Production in bPAECs (Macroscope). Here, bPAECs were
cultured in the detection wells and DAF-FM probe was loaded into the wells
prior to pumping. Fluorescence was detected using a fluorescence macroscope.
NO release from bPAECs was observed after pumping 7% solutions of RBCs
incubated with various conditions (HU, L-NAME, Ca®* free buffer). The NO
release from bPAECs increased significantly (*) when RBCs incubated with HU
were flowed, confirming that HU can increase NO release from bPAECs. When
NO release is inhibited in bPAECs using L-NAME, the difference in NO release
between HU incubated and the control is statistically insignificant, suggesting
only NOS produced from bPAECs is responsible for observed NO. Moreover,
when RBC NOS was inhibited by L-NAME, the RBC sample incubated with HU
has NO production statistically similar to basal levels. This suggests that RBC
derived NO can affect bPAEC NO production, potentially indirectly through the
mechanism of HU induced RBC ATP release. Further confirming the role of
RBC derived NO, when RBC samples are prepared in calcium free buffer any
previously observed increases are negated. n = 3 devices and p < 0.0001. Error
=S.E.M.
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detection well contains DAF-FM, an intracellular NO fluorescent probe, therefore
the actual production of NO is monitored. Prior to flow being introduced to the
device, the bPAEC cells were incubated with Hoechst 33342 dye and the
subsequent fluorescence, based on amount of pixels, allows calculations to be
normalized to a per cell basis. DAF-FM emits in the absence of NO, therefore it
is critical to obtain background fluorescence for every individual well. The
fluorescence is recorded again for individual wells following the delivery of RBCs
through the channels (30 min) while incubating the device at 37 °C (Figure 2.9).
RBC samples incubated with 100 uM HU had NO levels that were 2.54 + 0.25
fold higher than control RBC samples lacking HU. To verify that the NO being
observed was produced from the endothelial cells, L-NAME was used to inhibit e-
NOS with the resulting wells having NO concentrations well below basal levels.
Moreover, when L-NAME was added to the RBCs, the NO production in bPAECs
was significantly reduced, therefore suggesting that RBC derived NO plays a role
in the HU mechanism. NO concentrations remained below basal levels when
both the bPAECs and RBCs were incubated with L-NAME, further suggesting the
importance of RBC derived NO. When a calcium free buffer was used to wash
the RBCs, NO production in HU incubated RBCs mirrored that of the control
samples. Calcium is needed in the e-NOS mechanism for NO production. There
were 48 sample wells per device, hence when taking three fluorescence images
per well, for a total of 144 images, the highly time consuming (approximately 5

hours), inefficient data collection should be emphasized.
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2.6.2 Plate Reader Fluorescence Detection of Endothelium Nitric Oxide
Stimulated from Red Blood Cell Derived Adenosine Triphosphate

Due to the time consuming nature of the initial microfluidic design, a
simpler version was modeled after a 96 well plate to allow for amenability to
automation (Figure 2.5). Two sets of eight detection wells were lined up with the
6 and 9 rows of the 96 well plate allowing for integration with a high throughput
plate reader. Subsequently the bottoms of wells in rows 6 and 9 were removed
to allow fluorescence analysis of the microfluidic device. Samples were treated
and introduced to the device in the same manor and set up as in section 2.6.1,
the only differences pertaining to the device layout and detection scheme.
Background measurements were obtained to correct for any auto fluorescence.
Following in the same pattern as with the macroscope detection scheme, RBC
samples incubated with 100 UM HU had a significant increase in endothelial
derived NO (1.34 + 0.03; Figure 2.10). When the bPAEC cells were incubated
with L-NAME to inhibit e-NOS both the RBC samples, with and without HU,
reported levels of NO significantly lower than the control. L-NAME, when
incubated with the RBCs, also reduced levels of NO to below basal. Moreover,
when the purinergic receptors on the bPAECs are inhibited using PPADS, NO
levels are significantly reduced, which indicates that ATP is responsible for the
stimulated levels of endothelial derived NO that is observed and not NO released

from RBCs.
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Figure 2.10 Fluorescence Detection of HU Incubated RBC derived ATP Elicited
NO Production in bPAECs (Plate Reader). Although the experimental set up was
identical to Figure 2.9, the detection platform for this experiment was measured using
a commercial plate reader. As in Figure 4, when 7% RBCs are incubated with HU, a
significant increase in NO is observed. Upon incubation of the bPAECs and RBCs
with L-NAME the increases of NO production in the HU incubated samples were
reduced to below basal levels. When bPAECs are incubated for 30 minutes with
PPADS, a purinergic receptor antagonist, prior to flowing 7% RBCs no significant
increase in NO release is observed, suggesting that RBC derived ATP is necessary
to observe an increase in NO release from bPAECs. n = 3 devices and p < 0.005.
Error = S.E.M.
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The PDMS-based microfluidic device allowed the integration of two unique
cell types on the same platform, thereby monitoring cell-to-cell communications.
Specifically, ATP, which was released from HU incubated RBCs undergoing
mechanical deformation, diffused across a polycarbonate membrane. Upon
crossing the polycarbonate membrane, the ATP stimulated NO production from a
monolayer of endothelial cells seeded in the detection well. Moreover, the PDMS
device allows specific dosing of the RBCs (a pharmacokinetic parameter), along
with the monitoring of the subsequent, elicited effect on the endothelial cells (a
pharmacodynamic parameter) on a single platform. The merging
pharmacokinetics and pharmacodynamics on the same microfluidic in vitro
diffusion-based device would prove to be a beneficial tool for the pharmaceutical

industry.
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POLYDIMETHYL SILOXANE BASED MICROFLUIDIC DEVICES FOR THE
ANALYSIS OF DRUG DIFFUSION ACROSS A POROUS

POLYCARBONATE MEMBRANE

3.1 In Vitro Pharmacokinetics

As the cost of bringing a drug to market in the pharmaceutical industry
continues to rise, there is an increasing need to revise current drug discovery
methods, along with existing procedures to emphasize efficiency in both time and
materials."? pharmacokinetic PK profiles (Figure 3.1), a gold standard in the
pharmaceutical industry, yield information about the absorbance rate, maximum
concentrations (Cmax), elimination rate constant (Kg.), half lives (t12), area under
the curve (AUC), bioavailability, and volume of distribution.® In vitro (PK) models,
when working in tandem with animal models, are an appealing area to
dramatically influence the reduction in materials and the subsequent cost. Initial
PK profiles, obtained through animal models, can be further characterized using
high throughput in vitro PK models, replacing the need for additional animal
model studies.*®

Several, established in vitro models are currently employed in industry.

For example, pharmacodynamic (PD) profiles are typically monitored using static
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Figure 3.1 Conventional Pharmacokinetic Profile and Corresponding
Parameters. Schematic of a typical oral administered pharmacokinetic curve
and the various parameters, e.g., absorbance rate, Cnax, elimination rate
constant, half-life, AUC, that can be obtained from the aforementioned curve.
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in vitro PK models. Static models are the most basic of the in vitro models. The
sample is housed in a stagnant environment, where a fixed concentration of drug
is directly added.®’ While the stationary environment and fixed drug
concentration are ideal for PD studies, PK studies require the drug concentration
to be manipulated, thereby representing the various stages of drug concentration
in the body, specifically, absorbance, distribution, metabolism, and elimination.
The manipulation of drug is achieved through the introduction of flow to the in
vitro design. Dynamic in vitro models allow the concentration of the drug sample
to be altered based on flow of new media, potentially drug infused, into a sample
cell.”® A caveat of the dynamic in vitro model setup lies with the compromised
integrity of the actual sample due to dilution or waste flow. This limitation is
eliminated in diffusion-based dynamic in vitro models, which employ a membrane
filter to separate direct flow of drug and nutrients from the actual sample.”®
Diffusion delivers the nutrients, drugs and oxygen across the porous membrane
to the samples. Waste, created by the samples, simultaneously diffuses back
across the aforementioned membrane into the direct flow where it exits to the

waste, thereby allowing for conservation of the sample.

3.1.1 Hollow Fiber Chamber Reactor

The hollow fiber chamber reactor (HFCR) is an industry-established,

diffusion-based dynamic in vitro model (Figure 3.2) that produces PK profiles and

88



Figure 3.2 Hollow Fiber Chamber Reactor. HFCR set up with a zoomed in
image of the closed cartridge containing porous capillaries and cells. Image
reproduced with permission from Fiber Cell Systems.
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Figure 3.3 Hollow Fiber Chamber Reactor Cross Section Schematic and
Image. Schematic of HFCR cross section (Top) showing diffusion action of
nutrients and drug from the capillaries to the extra capillary space, with the
simultaneous removal of waste. An image of a open HFCR cartridge showing
porous capillaries (Bottom). Image reproduced with permission from Fiber Cell
Systems.
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1012 A HFCR consists of a hollow chamber

mimics those obtained in vivo.
containing thousands of porous capillaries along with cells seeded in the extra
capillary space (Figure 3.3). Porous capillaries have nutrients and drug-infused
media constantly flowing and diffusing into the extra capillary space, while toxic
metabolites simultaneously diffuses back into the capillaries and out to waste
(Figure 3.3). A major limitation of HFCR lies with the large quantities of drug-
infused media consumed while obtaining a PK profile. The large volume used
during the constant perfusion through the cartridge can be quite costly and taxing
for synthetic chemists due to the quantity of drug required. Moreover, due to the
HFCR setup, the cells seeded in the extra capillary space are unable be sampled
during analysis for post-exposure testing. Further drawbacks of HFCRs include
the labor intensive and overall low throughput, as well as a lack of automation.
While diffusion-based dynamic in vitro PK models are appealing options for
enhancing research efficiency in drug discovery, the limitations associated with

HFCRs provide motivation for alternative diffusion-based dynamic in vitro models,

specifically those on a milli- or micro scale to reduce consumed volumes. ’

Microfluidics are a viable option to miniaturize the diffusion-based concept
of the HFCR, thereby alleviating some of the aforementioned limitations
associated with HFCRs, such as volume consumption and accessibility to cells
during experimentation. A polydimethyl siloxane (PDMS) platform was utilized to

design a diffusion-based dynamic in vitro PK/PD device. Note the purely PK
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capabilities of the HFCR design are improved upon in the PDMS platform by
integrating a PD model in the layout, a direct result of allowing the harvest of cells
at any point during analysis. However, the lack of reusability, as well as fragility of
the porous membrane results in challenges regarding reproducibility and lengthy

analysis times.

3.2 Experimental
3.2.1 Preparation of Reagents
Fluorescein Stock and Working Solutions

A stock solution of 100 ppm fluorescein was prepared by diluting the
appropriate amount of weighed fluorescein and diluting with deionized (DI) water.
Appropriate working concentrations were prepared from the initial stock solution

with further dilutions in DI water.

Levofloxacin, Linezolid, Raltegravir, Ciprofloxacin Stock and Working
Solutions

Levofloxacin was prepared by dissolving in 50% DI water and methanol
solution for a final stock solution (10 mL) of 1 mg/mL. Raltegravir stock solution
of (1 mg/mL) was prepared by dissolving 1 mg in 1 mL of dimethyl sulfoxide
(DMSO). Linezolid stock (mg/mL) was prepared by dissolving linezolid in DI
water (10 mL). Ciprofloxacin stock solution was prepared (1 mg/mL) by

dissolving in DI water (10 mL). A ciprofloxacin working solution, prepared daily,
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was made by mixing acetonitrile (5 mL) with the ciprofloxacin stock solution (550
pL) to prepare the internal standard. Working solutions were prepared daily by
combining the appropriate quantity of stock solutions and diluting with PSS
lacking BSA. Samples were taken from the detection well (5 pL) and diluted with
100 pL of BSA free PSS. The diluted samples (5 pL) were then diluted with 200

pL of the working internal standard solution.

3.2.2 Preparation of Microfluidic Device

Master and general PDMS device fabrication were previously described, in
depth, in section 2.5.1.1; briefly, masters were fabricated on 6 inch silicon wafers,
which differs by 2 inches from the 4 inch wafers previously used for the device
design in Chapter 2. Quantity of PDMS base and curing agent prepared was 20
g for both 5:1 and 20:1 mixtures, which covered 2, 6-inch silicon wafers, a blank
and one with positive features. Upon curing the PDMS slabs and removing them
from their silicon masters, a piece of porous polycarbonate membrane (0.2 pm
pore diameter) was positioned between the two layers, and the entire device was

reversibly cured (30 min at 75 °C) (Figure 3.4).

3.2.3 HUH-7 Cell Storage, Preparation, and Immobilization
HUH-7 cells are an immortal cell line from hepatocyte derived carcinoma,
that typically grows in monolayers, akin to endothelial cells.”* HUH-7 cells were

first harvested in 1982 from a liver tumor of a Japanese male.
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Figure 3.4 Schematic and Image of a Polydimethyl Siloxane Diffusion-based
Dynamic In Vitro Microfluidic Pharmacokinetic Model. Schematic of the
microfluidic PDMS device used for in vitro PK studies, which consists of two PDMS
slabs separated by a porous polycarbonate membrane (Top). An image of an
actual PDMS device (Bottom).
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Thawing from Cryostorage

Upon removing from cryostorage, samples were immediately placed in a
water bath (37 °C). Media containing high glucose Dulbecco's Modified Eagle
Medium (1000 mL, with sodium bicarbonate and glutamine), fetal bovine serum
(100 mL), penicillin/streptomycin (10 mL, 10 kU/mL), MEM nonessential amino
acids (10 mL) and HEPES (10 mL, 1 M). Growth media was stored at 20 °C until
use. Once the frozen cell pellet was completely thawed, the total volume was
added to 10 mL of warmed (37 °C) cell media. Cells were then centrifuged (1000
g for 5 min) before the supernatant was removed, leaving behind the cell pellet.
The pellet was resuspended with cell media (5 mL) and added to a T-75 flask

containing 25 mL of media and incubated at 37 °C and 5% CO:..

Cell Splitting and Maintenance

HUH-7 cells should be split approximately 2 times a week or until 90%
confluency. To subculture the confluent cells, the excess growth media must first
be aspirated from the T-75 flask before washing the cells several times with 5 mL
of Dulbecco's Phosphate-Buffered Saline (DPBS). After washing, approximately

3 mL of 0.05% trypsin/EDTA (37 °C) were added to the flask and incubated at
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Linezolid Levofloxacin Raltegravir Ciprofloxacin

Molecular Weight (g/mol) 337.346 361.368 444.42 331.346
Parent lon (m/z) 338.13 362.11 445,14 332.11
Daughter lon (m/z) 296.11 234.05 72.73 231.06
Retention Time (min) 1.71 1.48 1.27 1.51
Cone Voltage (V) 28 28 50 34
Collisional Energy (eV) 50 50 34 22
Collision Gas (Torr) 1.96 x 103

Table 3.1 LC/MS/MS Parameters for Levofloxacin, Linezolid, Raltegravir, and
Clopidogrel. Table depicting LC/MS/MS parameters, e.g., molecular weight, parent
ion, retention time, cone voltage, collisional energy and collisional gas.
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37 °C for 5 min. Excess trypsin was aspirated and approximately 10 mL of fresh
media were added to the cells for resuspension. Aliquots of 2-5 mL of cell
suspension were added (dependent upon desired growth time) to new T-75
flasks containing fresh 25 mL of media before being returned to the incubator

(37 °C, 5% COy).

Immobilization of HUH-7 in PDMS Microfluidic Device

The HUH-7 cells were added to the microfluidic device in a manner similar
to that described in section 2.5.1.3 for the bPAECs. Briefly, excess media was
drained from a confluent T-75 flask of HUH-7 cells. The cells were then washed
several times with 5 mL of DPBS. Upon removing the DPBS, 3 mL of 0.05%
trypsin/EDTA were added to the flask and incubated at 37 °C for 5 min. Excess
trypsin was removed by aspiration and 10 mL of fresh media were added to the
flask and the cells resuspended. The suspended cells were centrifuged (1000 g
for 5 min) before excess supernatant was removed. Media (600 L) was used to
resuspend the resulting cell pellet. Each detection well of the microfluidic device
had 10 pL of fibronectin, allowed to dry, and then sterilized by placement under a
UV light for approximately 15 min. The concentrated suspension of cells was
aliquoted (15 uL) into each detection well and allowed to incubate for two hours.
After two hours, once the cells settled, the supernatant was removed and
replaced with fresh media. The media replacement was repeated for four hours,

until the device could be incubated over 12 hours while cells became confluent.
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Figure 3.5 Graphical Representations of the Concentrations in the Channel
during the Various Gradients. While flowing just buffer (Blue Line) there is no
drug being flowed through the channel. However, during the 1 hour gradient, 75% of
the concentrated drug added to the detection well is flowed for 1 hour before being
reduced to 50% of the concentrated drug, which is flowed for the subsequent hour.
The concentration in the channel is further reduced to 25% drug, which is flowed for
an hour before being flowing buffer the remainder of the time. A similar, stepwise
reduction in concentration concept is followed for the 2 hour gradient, where 75% of
the concentration in the detection well is flowed through the channel for 2 hours
before switching to 50% drug. The concentration is further reduced every 2 hours
before just buffer is flowing through the channel.
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3.2.4 Pumping and Gradient System

Syringe pumps, used in tandem with Hamilton Gastight syringes (500 pL),
were linked to the microfluidic device using Tygon tubing fitted with 20-gauge
stainless steel tubing (New England Small Tube Company). Gradients were
implemented by varying syringe pump flow rates, thereby delivering different
concentrations. For example, if a 75% drug concentration was desired, a Y-
channel would combine a syringe pump (delivering a concentrated drug solution)
was pumped at 0.6 pL/min, while a secondary syringe pump containing buffer
being pumped at 0.2 pL/min. The resulting in an overall concentration entering
the device channel would be of 75% drug the original drug concentration. Similar
methods were followed to create gradients of 0, 25, 50, and 100% drug. Figure
3.5 is a graphical representation of the gradients, specifically the concentrations

in the channel during the buffer, 1 hour gradient, and 2 hour gradient.

3.2.5 Multiple Reaction Monitoring Ultra Performance Liquid
Chromatography Mass Spectrometry (MRM-LC/MS/MS) for Analysis of Drug
Transport

A 5 uL sample taken from the detection well was diluted with 100 pL of
BSA-free PSS before being further diluted with an internal standard working
solution (5 pL diluted into 200 pL). The diluted solutions were then added to a
polycarbonate PCR plate and sealed with a RapidEPS seal (Bio Chromato,

Fujisawa, Japan). Next, 10 pL aliquots of sample were injected by auto sampler
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Figure 3.6 Schematic of a Cross Section at the Detection Well, Polycarbonate
Membrane and Channel Interface. Loading, or absorbance, of drug is achieved
by flowing concentrated drug through channel while adding buffer to the detection
well. Drug diffuses from the channel to the membrane (Left). Clearance or
elimination, of a drug is attained by reversing the concentration gradient. Buffer is
flowed through the channel, thereby allowing the diffusion of drug from the well to
the channel (Right).
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and separated using Ultra Performance Liquid Chromatography (LC). The
solvents methanol (A), acetonitrile (B), and 1% formic acid in water (C), were
administered in the corresponding gradient, 95% A, 0% B at 0.25 min; 2%A, 0%B
at 1.00 min; 2% A, 0% B at 1.25 min; 30% A, 15% B at 1.75 min; 30% A, 15% B

at 1.90 min; 95% A, 0%B at 2.00 min.

Upon separation, the samples were introduced to the mass spectrometer
by electrospray ionization (ESI). Through a process called multiple reaction
monitoring (MRM), a parent ion was selected from the ions produced through ESI
and further fragmented to produce daughter ions, which were subsequently
detected. MRM allows the analysis of multiple analytes simultaneously. In the
following profiles, levofloxacin, linezolid, raltegravir, and ciprofloxacin were all
monitored simultaneously. Specific parameters for each analyte can be found in
Table 3.1. Calibration curves were obtained by diluting the prepared standards
(0-2000 nM) in the same manner as samples. Samples exceeding the maximum
concentration can be further diluted such that all signals fall within the linear

range of the calibration curve.

3.3 Results and Discussion
The microfluidic-based dynamic in vitro PK platform was used to mimic the
absorption and elimination of a drug into the body. Figure 3.6 shows a cross

section of the microfluidic device where loading is achieved by pumping
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concentrated drug in the channel buffer is added to the detection well. The
concentration gradient results in drug diffusion from the channel, across the
porous membrane, to the detection well. The elimination portion of the PK curve
was obtained by reversing the previously described concentration gradient.
Upon loading the detection well with concentrated analyte, buffer was flowed

through the channel resulting in diffusion from the well into the channel.

3.3.1 Validate Drug Loading Profiles

In the microfluidic device, the loading effect was mimicked by flowing
concentrated drug through the channels, while adding 12 pL of buffer to the
detection well, thereby creating a concentration gradient. Driven by the
concentration gradient, drug diffuses from the channel, across the polycarbonate
membrane, to the detection well. The concentration in the insert was monitored
after 1 hour of pumping various concentrations (1, 2, 3, and 4 uM) through the
channels. Aliquots (6 puL) were taken from detection wells and diluted with 100
pL of buffer followed by removal of a 5 pL sample that was diluted with the
internal standard, ciprofloxacin. MRM-LC/MS/MS allowed the simultaneous
detection of the three drugs and the internal standard. As the concentration of
the drug flowing through the channels was increased, the concentration of the
drug in the detection well also increased, thereby successfully mimicking the front

half of a PK curve (Figure 3.6).
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Figure 3.7 Validation of the Loading of the Detection Well with Various
Concentrations of Linezolid, Levofloxacin, and Raltegravir. Various
concentrations (1, 2, 3, 4 uM) of linezolid, levofloxacin, and raltegravir were
pumped through the channels with 12 uL of PSS lacking BSA. After 1 hour, 5 puL
was sampled from the detection well, diluted with 200 pL buffer, before further
dilution with the internal standard working solution. n = 3; error: standard
deviation
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rescein (100ppm)

Z

Figure 3.8 Validation of Mixing in Serpentine Channels by Fluorescence. A
solution of 100 pM fluorescein was flowed through the bottom of the Y channel
while water was flowed through the top of the Y channel. Using a macroscope,
the mixing of the two solutions in the serpentine channels is monitored. At the
completion of the serpentine the solutions are successfully and completely mixed.

104



3.3.2 Verification of Complete Mixing in Channel

The decay portion of a PK curve represents the elimination and
metabolism of a drug from the body. This phenomenon is achieved in the
microfluidic device by reversing the concentration gradient created in section
3.3.1. Therefore, the detection well is filled with 12 uL of 2 uM concentrated drug,
while buffer or a concentration of drug lower than that of the well is delivered
through the channel. It is imperative that the serpentine channel completely
mixes the concentrated drug and buffer to achieve the desired concentration from
the gradient approach. To validate the mixing, fluorescein was pumped through
the bottom half of the Y-channel, while water was flowed through the top half of
the Y-channel (Figure 3.7). Mixing was observed throughout the serpentine until
a uniform mixture exits the serpentine, and where the flow encounters the
detection well. Upon validating the complete mixing of the two solutions in the
serpentine channel, the manipulation of the concentration in the channel for

future studies, specifically those concerning the half-life can be assured.

3.3.3 Validation of Drug Elimination Profiles and Manipulation of
Elimination Half-Lives

In section 3.3.1, the absorption portion of the PK curve was validated. The
decay portion of the curve is shown for three different drugs, levofloxacin (Figure

3.8), linezolid (Figure 3.9), and raltregravir (Figure 3.10). Each of the three
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Figure 3.9 Various Elimination Profiles for Linezolid. The solid black line
with black circles represents the quickest elimination with buffer flowing through
the channel and concentrated drug (2 uM) in the detection well. The gray dotted
lines with white circles represents a manipulation of the concentration of drug in
the channel to alter the half-life. The half-life is further increased when the
gradient is increased to 2 hours increments. The general trend was apparent but
lacked quantitation reproducibility therefore the curves shown are an example of
an nof 1.
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Figure 3.10 Various Elimination Profiles for Levofloxacin. The solid black line
with black circles represents the quickest elimination with buffer flowing through
the channel and concentrated drug (2 pM) in the detection well. The gray dotted
lines with white circles represents a manipulation of the concentration of drug in
the channel to alter the half-life. The half-life is further increased when the
gradient is increased to 2 hours increments.  The general trend was apparent
but lacked quantitation reproducibility therefore the curves shown are an example
ofannof 1.

107



—e— Buffer
o 1 Hour
——~v—- 2 Hour

Percent Depletion

8 10 12

Time (Hours)

Figure 3.11 Various Elimination Profiles for Raltegravir. The solid black line
with black circles represents the quickest elimination with buffer flowing through the
channel and concentrated drug (2 pM) in the detection well. The gray dotted lines
with white circles represents a manipulation of the concentration of drug in the
channel to alter the half-life. The half-life is further increased when the gradient is
increased to 2 hours increments. The general trend was apparent but lacked
quantitation reproducibility therefore the curves shown are an example of an n of 1.
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figures contains a buffer depletion curve, in which the detection well initially
contained drug at 2 pM with drug-free buffer flowing through the channel. The
figures contain an additional two curves, which had varying gradients flowing
through the channel. The additional gradients are achieved by changing the
concentration of drug flowing through the channel at different time points, with the
overarching goal manipulation of the half-lives. For example, the 1 hour gradient
was achieved by initially flowing 75% of the original concentration of the drug for
one hour, before changing the concentration to 50%. The concentrations were
again lowered to 25% an hour later until just buffer is flowing through the channel
in the subsequent hour. The overall aim is to gradually reduce the concentration
gradient experienced by the drug in the concentration well, thereby slowing the
diffusion from the detection well and ultimately manipulating the half-life. The
half-life was obtained by plotting the natural log of the concentration in the
detection well versus time flowed. A linear relationship in the curve is indicative
of a first order process, with the slope pertaining to the elimination reaction rate
constant (Kg ). Utilizing this rate constant in the following equation allows for the

mathematical determination of the half-life (t1):
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Figure 3.12 Manipulating the Physical Design of the Microfluidic Device to
Influence Elimination. Initial designs of the microfluidic device had channel
diameters of 200 um. Upon increasing the channel diameter under the wells
(see inset) the half life decreased to approximately 30 min. n =1
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The various gradients of buffer, 1 hour and 2 hour, successfully altered the half-
lives at approximately 1, 2, and 4 hours, respectively. One limitation of PDMS
microfluidic PK profiles is the overall lack of reproducibility, which could owe to
single use nature of the devices. The general elimination trend is reproducible,
although quantitative results were difficult to obtain, especially for longer duration
half-lives. These drawbacks led us to seek other platforms for device fabrication.
The fragility of the polycarbonate membrane ultimately leads to leaking and this
bulk fluid transport from the channel to the membrane limits the experimental
time of the device before failure. The maximum overall flow time was 8 h but was

difficult to achieve due to device fragility.

3.3.4 Physical Manipulation of Device Design to Decrease the Half Life.
Through utilizing gradients, the half-life was lengthened; however, there
was interest in shortening the half-life. With buffer flowing through the original
device design, the shortest possible half-life was approximately 1 hour. The
device design was initially altered (Figure 3.11 and Figure 3.12A) to have two
wells opened up along the channel, with the detection wells positioned above the
channel wells, to increase the surface area, thereby, allowing a larger area for
diffusion. The half-life was reduced to less than a half hour, however, the
membrane failure and subsequent leaking resulted in new design considerations
that included a large serpentine (Figure 3.12B), two small serpentines (Figure

3.12C), or subtly increasing surface area with a small two channel serpentine
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Figure 3.13 Various Alterations to the Physical Design of the Microfluidic
Device to Influence Elimination. As seen in Figure 3.11, mask A is the full
mask design with the increased surface area. Due to leaking, mask B was
temporarily employed before it was also subject to membrane failure. Both masks
C and D were also designs used that resulted in bulk fluid transport.
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(Figure 3.12D). Alas, all of the aforementioned designs had substantial bulk fluid
transport problems making lengthy experiments, or combining both the front half

and back half of a PK curve nigh impossible.

3.3.5 Effect of Culturing Cells in the Loading Well on Overall Drug
Transport

A key feature and perceived drawback of the HFCR is the inability to
harvest the cells after dosing. The design of the PDMS based device allows cells
to be cultured in the detection well and collected throughout the experimentation.
It is critical to monitor the effect that cells, in the detection well, pose to the both

the loading and elimination portions of the PK curve.

3.3.5.1 Effect of adhered HUH-7 Cells on Drug Loading Profiles

Upon adhering the HUH-7 cells in the detection wells, buffer (12 uL) was
added to the wells, while various concentrations (0-7 uM) of drug are flowed
under different channels (Figures 3.13 and 3.14). At the lower concentrations
there is no significant effect on hindered diffusion, however, at higher
concentrations (6 and 7 uM) the effect becomes more pronounced, with the
concentrations in the detection well being significantly higher for wells lacking
HUH-7 cells versus wells containing adhered cells. Therefore, any
characterization that will be performed on this device would need to be performed

with cells adhered in the wells to correct for any diffusion obstruction.
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Figure 3.14 Impact on Loading Diffusion of Levofloxacin upon Adherence of
HUH-7 cells in the Detection Well. HUH-7 cells were seeded in the detection well
and various concentrations of drug (0, 1, 2, 3, 4, 5, 6, 7 uM). A significant impact on
diffusion was not observed until the more concentrated samples (6 and 7 uM). n = 3;
p < 0.005; Error: SEM
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Figure 3.15 Impact on Loading Diffusion of Raltegravir upon Adherence of
HUH-7 cells in the Detection Well. HUH-7 cells were seeded in the detection
well and various concentrations of drug (0, 1, 2, 3, 4, 5, 6, 7 uM). A significant
impact on diffusion was not observed until the more concentrated samples (6
and 7 uM). n = 3; p < 0.005; Error: SEM

115



3.3.5.2 Effect of Adhered HUH-7 Cells on Drug Elimination Profiles

The influence of the adhered HUH-7 cells on the elimination portion of the
PK curve was monitored by adding concentrated drug (2 uM) to the detection
well while flowing buffer or gradients (40 min and 60 min) through the channel
(Figure 3.15, Figure 3.16, and Figure 3.17). The half-lives were similar to those
previously observed with regard to lack of precision, moreover bulk fluid transport
was still a major concern with flow times exceeding 3 or 4 hours. Additionally,
the primary goal of this device is to make the setup amenable to industry, which
would find the fabrication time, failure rate of the membrane, irreproducibility, or
the lack of integration to automation inconvenient, therefore would not implement
such a tool into their program despite the ability to harvest cells during or post
analysis and the savings associated with material consumption. A platform is
needed that will integrate automation and reusability, minimize sample and

reagent consumption, and enable cell harvest post-dosing.
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Figure 3.16 Impact on Elimination Diffusion of Linezolid upon Adherence
of HUH-7 cells in the Detection Well. HUH-7 cells were seeded in the
detection well and 2 uM of concentrated drug was added. Buffer alone was
flowed through the channel for the fastest elimination (Black line/circles).
Various gradients of drug concentrations were also flowed under the well (40
min: Black dashes/triangles; 1 hour: Gray dashed/white circles). The general
trend was apparent but lacked quantitation reproducibility therefore the curves
shown are an example of an n of 1.
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Figure 3.17 Impact on Elimination Diffusion of Levofloxacin upon
Adherence of HUH-7 cells in the Detection Well. HUH-7 cells were seeded
in the detection well and 2 uM of concentrated drug was added. Buffer alone
was flowed through the channel for the fastest elimination (Black line/circles).
Various gradients of drug concentrations were also flowed under the well (40
min: Black dashes/triangles; 1 hour: Gray dashed/white circles). The general
trend was apparent but lacked quantitation reproducibility therefore the curves
shown are an example of an n of 1.
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Figure 3.18 Impact on Elimination Diffusion of Raltegravir upon Adherence
of HUH-7 cells in the Detection Well. HUH-7 cells were seeded in the detection
well and 2 uM of concentrated drug was added. Buffer alone was flowed through
the channel for the fastest elimination (Black line/circles). Various gradients of
drug concentrations were also flowed under the well (40 min: Black
dashes/triangles; 1 hour: Gray dashed/white circles). The general trend was
apparent but lacked quantitation reproducibility therefore the curves shown are an
example of an n of 1.
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A THREE DIMENSIONAL PRINTING PLATFORM FOR THE DEVELOPMENT
AND CHARACTERIZATION OF A DIFFUSION-BASED DYNAMIC IN VITRO

MILLIFLUIDIC PHARMACOKINETIC MODEL

4.1 Introduction

In Chapter 3, a traditional microfluidic PDMS platform was used for the
development of a diffusion-based dynamic in vitro PK device. While certain
aspects of the device such as reduction in volume consumption are
improvements on industry established diffusion-based dynamic in vitro PK
models, the irreproducibility of the device and fragility of the membrane are fatal
flaws for long-term use of the PDMS platform. Lack of reusability, compatibility
with automation, and ease of operator use were other limitations shared by both
HFCRs and the PDMS model. Three Dimensional (3D) printing offers flexibility in
device design and a rigid base platform, thus making it an appealing option for in

vitro PK platform development.

4.1.1 Three Dimensional Printing

3D printing, i.e., additive manufacturing, rapid prototyping, or solid-free
form technology, has recently been garnering attention in the research
communities in a variety of fields."? Advances in tissue growth,*® prototyping,”®

11,12

electrochemistry,? electronics,' microfluidics, mass spectrometry,” and

pneumatics' have all been reported. Applications in microfluidics have been
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only recently explored due to limitations related to the printing resolution of
currently available 3D printers. As 3D printers continue to develop, and reduce in
price, the field will continue to grow and expand into new avenues with creativity

and imagination being the main limitation.

4.1.2 History and Concepts
3D printing was first conceived by Charles Hull in 1986, with his patent for
sterolithography.' His accomplishments over the years included a multitude of

patents,'®%2

which led to the creation of his own company, 3D Systems, and the
development of the sterolithography file (.STL).?> An .STL file uses the 3D
modeled image created by computer aided design (CAD) software and breaks it
into triangles. A high resolution image is broken into smaller triangles, in contrast
to a low resolution image having larger triangles.?* Figure 1 shows a CAD file
broken into a low resolution .STL file, as well as a high resolution .STL file.
The .STL file is read by any 3D printer, thereby allowing universal communication
between all printers. This communication is a unique and special tool when
applied to scientific fields. For example, in traditional microfluidics, the fabrication
of a specific device is described in detail when published, but this description is

the only instruction other laboratories have when wanting to reproduce the

aforementioned device. Therefore, any nuances important to proper fabrication
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High Resolution .STL File

Figure 4.1 Examples of a CAD File, Low Resolution .STL File and a High
Resolution .STL File with a Zoomed in Cutout. CAD files (Top Left) are 3D
models that are able to be saved as .STL files, thereby breaking the 3D images
into a series of triangles. A low resolution .STL (Top Right) contains less
triangles than a high resolution (Bottom Left) .STL file. In the high resolution
cylinder showed, the triangles in such close proximity they are hard to
individually depict, therefore a zoomed in cutout is shown on the bottom right, in
which the triangles can be depicted.
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that did not appear in a published report will most certainly hinder production of
the device. In 3D printing, the .STL file of the device is able to be uploaded into
open source file sharing, where other researchers are able to download and print
exact replicas of the original device used, but on their own printers. There are a
variety of 3D printers, ranging from highly developed and commercialized to early
in development. Some of the more common techniques are sterolithography,
inkjet printing, selective laser sintering, Polyjet, fused silica deposition modeling
and laminate object manufacturing. Each technique is unique with regard to
curing source, layout, base materials, and resolution. The devices made in the
research reported here were fabricated through photocuring, using Polyjet

technologies.

4.2 Experimental
4.2.1 Fabrication of 3D Printed Device

The fabrication of 3D printed devices is very different than the labor
intensive fabrication of conventional microfluidics.?>?° 3D model prototypes are
created in engineering based CAD software. The files are subsequently saved

as an .STL file, which is compatible with all 3D printers.

4.2.1.1 Initial Design

Prototypes were designed, in house, using AutoDesk Inventor Professional
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Figure 4.2 Image of the Computer Aided Design File for the 3D Printed
Base. CAD file of the 3D printed base with corresponding dimensions.
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Student Edition (AutoDesk, San Rafael, CA, USA). The overall device design
mirrored that of a 24 well plate to allow compatibility with automation, i.e., 6
channels with wells lining up to those of a 24 well plate. The channels were 2
mm in diameter. Threads modeled after a 10-32 coned fitting, in initial prototypes
had to be manually tapped,'’ but in current prototypes the threads can be printed
with the use of an add-in for the CAD software. A wireframe view of the CAD file
with the indicated dimensions is shown in Figure 4.2. The CAD files were then
saved as .STL files and sent to the 3D printer for production. If modifications to
the original prototype are necessary, the original CAD file can be opened and
adjusted before submitting to reprint, a much simpler process than the soft
lithography of traditional microfluidics where a new mask would need to be
fabricated to make a new master. The process of fabricating a new master
requires a day or two, compared to the 3D printing process that can produce a

new finished prototype in a matter of hours.

4.2.1.2 3D Printed Fabrication

The College of Engineering at Michigan State University houses an Objet
Connex 350 printer. The sophisticated printer is capable of printing multiple
materials simultaneously, as well as creating alloys of the two materials to create
desired properties, such as flexibility versus rigidity. The Objet Connex 350 is a

Polyjet printer that relies on the photocurable properties of its materials to create
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Figure 4.3 Schematic of a Cross Section of a 3D printed Device and Actual
Images of Several Prototypes. A schematic depicting a cross section of the
3D printed device (Top) is shown with commercial fittings, syringe, and
disposable membrane insert. An early prototype (A) has 8 channels and is
fabricated in TangoWhite material. Also, female commercial fittings were affixed
by epoxy to the device to allow for integration of the male commercial fittings. In
the current prototype (B), threads could directly be printed into the device,
thereby simplifying the setup. Current devices, modeled after 24 well plates, are
fabricated with an optically clear, VeroClear material with O-rings simultaneously
printed with the rubbery TangoBlack.
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a rigid product. In short, a layer of the photocurable liquid polymer was printed
(resolution: 100 um x 100 um x 16 pm) before it was rolled flat, and photocured
by exposure to UV light. Subsequent layers were printed and cured in the same
manner, therefore, building the device in an additive process. The materials
used were Fullcure 810 VeroClear (Objet Geometries Ltd., Rehovot, Israel),
which comprise the body of the device, and Fullcure 980 TangoBlackPlus (Objet
Geometries Ltd., Rehovot, Israel) that makes up the O-ring lining the detection
wells that host the disposable membrane inserts (Figure 4.3). The composition
of Fullcure 810 VeroClear, while proprietary, is approximately isobornyl acrylate
(15-30%), acrylic monomer (15-30%), urethane acrylate (10-30%), acrylic
monomer (5-10; 10-15%), epoxy acrylate (5-10; 10-15%) and a photoinitiator
(0.1-2%). Fullcure 980 TangoBlackPlus also has a proprietary composition but
contains urethane acrylate oligomer (30-60%), exo-1,7,7-
trimethylbicyclo[2.2.1]hept-2-yl acrylate (1-20%), methacrylate oligomer (1-20%),
resin-polyurethane (1-20%), and a photoinitiator (0.1-1%). Post printing, the
devices are translucent. To obtain an optically clear finish device, the exterior is
finely sanded (600-2000 grain sandpaper) and rigorously polished. An
alternative to achieving a clear device involves coating with a clear lacquer
(RUST-OLEUM, Vernon Hills, IL, USA) after sanding. The clear lacquer finish
will become opaque if cleaned with isopropyl alcohol. The inlets and outlets

contained either manually tapped or printed threads, allowing the integration of
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commercial fittings, thereby streamlining the design when compared to

conventional microfluidics.

4.2.2 Preparation of Reagents
4.2.2.1 Fluorescein Stock and Working Solutions

Fluorescein (332.31 g/mol, Sigma Aldrich, St. Louis, MO, USA) was used
to characterize the 3D printed in vitro PK models due to ease of analysis and
detection. A stock solution of fluorescein (100 ppm) was prepared and diluted
with deionized (DI) water to make the appropriate working solutions of 5, 10, and

15 uM.

4.2.2.2 Levofloxacin Stock and Working Solutions

Levofloxacin was chosen to characterize the 3D printed in vitro PK model
due to similar molecular weight as fluorescein. Levofloxacin stock and working
solution preparation was initially described in section 3.2.1. Briefly, levofloxacin
(361.37 g/mol; Sigma Aldrich, St. Louis, MO, USA) was dissolved with 50%
methanol and DI water to prepare a 1 mg/mL stock solution. Working solutions
were subsequently diluted from the concentrated stock solution with BSA free

PSS.
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4.2.2.3 Ciprofloxacin Stock and Working Internal Standard Solutions
Ciprofloxacin was chosen as the internal standard and prepared as
described in section 3.2.1. In short, ciprofloxacin was dissolved in DI water to
prepare a stock solution of 1 mg/mL. The working solution was prepared by
dilution of 550 uL of the stock solution with 5 mL of acetonitrile. This solution
was placed in an ice bath until mixing the sample with 200 pyL of the internal
standard prior to analysis. Proteins were precipitated out in the cold internal
standard solution and upon centrifugation (500 g for 5 min), the supernatant was
added to a 96 well polycarbonate PCR plate (Denville, Metuchen, NJ, USA).
Once the PCR plate was sealed with a RapidEPS seal, the polycarbonate plate

was ready for MRM-LC/MS/MS analysis.

4.2.3. Pumping System

Sample was introduced to the 3D printed devices by standard syringe
pumps. Hamilton Gastight syringes (5.00 mL; Hamilton Company, Reno, NV,
USA) were filled with sample and flowed at 10 uL/min for all experiments, with
the exception of the flow rate characterization, which involved fluctuating the flow
rate from 2.5 to 25 pL/min. The syringes were fastened to fused silica capillary
tubing (i.d. 536 um; o.d. 669.7 um; Polymico Technologies, Phoenix, AZ, USA)
by a commercial male leur syringe fitting (F-120, IDEX Health and Science, Oak
Harbor, WA, USA), which was connected to a 10-32 female compression fitting

(P-659, IDEX Health and Science, Oak Harbor, WA, USA). The female
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compression fitting snuggly sheaths the capillary tubing when coupled with a tube
sleeve (i.d. 685 um; 1.58 mm o.d.; F-234, IDEX Health and Science, Oak Harbor,
WA, USA). The 10-32 coned female fitting and tube sheath were also on the
opposite end of the fused silica capillary tubing to allow integration into the 3D
printed device’s 10-32 printed threads. A useful plugin for the AutoDesk software
allows for threads of various parameters to be added and subsequently printed
into designs, thereby integrating commercial fittings. Initial 3D printed prototypes
had 10-32 threads manually tapped, thus adding an additional fabrication step. A
key limitation of traditional microfluidic devices is the lack of amenability between
PDMS platforms and the commercial fittings, see section 3.2.4, which is rectified
in the setup for the 3D printed device. All experiments were completed at room

temperature.

4.2.4 Plate Reader Analysis of Fluorescein

The sampling process from the membrane inserts was intended to mirror
that of a conventional auto sampler, with 5 pL being sampled from each insert at
specific time points. This process allowed up to 6 samples per time point, per
device, whereas sampling from an HFCR allowed for one sample per time point
per cartridge. The 5 pL sample was subsequently diluted with 100 uL of DI water
and added to a 96 well plate. Standards encompassing the concentrations of the
samples were prepared and diluted to the same ratios as the samples to obtain a

linear calibration curve and determine unknown concentrations of the samples.
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Upon completion of the allotted time frame, the 96 well plate containing diluted
sample and standards was placed in a plate reader. Fluorescence detection (ex.
480/em. 520; Spectromax M4, Molecular Devices, Sonnyvale, CA) was obtained

in a matter of seconds.

4.2.5 Mass Spectrometry Analysis of Levofloxacin

As described in section 3.2.5, the sealed polycarbonate plate was added
to an auto sampler and 10 pL aliquots were injected into the Shimadzu ultra
performance liquid chromatograph (UPLC) to be separated using reverse
chromatography, (retention times: ciprofloxacin: 1.51 min; levofloxacin: 1.48 min).
A Supelco Ascentis precolumn preceded a Supelco Ascentis Express C18
column (length: 3 cm; i.d.: 2.1 mm; particles: 2.7 uL; Supelco, Bellefonte, PA,
USA). Solvents A (methanol), B (acetonitrile) and C (1% formic acid in water)
were used in the following gradient at 0.45 mL/min; 95% A, 0% B for 0.25 min;
2% A, 0% B at 1.00 min; Hold 2% A, 0% B until 1.25 min; 30% A, 15% B at 1.75

min; Hold 30% A, 15% B until 1.90 min; 95% A, 0% B at 2.00 min.

The samples were subsequently subjected to electrospray ionization
before entering the Waters Quatro Micro triple quadrupole mass spectrometer for
analysis using MRM. Specific parameters for levofloxacin and ciprofloxacin can
be found in Table 3.1. Waters MassLynx software (Millford, MA, USA) was used

to produce peak information. For calibration and measurement, a ratio of the
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analyte peak area to the internal standard peak area was used to generate a
calibration curve. The regression statistics from this curve were then used for

quantitative determination of standards and samples.

4.3 Results and Discussion
4.3.1 Characterization of the Loading Profile

The front half of a typical oral dosing PK curve represents the absorbance
of the drug into the body. Important parameters such as the maximum
concentration (Cnax), flow rate, loading volume and loading times are factored
into the device characterization of the PK absorbance profile. The loading
volume is related to the amount of solution added to the disposable cell culture
insert at the beginning of experimentation. The loading time refers to the amount
of time that concentrated analyte is pumped through the channel before delivery

of drug-free buffer in the channel.

4.3.1.1 Impact of Flow Rate

The rate of flow through the channels of the device was varied to
determine its impact on analyte diffusion across the membrane into the insert
(Figure 4.4). Parameters such as loading volume (75 pL), loading time (1 hr),
and initial channel concentrations (15 uM) were held constant, with the flow rate

(2.5, 5.0, 10.0, 15.0 uL/min) being the only variable altered. The experimental
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Figure 4.4 Characterization of the Flow Rate in the 3D Printed In Vitro PK
device. While holding other parameters constant, i.e., insert volume (75 L), initial
concentration (15 uM), and loading time (1 hour), the flow rate was varied to see
the impact on diffusion, specifically the Cnax. The flow rates (2.5, 5.0 7.5, 10.0, 15.0
pnL/min) yielded PK profiles that were statistically the similar. n = 4; p > 0.05; error:
standard deviation
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procedure consisted of pumping a 15 pM fluorescein solution through a channel
at the aforementioned flow rates, while 75 pL of DI water were added to the
membrane insert. After an hour, the concentrated fluorescein solution was
replaced with DI water, flowing at the same rate as the previous fluorescein-
containing solution, for a total of 6 hours. Aliquots of sample (5 uL) were taken
from the membrane inserts every 30 min, diluted with 100 pL of DI water and
added to a 96 well plate. Upon completion of sample collection, the plate was
analyzed using a commercial plate reader. The fluorescence intensities were
statistically equal for all flow rates (p < 0.05, n = 4) The average Cnax Was 2.96 +
0.33 uM. The lack of flow rate effect on the diffusion was expected when

considering Fick’s Law of Diffusion:

J=-D=

Fick’'s Law of Diffusion lacks a flow component (flux of diffusion (J); diffusion
coefficient (D); concentration gradient (668/6x)), therefore an in vitro PK device
that relies solely on diffusion would not be influenced by relatively minor changes

in the flow rate.

4.3.1.2 Impact on Loading Volume

The initial volume of solution in the membrane insert is crucial to the

characterization of the device because it directly influences the resultant loading
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Figure 4.5 Characterization of the Loading Volume in the 3D Printed In
Vitro PK device. As seen in Figure 4.4, to characterize the loading volume,
parameters, such as, flow rate (10 uL/min), initial concentration (15 uM), and
loading time (1 hour), were held constant while the loading volume was varied to
see the impact on diffusion, specifically the Cnax. The loading volumes, i.e., 50,
100, 150 uL, yielded PK profiles that indicated the lower the initial volume had a
more concentrated Cnax, While the larger volume was a more diluted sample. n =
4; p <0.01; error: standard deviation
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concentrations (Figure 4.5). Similar to section 4.3.1.1, flow rate (10 pL/min),
initial channel concentration (15 pM), and loading time (1 hour), were held
constant while the volume in the insert was varied (50, 100, 150 pL). A 15 pM
fluorescein solution was delivered through the channel at 10 pL/min for an hour
with the various volumes of DI water in the disposable membrane insert. After
an hour, the concentrated solution in the channel was replaced with DI water to
reverse the concentration gradient. Aliquots of 5 pL were taken every 30 minutes
from the membrane insert and diluted with 100 uL of DI water. Upon completion
of sampling, all diluted samples were added to a 96 well plate and analyzed with
a plate reader. When the insert contained a decreased volume (50 pL), the
concentrated fluorescein diffusing from the channel into the insert was entering
into a smaller volume and therefore resulted in a higher concentration (4.78 +
1.14 uM) when compared to the larger volumes. For example, as the volume in
the insert increases to 150 pL, the resulting concentration was significantly

decreased (p <0.01, n =4) to 1.02 + 0.38 pM.

4.3.1.3 Impact of Loading Time

The loading time was analyzed by holding the loading volume (75 uL),
initial concentration (15 pM), and flow rate (10 uL/min) constant, while varying
the time allotted for flowing concentrated fluorescein (30, 60, and 90 min) (Figure

4.6) through the system. The experiential setup involves 75 pL of DI water in the
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Figure 4.6 Characterization of the Loading Volume in the 3D
Printed In Vitro PK device. As seen in Figure 4.4, to characterize the
loading volume, parameters, such as, flow rate (10 pL/min), initial
concentration (15 uM), and loading time (1 hour), were held constant
while the loading volume was varied to see the impact on diffusion,
specifically the Cnax. The loading volumes, i.e., 50, 100, 150 uL,
yielded PK profiles that indicated the lower the initial volume had a
more concentrated Cpmax, While the larger volume was a more diluted
sample. n =4; p <0.01; error: standard deviation
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membrane insert, with 15 uM fluorescein flowing through the channel at 10
pL/min.  The variation involves adjusting the time that the concentrated
fluorescein is flowing. Increasing the duration of the concentration gradient
enables increased time for diffusion of the analyte into the insert. Therefore, the
30 min loading time yielded the shortest time until Cnax is reached (tmax), as well
as the lowest Cmax, 1.29 = 0.90 uM, while the longest loading time, 90 min,

resulted in the longest tmax, with the most concentrated Cpax, 5.12 £ 1.16 pM.

4.3.1.4 Impact of Initial Concentration

Arguably, the most influential parameter being characterized was the
influence of the initial concentration in the channel on the overall Cnax. Upon
changing the concentration of fluorescein flowing through the channels, a direct
impact was made on the resulting concentration in the membrane insert (Figure
4.7). In this validation study the loading volume (75 pL), loading time (1 hour),
and flow rate (10 uL/min) were held constant, while the initial concentration in the
channel was varied (7.5, 15, 30 uM). The detection well contained 75 pL of DI
water, while various concentrations of fluorescein were pumped through the
channels for an hour before being replaced with DI water. Sampling was identical
to previous setups with 5 pL sampled every 30 minutes and diluted with 100 pL
of DI water prior to analysis in a plate reader. Upon flowing 7.5 pM fluorescein
for an hour, the Crnax was 1.53 + 1.02 uM, whereas after increasing the channel

concentration
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Figure 4.7 Characterization of the Initial Channel Concentration in the
3D Printed In Vitro PK Device. To characterize the initial concentration’s
effect on the Cnax When various parameters, such as, flow rate (10 uL/min),
loading volume (75 pL), and loading time (1 hour), were held constant, the
initial volume was varied. The initial concentrations used were 7.5, 15, 30 uL,
which resulted in the higher concentration yielding the highest Crax and vice
versa. n = 3; p <0.01; error: standard deviation
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to 30 pM, the increase in Cmax was almost 6 fold (9.09 + 1.57 pM). In section
4.3.1.5, a Cnax prediction model was formulated using the PK curves obtained in

the validation of the initial channel concentration.

4.3.1.5 Prediction Model of Loading Concentration

A prediction model for the concentration along any portion of the loading
profile, at a specific time point, was generated by further analysis of the front half
of the PK profile in Figure 4.7. The linear slopes correlating to the loading rate of
the PK profile were plotted against the initial concentrations (Figure 4.8) with a

best fit linear line slope (0.1533) yielding the following prediction model:

Expected Concentration

nitia oncentration (Loadlng Time * SlOpe)

The initial concentration in the syringe is calculated based on a theoretical
expected concentration in the membrane insert at a specific time point. The
prediction model was validated in Figure 4.9 by selecting a theoretical expected
concentration in the membrane insert of 6.5 pM and varying the loading time
(Figure 4.9; Table 4.1). Throughout the loading times (5, 10, 15, 20, 25 pM),
samples (5 uL) were taken from the inserts and diluted with 100 uL of DI water.
At the completion of the specified loading times, the inserts all contained values

that were statistically equivalent to 6.5 uM. Numerical values representing Figure
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Figure 4.8 Prediction Model for the Concentration along the Loading
Portion of the PK Curve. A prediction model was obtained by taking the slope
of the loading portion of Figure 4.7 and plotting it against the initial concentration
flowed through the channel. The slope of the linear line can be used for a
prediction model predicting concentrations at specific time points. n = 3; error:
standard deviation
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Figure 4.9 Prediction Model for the Concentration along the Loading
Portion of the PK Curve Validation. To validate the prediction model, a
theoretical Cmax was set to 6.5 UM and the loading time was varied (5, 10, 15,
20, 25 min) to obtain the initial concentration that will be flowed through the
channel. At the specified loading time, the resulting Cmax Was statistically within
the theoretical Cmax. Note, the prediction model was based off of a linear
correlation but the curves have a quadratic relationship. n = 4; p > 0.05; error:
standard deviation
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Loading Initial Exp. C, .« % Error
Time (min)  Conc. (M) (LM)
5 508.8 6.0+ 1.5 7.6
10 254.4 6.2+1.2 4.3
15 169.3 6.5+1.8 0.8
20 127.3 6.0+0.8 8.1
25 101.8 6.2+1.38 4.0

Table 4.1 Numerical Representation of Parameters Associated with
Figure 4.9; Prediction Model Validation. Table is color coded for
equation for the concentration based prediction model. Based upon the
loading time and a maximum desired concentration the concentration at a
certain point can be determine within error. n = 4; error: standard deviation
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4.9 can be found in Table 4.1, as well as the table headings being color coded
with the prediction model equation. An interesting observation was the quadratic
loading rate relationship observed in Figure 4.9, due to the prediction model

being based on a linear relationship.

4.3.1.6 Proof of Concept for Loading Prediction Model

Fluorescein is an ideal molecule for characterization, although to have
broad, practical applications for the 3D printed device in the pharmaceutical field,
the prediction model needs to be validated with established drugs. Here, an
antibiotic, levofloxacin, of similar molecular weight (361.37 g/mol) to fluorescein
was utilized to monitor the rugged nature of the prediction model. In Figure 4.10,
the desired concentration of fluorescein and levofloxacin was set to 25.6 pM with
a loading time of 1 hour, loading volume of 75 pL and a loading concentration of
167.27 puM, which was derived from the prediction model. After 1 hour, the
concentrated fluorescein or levofloxacin solutions in the channel were exchanged
with water or buffer, respectively. Samples (5 pL) were taken ever 30 minutes
from the detection well and prepared in the appropriate manor for either plate
reader or mass spectrometry analysis. At 1 hour, the concentrations of both
solutions in the membrane insert were within error of the desired concentration,
25.6 UM (fluorescein: 29.23 + 5.20 uM; levofloxacin: 28.26 + 7.56 uM). After the
concentrated solution in the channels was replaced with water or buffer the

concentration in the insert continued to increase (fluorescein: 36.14 + 5.35 uM;
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Figure 4.10 Proof of Concept for the Prediction Model for the
Concentration along the Loading Portion of the PK Curve. The proof of
concept of the prediction model is tested by choosing a drug, which has a
molecular mass comparable to that of fluorescein, e.g., levofloxacin. The
desired concentration was 25.6 uM with a loading time of 1 hr. The
concentration in the syringes, derived from the prediction model for 1 hour of flow
was 167.27 pM. The desired concentration was 25.6 uM with a loading time of 1
hr. Experimentally, the fluorescein and levofloxacin were statistically the same
and at 1 hour the concentration was within error as the theoretical concentration.
Importantly, the experimental Cpax is 43.0 + 4.1 uM; n = 4; p > 0.05; error:
standard deviation

149



levofloxacin: 42.96 + 4.10 uM), a result of the concentrated solutions absorbing
into the sides on the channels within the device. Upon switching to the buffer or
water, the concentration gradient reverses. Therefore, the analyte absorbed into
the material diffuses back into the channel, thus creating a concentrated solution
that continues to add to the concentration in the insert. Therefore, a prediction
model based upon the Cnax Was needed to account for the absorbance of the

concentrated solutions into the device material.

4.3.1.7 Cnax Prediction Model

The Cnax prediction model was formulated by revisiting Figure 4.9. Figure
4.9 was reexamined with emphasis on the quadratic relationship observed in
contrast to the initial linear prediction model employed. The concentration in the
insert was reassessed by taking the square root of the concentration and plotting
the resulting values versus time (Figure 4.11). The resulting lines were indicative
of the quadratic relationship, and therefore the slopes of the lines were plotted
versus the original concentrations in the syringes (Figure 4.12) to yield a

prediction model for the Crmax 0f @ PK profile.

4.3.1.8 Cnax Prediction Model Proof of Concept

As a proof of concept, similar to Figure 4.10, levofloxacin was chosen as a

comparison to fluorescein (Figure 4.13). The theoretical Crmax Was selected again
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Figure 4.11 Reworking Figure 4.9 to Explore a Quadratic Relationship.
The concentrations in the insert, from Figure 4.9, were analyzed for a

quadratic relationship by taking the square root of the concentration.

The

resulting linear lines were indicative of a quadratic relationship and a new
prediction model based off this correlation. n =4
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Figure 4.12 Prediction Model for the C.x after a Specific Loading Time. A
prediction model was obtained by taking the slope of the linear lines, after taking
the square root of the concentration in the insert, in Figure 4.9 and plotting it
against the initial concentration flowed through the channel. The resulting slope
of the linear line can be used for a prediction model predicting concentrations at
specific time points. n = 4; error: standard deviation
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Figure 4.13 Proof of Concept of the Prediction Model for the Cnax for
Specific Loading Times. The proof of concept of the prediction model,
similar to that seen in Figure 4.10, used levofloxacin an a comparable
molecule to fluorescein. The desired Cnax was 25.6 uM with a loading time
of 1 hr. The concentration in the syringes, derived from the prediction model
was 119.28 pM. Experimentally, the fluorescein (21.21 + 7.37 uM) and
levofloxacin (23.07 + 5.42 uM) were statistically the same as the desired
Cmax- N = 3; p > 0.05. error: standard deviation
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to be 25.6 pM with a flow time of 1 hour at 10 pL/min. Derived from the
prediction model, the initial loading concentration, in the syringe was 119.28 uM.
Both solutions yielded Cmax concentrations (fluorescein: 21.21 = 7.37 uM;
levofloxacin: 23.07 + 5.42 uM) that were within error of the theoretical Cmax.
Interestingly, although both the Cnax occurred at the target concentration, they
reached tmax at 1.5 hours despite the concentrated solutions in the channel being

swapped with either water or buffer at a loading time of 1 hour.

4.3.2 Characterization of the Elimination Profile

The back half of a PK curve represents the removal of a drug from the
body, whether through metabolism or elimination. Almost all drugs represent first
order elimination rate kinetics, hence it is crucial that the 3D printed diffusion-
based dynamic in vitro PK model also mimics this same depletion model. The in
vitro 3D printed PK model was characterized to validate first order rate kinetics,

as well as determination and prediction of the elimination half-life.

4.3.2.1 First Order Rate Kinetic Studies
There are various ways to confirm that the observed elimination follows
first order kinetics. The validation involves a slight manipulation of the depletion

portion of a PK profile. The natural log of the concentration of the insert is taken
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Figure 4.14 Mimicking an IV Dosing PK Profile to Characterize the
Elimination Parameters. Loading the insert with 4 uM of fluorescein while
flowing DI water through the channel. Every 30 min 5 uL was sampled from
the insert, diluted with 100 pL DI water, and analyzed with a plate reader
after all samples were taken. n = 4; error: standard deviation
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Figure 4.15 Manipulating Figure 4.14 to show First Order Kinetics and
Obtain Elimination Rate Constant and Half Life. The natural log was
taken of the concentrations in the insert obtained in Figure 4.14 and plotted
with respect to time. A linear line is indicative of first order rate kinetics. The
slope of the linear line is equivalent to the elimination rate constant (Kgy).
The half-life is obtained by: 0.693/Kg.. r* = 0.9548
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and plotted against time. A linear curve is indicative of first order kinetics. The
slope of the line is equivalent to the elimination rate constant (Kg.), which is used

to find the half-life (t1,2) of the depletion:

_ 0.693
K

~
N =

EL

The half-life denotes the amount of time for a drug to reach half of its Cnax during
elimination. Figure 4.14 shows a representation of an in vitro mimic of an intra
venous (IV) dosing PK curve obtained on the 3D printed in vitro device. A 4 uM
solution of fluorescein (75 pL) was added to the disposable membrane insert,
while DI water was pumped through the channels. Samples (5 pL) were taken
from the membrane insert every 30 minutes for 4 hours and diluted (100 pL) with
DI water and analyzed with a plate reader. The natural log of the concentration
in the insert plotted with respect to the time (Figure 4.15) displays a linear line (r?

= 0.955), thus first order kinetics.

The second method for validating first order kinetics involves varying the
concentration while monitoring the half-life because it is independent of the initial
dosing concentration. As previously described, concentrated fluorescein (2.5, 5.0,
7.5, 10, 15 uM) was added to the membrane insert (75 puM), with DI water flowing

through the channel. The inserts were sampled every 30 minutes and the
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Figure 4.16 Depletion Profiles when Manipulating the
Concentration in the Membrane. Various concentrations (2.5, 5.0, 7.5,
10, 15 pM) were added to the membrane insert in the same quantity (75
pL). DI water is flowed at 10 uL/min through the channel while 5 pL is
sampled from the insert every 30 min over 6 hours. n = 4; error:
standard deviation

158



Ln[Concentration in Insert (WM)]

(@») —_—

1
—_—
L L

Time (Hrs)

Figure 4.17 Determining the Half-Lives of the Elimination Profiles in
Figure 4.16. The natural log is taken of the concentrations in the insert
reported in Figure 4.16 and plotted against the time. The slopes of the
resulting linear lines is equivalent the elimination rate constant (Kg.), from
which, the half live can be determined. The half-lives are all statistically
the same (numerical representation can be found in Table 4.2), despite
having different initial concentrations, which is indicative of first order rate
kinetics. n = 4; p > 0.05; error: standard deviation
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Concentration

in Insert (M) ty, (hrs)* R?Value
2.5 2.23+0.83 0.9872 -0.351+0.123
5.0 1.89+0.77 0.9833 -0.414+0.132
7.5 1.86+0.53 0.9866 -0.399+0.102
10.0 1.91+£0.33 0.9739 -0.376+£0.070
15.0 1.73+£0.27 0.9832 -0.410+0.074

Table 4.2 Numerical Representation of Figure 4.17. The determination of the
half-lives in Figure 4.17 is numerically represented. Information and values
relating to the statistically similar half lives, the linear lines (r?), and the slope of
the linear lines used to calculate the half-lives can be found in the table. n = 4; p
> 0.05; error: standard deviation.
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samples diluted with DI water (100 pL) before analyzing using a plate reader
(Figure 4.16). Figure 4.17 is the natural log of the concentrations in the insert
from Figure 4.16 with respect to time. All elimination profiles resulted in linear
curves, which is indicative of first order kinetics. Moreover, the half-lives
obtained from all five concentrations were statistically the same (Table 4.2; p >
0.05), i.e., 2.5 uM: 2.23 + 0.83 hours; 5.0 uM: 1.89 + 0.77 hours; 7.5 pM: 1.86 =
0.53 hours; 10.0 pM: 1.91 + 0.33 hours; 15.0 uM: 1.73 = 0.27 hours, further
indicating first order elimination kinetics occurring within the 3D printed in vitro PK

model.

4.3.2.2 Manipulation of Half-Lives

Similar to section 3.4.2, the half-life was manipulated in the 3D printed
device through the use of gradients, such as mixing the concentrated analyte and
DI water in a T-junction to vary the concentration under the membrane insert.
Figure 4.17 depicts the gradient set up with 12 syringes, either containing
concentrated analyte or DI water, fused silica capillaries, T-junctions and the 3D
printed device. Note, the black T-junctions were commercially purchased
(approximately $50 each), while the clear T-junctions were 3D printed for under
$2 each. The gradients incorporated deionized water with concentrated
fluorescein (5 uM), which was also added to the membrane insert (75 uL). The

beginning gradients were 75% fluorescein, which was achieved by flowing water
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Figure 4.18 Images of Gradient Setup with T-junctions. Left. Image of
experimental set up using T-junctions to merge concentrated fluorescein
solutions with DI water. Right. Zoomed in image of complex setup of
capillaries, T-junctions, and 3D printed device.
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Figure 4.19 Manipulation of Half Life using Gradients Introduced
through T-Junction. Using a concentrated fluorescein concentration of 5
MM and deionized water various gradients were achieved through the
used of flow rates, e.g., 75%: fluorescein (0.6 pL/min), water (0.2 uL/min);
50%: fluorescein (7.5 pL/min), water (2.5 pL/min); 25%: fluorescein (5.0
pL/min), water (5.0 pL/min); 0%: fluorescein (0 pL/min), water (10
pL/min). The membrane insert contains 75 pL of 5 uM fluorescein. Only
buffer is flowed under the membrane insert under the blank depletion.
The gradient is changed every hour or every 2 hours in order to
manipulate the concentration gradient experienced by the membrane
insert. n =6; error: standard deviation
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at 2.5 uL/min and fluorescein at 7.5 pL/min. The gradient was held for either a
1 hour or 2 hour segment before being switch to a 50% drug (water: 5.0 pL/min;
fluorescein: 5.0 yL/min) for the same allotted time period. The reductions in
gradient continue until 0% analyte is reached and held for the duration of the
experiment. A graphical representation of the buffer, 1 hour and 2 hour gradients
can be seen in Figure 4.19. Throughout the experiment, samples (5 pL) are
taken from the insert every half hour, diluted with DI water (100 pL) before being
analyzed in a plate reader. The PK profile for blank, 1 hour and 2 hour gradients
is found in Figure 4.20. In order to obtain parameters, such as validating first
order rate kinetics, elimination rate constants, and half-lives, the natural log of the
concentration in the insert versus time (Figure 4.21), is obtained from Figure 4.20.
The resulting lines had r* = 0.9707, 0.9176, and 0.9645 for blank, 1 hour and 2
hour gradients, respectively and were indicative of first order rate kinetics, while
the slopes of the aforementioned lines yield the half-lives. The half-life of the
blank gradient (1.69 + 0.45 hours) was significantly different (p < 0.001) than the
half-lives of the 1 hour (5.55 = 1.99 hours) and 2 hour (6.11 = 2.34 hours)
gradients. Moreover, the half-lives of the 1 and 2 hour gradients were statistically

the same (p > 0.05).

Before additional studies were done to attempt to further influence the

half-life on this experimental setup the device design was altered. The capillaries
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Figure 4.20 Manipulation of Half Life using Gradients Introduced
through T-Junction. Using a concentrated fluorescein concentration of 5
MM and deionized water various gradients were achieved through the used
of flow rates, e.g., 75%: fluorescein (0.6 pL/min), water (0.2 pL/min); 50%:
fluorescein (7.5 pL/min), water (2.5 pL/min); 25%: fluorescein (5.0 pL/min),
water (5.0 pL/min); 0%: fluorescein (0 pL/min), water (10 pL/min). The
membrane insert contains 75 pL of 5 uM fluorescein. Only buffer is flowed
under the membrane insert under the blank depletion. The gradient is
changed every hour or every 2 hours in order to manipulate the
concentration gradient experienced by the membrane insert. n = 6; error:
standard deviation
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Figure 4.21 Natural Log of Concentration in Insert verse Time Derived
from 4.20. The natural log of the concentration in the insert obtained in Figure
4.20, with respect to time yields information such as elimination rate constant,
half life, and kinetic order. The three gradients still were first order rate
kinetics with linear relationships, i.e., ¥ = 0.9707, 0.9176, and 0.9645 for
blank, 1 hour and 2 hour gradients, respectively. A significant difference (p <
0.001) in half life was observed between the blank (1.69 + 0.45 hours) and the
1 (5.55 = 1.99 hours) and 2 hour (6.11 = 2.34 hours) gradients, however there
was no statistical difference between the 1 and 2 hour gradients (p > 0.05). n
= 6; error: standard deviation
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used to link the syringes to the T-junction, and then to the 3D printed device were
very fragile and would easily break. The new design, featured in Figure 4.22,
Figure 2.23 and Figure 4.24, was comprised of a 3D printed Y-channel fabricated
in VeroClear with a layer of TangoBlack printed on the end to enhance sealing.
Figure 4.23 and Figure 2.24 are schematics of the CAD file illustrating the
dimensions of Y-channel. Specifically, Figure 4.23 shows the alterations to the
base device to allow the incorporation of the Y-channel at the inlets and outlets.
The Y-channel, the CAD schematic shown in Figure 4.24, and fitting holder
contains two knobs which fit snuggly into notches in the inlets and outlets of the
3D printed devices. The simpler set up allows for easy and quick disassembly of

the device from the flow setup that was lacking in previous prototypes.

The first depletion study performed on the locking mechanism device was
an exact replication of the depletion study of 5 uM fluorescein performed on the
original set up. Figure 4.25 depicts the resulting PK profile when 5 uM
fluorescein was added in the membrane insert and exposed to various
concentration gradients through the use of manipulating the concentration of
fluorescein in the channel. The natural log of the concentration in the insert
derived in Figure 4.25 with respect to time (Figure 4.26) portrays a linear
relationship for the blank (r* = 0.9067), 1 hour (r* =0. 9406), and 2 hour (r* =0.

9877) gradients. The corresponding half-lives were statistically different
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T-junction Fitting holder

Knobs

Figure 4.22 Images of 3D Printed T-Junction with Locking Mechanism
in 3D Printed Device. Top. 3D printed T-junction and single fitting
comprised of VeroClear. Bottom. Images of setup with locking
mechanisms, resulting in an overall simplified setup.

168



Figure 4.23 Image of the Computer Aided Design File for the Base 3D
Printed Device. Schematic of the CAD file for the 3D printed base, along with
dimensions. The bottom image is a zoomed in portion of the inlet/outlets of
the locking mechanism, with the corresponding dimensions.
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Figure 4.24 Image of the Computer
ed Design File for the 3D Printed Y-Junction. Schematic of the CAD file for

the 3D printed Y-iunction. alona with dimensions.
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(p < 0.001) for the blank (1.78 + 0.45 hours), 1 hour (3.42 + 0.79 hours) and 2
hour (6.01 + 1.44 hours) gradients. The impact on PK profiles in the locking 3D
printed device upon increasing the concentration in the insert (10 uM) and
syringes (10 uM) observed in Figure 4.27, with the corresponding natural log of
the concentration in the gradient versus time (Figure 2.28) yielding the half-lives
of the PK studies. Linear relationships for the three PK profiles were again
observed, i.e., blank: 0.9108, 1 hour: 0.9860, and 2 hour gradients: 0.9699. The
blank gradient half-life (1.81 = 0.25 hours), 1 hour gradient (2.73 + 0.90 hours),
and 2 hour gradient (3.30 + 1.99 hours) were all statistically equal (p > 0.05). At
this point, it is evident the concentrations in the channel were not as expected, for
example, in Figure 4.27 during the 2 hour gradient at the 2 hour mark the
concentration in the channel should be 8 uM, therefore the concentration in the
insert should be similar to that of the channel, however, the concentration in the
membrane insert at 2 hours is approximately 7 uM. The absorption of analyte in
the channel needs further characterized to obtain a correction factor to account

for the missing concentration.

4.3.2.3 Characterization of Analyte Absorption into 3D Printed Material
During the characterization of the loading portion of a PK curve, the actual
concentration in the channel is not a significant factor due to the prediction model

automatically correcting for any analyte absorption into the device as a result of
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Figure 4.25 Manipulation of Half Life using Gradients Introduced
through Locking Mechanism T-Junction (5 pM). Similar to the original set
up, however, t-junctions were directly incorporated into the 3D printed devices
using a locking mechanism. The same concentrated fluorescein (5 pM) was
used in the membrane insert (75 L), as well as in the syringes with deionized
water to introduce various gradients achieved through the used of flow rates,
e.g., 75%: fluorescein (0.6 pL/min), water (0.2 pL/min); 50%: fluorescein (7.5
ML/min), water (2.5 upL/min); 25%: fluorescein (5.0 plL/min), water (5.0
pML/min); 0%: fluorescein (0 uL/min), water (10 pL/min). Only buffer is flowed
under the membrane insert under the blank depletion. The gradient is
changed every hour or every 2 hours in order to manipulate the concentration
gradient experienced by the membrane insert. n = 6; error: standard
deviation
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Figure 4.26 Natural Log of Concentration in Insert verse Time Derived
from 4.25 (5 pM). Similar to Figure 4.21, the natural log of the concentration
in the insert obtained in Figure 4.25, with respect to time yields information
such as elimination rate constant, half life, and kinetic order. The three
gradients still were first order rate kinetics with linear relationships, i.e., = 0.
9067, 0.9406, and 0.9877for blank, 1 hour and 2 hour gradients, respectively.
A significant difference (p < 0.001) in half-life was observed between the
blank (1.78 + 0.45 hours), 1 hour (3.42 + 0.79 hours) and 2 hour (6.01 + 1.44
hours) gradients. n = 6; error: standard deviation
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Figure 4.27 Manipulation of Half Life using Gradients Introduced through
Locking Mechanism T-Junction (10 pM). Similar to the experimental set up
with the t-junctions being directly incorporated into the 3D printed devices using
a locking mechanism. An increased concentrated fluorescein (10 uM) was used
in the membrane insert (75 L), as well as in the syringes with deionized water
to introduce various gradients achieved through the used of flow rates, e.g.,
75%: fluorescein (0.6 pL/min), water (0.2 pL/min); 50%: fluorescein (7.5
pML/min), water (2.5 pL/min); 25%: fluorescein (5.0 pL/min), water (5.0 puL/min);
0%: fluorescein (0 pL/min), water (10 pL/min). Only buffer is flowed under the
membrane insert under the blank depletion. The gradient is changed every
hour or every 2 hours in order to manipulate the concentration gradient
experienced by the membrane insert.
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Figure 4.28 Natural Log of Concentration in Insert verse Time Derived
from 4.27 (10 pM). Similar to Figure 4.21, the natural log of the concentration
in the insert obtained in Figure 4.27, with respect to time yields information
such as elimination rate constant, half-life, and kinetic order. The three
gradients still were first order rate kinetics with linear relationships, i.e., P =
0.9108, 0.9860, and 0.9699 for blank, 1 hour and 2 hour gradients,
respectively. No significant difference (p > 0.05) in half-life was observed
between the blank (1.81 + 0.25 hours), 1 hour (2.73 + 0.90 hours) and 2 hour

(3.30 £ 1.99 hours) gradients. n = 6; error: standard deviation
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the absorption being uniform throughout and as such is factored into the
calibration basis of the prediction models. However, the actual concentration in
the channel under the detection well is critical for the depletion portion. When
manipulating the half-life, the actual concentration directly below the membrane
plays a pertinent role in the rate of diffusion. As mentioned in section 4.3.2.1,
half-lives are independent of initial concentration, therefore as discussed in
section 3.2.4, the concentration of analyte in the channel is varied in a gradient to

directly affect the concentration gradient and subsequent diffusion rate.

In Figure 4.29, various concentrations of fluorescein (2.5, 5.0, 7.5, 25, 50,
75, 100 pM) were flowed at 10 uL/min for 1 hour and sampled directly from the
open well lacking the membrane insert. The concentrations of fluorescein in the
well were 45-60% less than the initial concentration in the syringe, thereby
signifying that the fluorescein was partially absorbing into the channel walls. The
concentrations in the well were plotted against the initial concentration in the
syringe to form a linear relationship (r* = 0.9975). The resulting slope (0.5772)
was used to formulate the following correction factor to account for loss of

fluorescein due to absorption into the device:

Desired Concentration in Well = Slope * Initial Concentration in Insert

A proof of concept for the correction model was shown in Table 4.3. Initially,

concentrations of 2.5, 5.0 and 7.5 uM were pumped through the channels and
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Figure 4.29 Absorbance of Fluorescein into the Device Channels and
Correction Factor for Expected Concentration. Various concentrations of
fluorescein (2.5-100 uM) were flowed through the channels for an hour and
sampled (5 pL). Samples were diluted with 100 uL of DI water analyzed in a
plate reader. The resulting concentrations were plotted against the initial
concentrations and a best fit linear line drawn through the lines (r’= 0.9975;
slope = 0.5772). From the aforementioned line a concentration correction factor
can be made from the resulting slope (Concentration in Well = Slope*Initial
Concentration), therefore, if a concentration of 2.5 UM was desired in the well a
concentration of 4.33 uM would need to the initial concentration. n = 3; error:
standard deviation
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Concentrations (nLM)

Desired Previous Corrected Initial Corrected
Experimental Experimental
2.5 1.25+0.22 4.33 2.97+0.50
5.0 2.24+0.56 8.66 4.66+0.45
7.5 3.35 £0.60 12.99 7.89+ 1.42

Table 4.3 Absorbance of Fluorescein into the Channel Correction Factor
Proof of Concept. Based on the correction factor correcting the concentration
of fluorescein in the channel to account for absorption into the channel,
derived in Figure 4.17, specific concentrations are flowed through the channel
and sampled (5 pL) in the open well. The original initial concentrations (2.5,
5.0. 7.5 pM) fluorescein yielded concentrations under the well of 1.25 + 0.22,
2.24 + 0.56, and 3.35 + 0.60, respectively. The loss of concentration from the
syringe to the well indicates that fluorescein is absorbing into the walls of the
channel. From Figure 4.17, the initial concentrations were corrected (4.33,
8.66, 12,99 uM) to result in theoretical concentrations under the well of 2.5,
5.0, 7,5 pM, respectively. The resulting values were statistically the same as
the theoretical values (2.97 + 0.50, 4.66 + 045, 7.98 + 1.42). n = 4; p > 0.05;
error: standard deviation
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the resulting concentration in the wells were 1.25 + 0.22, 2.24 + 0.56, 3.35 + 0.60
MM, respectively. After the correction model was implemented for desired well
concentrations of 2.5, 5.0, and 7.5 pyM, the initial concentrations in the syringes
were 4.33, 8.66, and 12.99 uM, respectively. After flowing the previously
mentioned concentrations for 1 hour at 10 uL/min, samples (5 uL) were taken
from the well, diluted with 100 pL of DI water, and analyzed in a plate reader.
The resulting concentrations (2.97 + 0.50, 4.66 + 0.45, and 7.89 = 1.42 uM,
respectively) were, within error, the same as the desired concentrations. The
correction model allows the concentration in the channel and subsequently the
gradients to be precisely controlled, therefore the manipulation of the half-lives is
able to be better regulated. Upon varying the half-lives, potential mathematical
relationships would need to be explored to formulate a prediction model for the

half-lives.

Thus far, various parameters of the 3D printed diffusion-based dynamic in
vitro PK model were studied, such as the impact of the flow rate, loading volume,
loading time, and initial volume. Prediction models were formulated for the
concentration along the loading portion of the PK profile, as well as for the Cpax,
based upon the PK profiles obtained during the characterization of the initial
volume in the channels. Due to half-lives being independent to initial dosing, first
order rate elimination in the device was confirmed during the elimination portion

of the PK profile. Upon characterizing a correction factor to account for the
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amount of analyte absorbed by the device material, accurate gradient are able to
be employed to manipulate the half life. Furthermore, a prediction model for the
half-life, obtained from the gradient studies, will complete the characterization of

the reusable, 3D printed in vitro model.
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FUTURE DIRECTIONS

5.1 Applications for Diffusion Based Dynamic In Vitro Pharmacokinetic
Model

Thus far, the 3D printed diffusion based dynamic in vitro PK/PD model has
had various parameters characterized, such as loading time, initial volume,
maximum concentration, flow rate, and establishment of first order kinetics.
Prediction models regarding magnitude and timing of the maximum
concentrations have been formulated, as well as, proof of concepts obtained
through the use of an antibiotic of similar molecular weight. However, during the
characterization studies, no living samples were introduced into the membrane
insert on the device. Upon completion of the device characterization, there is
opportunity for the device to be utilized in new research avenues, such as
utilizing 3D cell culture technology to be seeded in the membrane insert to allow
the monitoring of tissue like spheroids to further mimic in vivo environments,
specifically the effect on tumors upon dosing with the chemotherapeutic agent
irinotecan. Also, exploring multiple day dosing of bacteria with antibiotics within
the confines of the device would yield information regarding bacteria resistance.
The simplicity of the device design allows a wide variety of cell types to be
cultured in the cell culture inserts, while simultaneously flowing a multitude of
solutions through the channel, thereby allowing the experimental setup to be very

flexible. The solutions flowing through the channel can include drugs, buffers,
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even other cell types like red blood cells. In Chapter 5, several projects will be
discussed that utilized the 3D printed diffusion based dynamic in vitro PK/PD

model for applications in various research fields.

5.2 Further Characterization

The last characterization of the device monitored the amount of
fluorescein absorbed into the device channels, which will factor into attempting to
manipulate the half-life through gradients. With the empirical determination if the
correction factor, which accounts for the concentration of analyte absorbed into
the channel, thereby allows the manipulation of the half-life and subsequent
determination of a prediction model for the half-life. A future prediction model for
half-lives would include pumping various gradients of analyte through the channel
for specific time points. For example, the concentration of the drug flowed under
the channel, upon being varied in a gradient fashion, for example, the
concentrated drug is added to the insert, while 75% drug was flowed through the
channel for the first hour, 50% of the concentrated drug the second hour, 25%
the following hour, before flowing pure buffer, with the actual concentrations
being varied over time. By varying the concentration of drug under the
membrane insert, the concentrated drug in the insert experiences different
concentration gradients, thus allowing manipulation of the diffusion of drug from
the insert. Integrating an automated gradient pump would also be an added

improvement over the stepwise varying of concentration in the channel currently
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used during gradient studies. The programmable gradient pump would allow for
smooth concentration transitions to be employed during flow. A prediction model
for the half-life can be determined by varying the aforementioned gradient over
various time points. By predicting the half-life, the in vitro studies are better
abled to mimic actual in vivo studies. Another parameter worth exploring is
further reducing the half-life, however this could ultimately require a new device

design.

5.3 3D Cell Culture Incorporation in the 3D Printed In Vivo Device

3D cell culture, or more commonly called spheroids, utilizing various cell
types,'™ has been used with the overarching goal of mimicking actual tissues.>”
For example, Li et al. showed the effect of administering irinotecan, a
chemotherapeutic agent, to 3D cultured HCT 116 colon carcinoma multicellular
spheroids in a stagnant environment.? The statically dosed spheroids were then
sliced into cross sections and analyzed using matrix aided laser desorption
ionization (MALDI) imaging mass spectrometry to measure the depth at which
irinotecan penetrated the cellular tissue and effectively damaged or killed the
cells. This dosing was performed in a static environment, therefore in order to
further model in vivo studies the dosing of irinotecan should be manipulated
under various rates, concentrations and eliminates as achieved in patients, as

can be achieved in the 3D printed PK/PD device. Incorporation of 3D cell culture

tissue only aids in mimicking in vivo PK profiles and as such would make the
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diffusion based dynamic in vitro 3D printed device a more powerful tool when

used in tandem with animal models.

5.3.1 Experimental Method
5.3.1.1 Preparations of Solutions
Fluorescein Stock and Working Solutions

Fluorescein stock solutions (332.31 g/mol, Sigma Aldrich, St. Louis, MO,
USA) were prepared as described in section 4.2.2. In short, a stock solution of
100 ppm was prepared by weighing out the appropriate amount of fluorescein
and diluting with deionized water. Further diluting the stock with deionized water

made the appropriate working solutions.

Irinotecan Stock and Working Solutions
Irinotecan stock solutions were prepared by dissolving the compound in
deionized water for a final concentration of 0.5 mg/mL. Further dilutions, for the

working solutions, were made by diluting the stock solutions in PSS.

Camptothecin Stock and Working Internal Standard Solutions

The internal standard, camptothecin, stock solution was dissolved in water
for a concentration of 0.5 mg/mL. The stock solution was diluted with of
acetonitrile (550 nM) and was kept on ice. The working solution of the internal

standard (200 pL) was added to 5 uL of the diluted sample solution.
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5.3.1.2 Analysis of Irinotecan using Multiple Reaction Monitoring Liquid
Chromatography-Mass Spectrometry

The detection of irinotecan was similar to that of levofloxacin as described
in section 3.2.5. Again, the 96 well polycarbonate PCR plate containing samples
was placed in the autosampler, which injects 10 puL of sample into the Shimadzu
ultra performance liquid chromatography (UPLC) instrument. Using a reverse
phase chromatography column, i.e., Supelco Ascentis Express C18 column
(length: 3 cm; i.d.: 2.1 mm; particles: 2.7 pL; Supelco, Bellefonte, PA, USA),
irinotecan and camptothecin were separated with the following retention times:
1.10 min and 1.22 min, respectively. The following solvents, 1% formic acid in
water (A), acetonitrile (B) and methanol (C) were used in the corresponding
gradient, 95% A, 0% B for 0.25 min; 2% A, 0% B at 1.00 min; hold 2% A, 0% B
until 1.25 min; 30% A, 15% B at 1.75 min; Hold 30% A, 15% B until 1.90 min;
95% A, 0% B at 2.00 min. Upon exiting the UPLC system, the sample is
vaporized and ionized using electrospray ionization before being introduced to
the Waters Quatro Micro triple quadrupole mass spectrometer and analyzed
using Walters MassLynx software. Specific parameters such as cone voltages,

collisional energy, parent ions, daughter ions, can be found in Table 5.1.
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Molecular Weight 586.67 348.52
(g/mol)

Parentlon (m/z) 587.24 349.23
Daughterlon (m/z) 167.12 305.18
Retention Time (min) 1.10 1.22
Cone Voltage (V) 46 40
Collisional Energy (eV) 34 22
Collision Gas (Torr) 1.96 x 103

Table 5.1 LC/MS/MS Parameters for Irinotecan and Camptothesin.
Table depicting LC/MS/MS parameters, e.g., molecular weight, parent ion,
retention time, cone voltage, collisional energy and collisional gas.
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5.3.2 Results and Discussion
5.3.2.1 Validating Existing Prediction Model

The prediction model described in Chapter 4 had only been tested and
validated with molecules of similar molecular weight, i.e., levofloxacin and
fluorescein. The molecule of interest, irinotecan (586.68 g/mol), has a
significantly larger molecular weight than fluorescein (332.31 g/mol). To validate
the existing prediction model for the larger molecule, identical concentrations
(52.6 uM) of both molecules were flowed through the channels of the device for 1
hour before being swapped for buffer (irinotecan) or for water (fluorescein, Figure
5.1). Samples (5 pL) were taken every 30 minutes and diluted with the
respective buffer or water (100 pL). Samples taken of fluorescein were analyzed
in a plate reader while the irinotecan samples were analyzed using MRM-
LC/MS/MS. The irinotecan saw a significantly lower Crmax (9.97 + 0.67 uM) than
fluorescein (13.82 = 1.09 uM; p < 0.001), therefore a new prediction model would
be needed for irinotecan. A full PK curve was not completed in Figure 5.1, due to
only requiring the Cax for a comparison the two analytes in the prediction model.
A new prediction model would only entail flowing various concentrations of
irinotecan for approximately an hour with sampling every 15 minutes. The slope

pertaining to the concentration in the insert with respect to time is plotted versus
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Figure 5.1 Validating Irinotecan Loading Profile with Prediction Model.
Irinotecan (586.68 g/mol) is a larger molecule than fluorescein (332.31 g/mol),
which was the molecule, originally used to formulate the prediction model.
Both analytes were flowed at initial concentrations 52.6 uM with irinotecan
resulting in a Cmax Of 9.97 + 0.67 pM, which is significantly less than
fluorescein’s Cmax (13.82 = 1.09 pM; p < 0.001). Therefore irinotecan needs a
specific prediction model characterized. n = 4, error = standard deviation

193



the original concentration of drug flowed. A prediction model for Cnaxis obtained
from the resulting slope, i.e., rate of loading versus original concentration. Overall,
obtaining a new prediction model would entail a day of flowing and analysis thus

does not require an excess of time or materials.

5.3.2.2 Elimination Profile

In section 5.3.2.1, prediction models established for fluorescein and
levofloxacin were validated for irinotecan. The prediction model mimics an oral
dosing, however irinotecan is typically administered through IV dosing. To mimic
the IV dosing, concentrated irinotecan (5.78 pM) was directly added to the
membrane insert (75 uL), while PSS was flowed through the channel. Samples
(5 pL) were taken from the cell culture insert over a period of 5 hours and
analyzed using MRBRM-LC/MS/MS (Figure 5.2). Validating that the depletion
followed first order rate kinetics was determined by taking the natural log of the
concentrations in the insert, obtained in Figure 5.2, with respect to time (Figure
5.3). The resulting line (r* = 0.9742) is indicative of first order rate kinetics, and
the half-life, obtained from the slope of the line, was 1.69 hours. Furthermore,
the first order elimination relationship is crucial due to a majority of drugs being

eliminated through first order rate kinetics.
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Figure 5.2 Elimination Profile for Irinotecan. Irinotecan (5.78 uM) was
added to the membrane insert (75 pL) while deionized water was flowed
through the channel. Samples (5 uL) were taken every 30 minutes. n = 4,
error = standard deviation
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Figure 5.3 Validating First Order Rate Elimination. The natural log of the
concentration in the insert with respect to time derived from Figure 5.2
resulted in a linear relationship (r* = 0.9742). The linear relationship is
indicative of first order rate kinetics. The half-life, obtained from the slope of
the line was 1.96 hours.
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5.4 Multiple Day Dosing of Bacteria for Future Antibacterial Resistance
Studies

Sir Alexander Fleming discovered the first antibiotic, penicillin, in 1929.
Since then antibiotics have become an integral part of our society resulting in an
overall longer life expectancy.® However, an increasingly alarming number of
bacteria, e.g. 70%, have become resistant to at least one of the commonly used
antibiotics. The first resistances were reported as early as 1946, in the same
year that penicillin was first marketed. For example, 450,000 multi-resistance
cases of tuberculosis were reported in 2012. Resistances have also been
reported in malaria, influenza, and HIV cases. Perhaps more alarming is the
developing resistance to bacteria responsible for common infections such as
urinary tract, pneumonia, and ear.'® These resistances are fueled, in part, due to
misuse of patience adherence, antibiotics being prescribed inappropriately, as
well as, antibiotics being used as growth stimulants in livestock.’ The latter
cause was recently the target of a Food and Drug administration guidance for
industry urging the practice of incorporating antibiotics in feed as growth
stimulants to end.”> The World Health Organization (WHO) has recently
addressed the concerns of bacterial resistance by making the theme of World
Health Day 2011 antibacterial resistance.'® Also in 2014, the WHO published a
report concerning a surveillance of antibacterial resistance that called for
increasing research efforts to find new antibiotic drugs needed to treat the

resistant bacteria as well as new strains of infectious bacteria.’® Driving the
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search for new antibiotics stems from the fact that a new class of antibiotics has
not been discovered since 1987."" The Center for Disease Control (CDC)
published a threat report, Antibiotic Resistance Threats in the United States:
2013, addressing the current state of antibiotic resistance, impact, and effect.'
Overall, antibacterial resistance is a global concern that could plunge us into a
post antibacterial age, in which, common infections could prove difficult or even
impossible treat unless new practices and research are implemented.’”® The 3D
printed diffusion based dynamic in vitro device offers to ability to monitor bacterial
kill rates while mimicking in vivo dosing. The device design allows flexible

experimental designs for personalized set ups.

5.4.1 Experimental Method
5.4.1.1 Preparation of Solutions
Levofloxacin Stock and Working Solutions

Levofloxacin stock and working solutions were prepared as previously
described in section 3.2.1. In short, the stock solution (1 mg/mL) was prepared
by diluting levofloxacin in 50% methanol and water. Working solutions were
prepared by further diluting the stock solution with PSS until the desired

concentrations are reached.
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Ciprofloxacin Stock and Working Internal Standard Solutions

Ciprofloxacin stock and working solutions were prepared as previously
described in sections 3.2.1. Briefly, stock solutions of ciprofloxacin were
prepared by diluting ciprofloxacin in deionized water untii a 1 mg/mL
concentration is reached. A working internal standard solution was prepared by
taking 550 uL of the stock solution and diluting with 5 mL of acetonitrile before
placing in an ice bath until needed. Samples taken from the sample insert were
diluted with 100 pL of buffer before a 5 pL aliquot was further diluted with the

working internal standard solution.

5.4.1.2 Bacteria Culture Growth, Purification, and Viability Assay

Kanamycin-resistant Escherichia coli (E. coli) (BL21DE3, Novagen) was
prepared by adding 1mL of thawed stock (1:1 in 50% glycerol) to sterilized
Lysogeny Broth (LB Lennox, EMD) with 50 pg/mL kanamycin added. The
solution, i.e., media, antibiotic, and bacteria, was subsequently shaken for 14
hours at 180 RPM at 37°C. After 14 hours, 30 mL of culture was transferred to a
50 mL polypropylene centrifuge tube (Greiner Bio-One). The sample was
centrifuged for 15 minutes at 3000 x g to obtain a pellet. The supernatant was
removed by aspiration, and two milliliters of BSA Free PSS was added. The pellet
was resuspended using a vortex mixer (Fisher Scientific), and 1 mL of the
suspension was added to 30 mL of BSA Free PSS. The sample was centrifuged

2x more at 3000 x g for 15 minutes and supernatant was aspirated off each time.
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The resulting pellet was resuspended in 10 mL BSA Free PSS, and the optical
density was adjusted to 0.06 ODg7onm uUsSing a commercial plate reader

(SpectraMax) and a 96-well clear polycarbonate plate (Greiner).

Agar plates for bacteria plating was prepared by autoclaving LB (20g/L)
with added agar (15g/L, VWR) for 45 minutes. After autoclaving, the solution was
allowed to cool to 50°C before 50 ug/mL of kanamycin was added to the solution.
Agar was immediately added to polycarbonate plates and allowed to cool before

storing in refrigerator for up to 1 month.

The viability assessment of bacteria after dosing was performed using the
BacLight Kit (Invitrogen). The kit contains the two nuclear dyes, SYTO9 and
propidium iodide (PI). SYTO9 enters all cells regardless of membrane
permeability, and Pl only enters cells with compromised membranes. Using this
principle, standards containing ratios of dead (fixed with 70% ethanol) and live
bacteria were mixed. The standards were added in triplicate to a 96 well plate
and an equal volume of SYTO9/PI mix (5 uM and 30 uM working concentrations,
respectively) was added to the wells and incubated for 15 minutes. Signal from
both fluorophores (ex: 488 nm), SYTO9 (em: 530 nm) and Pl (em: 630 nm) and
were read using the plate reader. The ratio of SYTO9 to PI fluorescence was
plotted against % bacteria live to yield a calibration curve. Subsequent samples

were analyzed using the obtained calibration curve.
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5.4.2 Results and Discussion
5.4.2.1 Multiple Day Dosing of Escherichia coli with Levofloxacin

A multiple day dosing of E. Coli with the antibiotic levofloxacin was
performed on the 3D printed device (Figure 5.4). Each day, E. coli suspended in
BSA free PSS buffer was added to the membrane insert (75 pL) and
concentrated levofloxacin (119.28 uM) was flowed through the channel for one
hour before being switched with BSA free PSS buffer. The target Cnaxwas 25.6
MM, which mimics the internal concentration of a urinary tract infection dosing of
250 mg levofloxacin over 3 days.'®'” The buffer is allowed to flow for 5 hours
before the bacteria is collected, sampled, and incubated overnight for recovery.
A second dosing was repeated the following morning, thereby mimicking the
administration of a second 250 mg levofloxacin dosing, followed by a third dosing
on the subsequent day. At the completion of each day the bacteria sample is
collected and analyzed using viability staining and a plate reader. As the dosing
was preliminary, conventional plating procedures will be done to validate plate
reader and flow cytometry findings for future studies. As seen in Figure 5.4, the
prediction model worked as expected with all Cnax values, i.e., Day 1: 18.66 +
6.48 uM; Day 2: 25.64 + 4.23 uM; Day 3: 20.01 + 5.27 pM, being within error of
the expected Cmax Of 25.6 uM. The actual dosing represents a PK profile. The
effect of the drug on the bacteria is a PD parameter, and as such, after Day 1

there was 83.4 + 12.4% of bacteria remaining alive as obtained by the viability
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Figure 5.4 Multiple Day Dosing of Escherichia coli with the
Levofloxacin Antibiotic. = Concentrated levofloxacin (119.28 pM) was
flowed through the channels for 1 hour, with the desired Cnax reaching 25.6
MM, before being swapped for BSA free PSS buffer while E. coli was seeded
in the cell culture inserts. The process was repeated over three days while
the E. coli sample was monitored for cell death at the conclusion of each
day. The resulting, significantly similar Cmax, based on days were 18.66 +
6.48 uM, 25.64 + 4.23 pM, 20.01 £5.27 uyM. n =4
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assay using the plate reader. Plating in future studies will confirm this number
as well as determine if any bacteria, factored in as alive, were actually damaged
to the point that they were not able to reproduce. Following the second day of
dosing 26.8 + 9.8% were alive and -0.7 + 1.8% were alive after Day 3. The data
shown is preliminary due to lack of relevant controls, i.e., plating data, bacteria
counts at the beginning of each day, static growth experiments, static drug
experiments, however the potential of the device is displayed for applications in
monitoring drug dosing of in a dynamic, diffusion based millifluidic 3D printed

device.

5.4.2.2 Characterization of Multiple Dosing Before Steady State

An additional parameter, to further mimic in vivo PK profiles is the applying
multi-day dosing to achieve steady state (Figure 5.5). A preliminary experiment
(Figure 5.6) demonstrated the effect of administering three dosings, i.e., denoted
by the red arrows in Figure 5.6, of fluorescein to a device over a 5.5 hour period.
A sample of concentrated fluorescein (120 uM) was flowed through the 3D
printed device’s channels while 75 pL of deionized water was added to the
membrane insert. The concentrated fluorescein was flowed for 30 minutes
before being swapped for deionized water. After the water was flowed for 1 hour,
a second dosing of concentrated fluorescein (120 uM) was dosed for 30 min.

Just as in the last dosing, at the completion of the 30 minutes the concentrated
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Figure 5.5 Schematic of Multiple Dosing Prior to, and Reaching
Steady State. A schematic of the concentration verse time graph
representing multiple dosings before steady state in the therapeutic range
is reached.
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Figure 5.6 Preliminary Example of Multiple Dosing over 5.5 Hours on
the 3D Printed In Vitro Device. Three sets of dosings of concentrated
fluorescein (120 uM) were administered over 5.5 hours. The concentrated
fluorescein was flowed through the channel for 30 minutes before being
switched with deionized water for 1 hour and repeated a total of two more
times. The red arrows indicate the beginning of flow for the concentrated
fluorescein. n =4, error = standard deviation
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drug was replaced with deionized water that was flowed for a total of 1 hour,
followed by the subsequent third dosing. Figure 5.6, while preliminary,
demonstrates the ability to mimic the front part of Figure 5.5, in which the dosing
has not reached steady state. Additional characterization of this process, such
as predicting dosing concentrations and if steady state can be achieved in the 3D
printed diffusion based dynamic in vitro PK device is needed. As this dosing is
characterized, it further mimics in vivo environments, thus broadening the

potential applications of the device for future studies in various PK/PD fields.

5.5 3D Printed Custom Labware

The 3D printing technology has only just begun to be utilized in academic
research laboratories and has barely breached the surface of the impact in which
that will be made, not only in experimental platforms such as the in vitro PK/PD
device, but in customized, i.e., specialized, labware. Customized labware will
revolutionize how experiments are set up. As seen in Figure 4.17, 3D printed T-
junctions (clear) were used in tandem with commercially purchased T-junctions
(black) with the same resulting effect. An example of the commercial and the 3D
printed T-junction, in close proximity can be observed in Figure 5.7. The
commercial fittings cost approximately $50 per fitting and take a week or two to
arrive, post ordering, in contrast to the printed parts, which cost under $2 to print

and are available mere hours after submitting to print. Moreover, custom locking
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Figure 5.7 Images of 3D Printed Custom Labware. A. Comparison of the
commercially purchased T-junction fitting and the 3D printed T-junction fitting.
B. 3D printed base to hold the 3D printed device while simultaneously
collecting waste.
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Figure 5.8 Computer Aided Design Images of 3D Printed Custom
Labware. CAD file of the 3D printed base holder from various viewpoints,

along with specific dimensions.
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fittings, as seen in Figures 4.22, 4.23, and 2.24 would not be available for
commercial ordering unless being custom embossed, which is costly and time
consuming. Twelve of special fittings were printed in approximately an hour at

under $2 per fitting.

An additional example of custom labware can be seen in Figure 4.22 and
5.7, as the base holding the 3D printed in vitro device. Figure 5.8 shows the
CAD files of the base, along with the corresponding dimensions. Initially waste
was extremely difficult to collect and manage in early prototypes, thereby
highlighting the need of a holder to collect and manage the waste. Using CAD
software, the base was designed to, not only, collect waste, but also perfectly fit

the 3D printed in vitro device.

A last example of 3D printed custom labware was the designing of a
portable 3D printed peristaltic pump (Figure 5.9). The CAD file can be seen in
Figure 5.10, as well as specific dimentions of the side, front, and top view of the
pump, which can be found in Figure 5.11. The pump is hand held and can be
pumped for over 24 hours. The only commercial parts are the motor (CNDF
140227, 5 RPM), one screw to hold the motor in place, peristaltic tubing, battery
(Cabela’s; 12V, 8.0 amp) and a circuit board to control the speed of rotation and

on/off function (RioRand; RRCCM2SPC Adjustable DC Motor Speed PWM
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Figure 5.9 Images of the 3D Printed Peristaltic Pump Setup. Top.
Images of 3D printed pump setup while tubing was incorporated with the
3D printed device containing endothelial cells and constantly perfusing
media. In the image, the tube that traditionally holds media contains
fluorescein for aesthetic purposes. Bottom. Zoomed in image of the 3D
printed pump. Behind the pump is the 24V battery. The terminals are
connected the a circuit board, i.e., on/off switch and speed control,
contained below the pump and connected to the motor. The setup is
isolated and can be contained in an incubator for at least 12 hour periods.
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Figure 5.10 Computer Aided Design Model of the 3D Printed
Peristaltic Pump Setup. CAD file of the 3D printed peristaltic pump with
all of the 3D printed parts in place.
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Figure 5.11 Computer Aided Design Model of the 3D Printed
Peristaltic Pump Setup and Corresponding Dimensions. CAD file of
the 3D printed peristaltic pump with all of the 3D printed parts in place
from the top, side and front views. Corresponding dimensions are noted

from the various view points.
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Controller 12V, Reversing Switch, 120W). The 3D printed pump fits in cell culture
incubators, and can be used in cell viability studies to incorporate flow into 3D
printed devices, which contain cells seeded in their channels. By exposing the
growing cells to continuously flow through the channel, an environment, closely
mimicking that of in vivo, is experienced by the adhered cells. The pump is yet
another example of 3D printing influencing studies in ways that would require

outside design and extruding to implement in current research environments.

The adaptions made by 3D printing to the experimental setup not only
reduced cost in some instances but made the set up easier on the researcher. In
all honesty, upon access to a 3D printer, implementing and incorporating 3D
printing into research laboratories will result in increased efficiency, maybe not for
the actual measurements, but for the time spent by the actual researcher. 3D
printing, on a broader scale, as the technology develops could potentially lead to

the third industrial revolution.
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