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ABSTRACT

According to the American Animal Hospital Association, canines are 2-5 times more
likely to develop lymphoma than humans; however, only 4% of canines are diagnosed during a
routine appointment®2. This work focused on modifying a novel fiber-based diagnostic to
enhance heterogenous cell sample separation for rapid, routine lymphoma diagnosis. Through
fiber size, configuration, biomaterial, and surface modifications, this work focused on optimizing
the passive wicking properties of the fiber bundle. A dopamine-treated polylactide (PL) fiber
bundle and twisted nylon fiber bundle had the most favorable wicking properties. This work also
focused on identifying a biomaterial cap on the fiber bundle to promote cell wicking and capture.
Alginate, three-dimensional printed PL and paper-based materials were tested. A freeze-dried
sodium alginate hydrogel material was identified as the most promising biomaterial cap. Further
fiber bundle and cap biomaterial optimization for increased cell recovery and cell visibility will

lead to a clinically relevant prototype.
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PREFACE

Diagnosis of canine lymphoma needs real time diagnostic capability. Currently, routine
wellness visits only accommodate preliminary testing for disease and only if something
extraordinary, like a lump, is first noted during examination. Definitive diagnostics for canine
lymphoma involve extended time and specialty appointments to accommodate post appointment
analysis with high-end instrumentation and additional expense. Because of the additional time
and expenses associated with receiving a definitive canine lymphoma diagnosis, there is a need
for a rapid, low cost diagnostic device that will provide ample information for the veterinarian to
confidently diagnose lymphoma during the routine wellness visit.

Capillary action is a passive wicking mechanism used to move fluids without external
force. Fiber-based wicking systems are commonly used in the textile industry to passively
transport fluid to the outside of the textile for an advanced cooling effect. Due to the limitations
of current cancer diagnostics in veterinary medicine, the purpose of this work is to employ the
same fiber-based wicking systems for passive wicking of a heterogenous cell sample for cell type
separation and subsequent rapid cancer diagnosis. Previous work identified that a fiber-based
passive transport system could separate cell types over the length of the fiber®°. This work aims
to optimize the materials used for the fiber bundle and the cap biomaterial to enhance cell type
separation for cancer diagnostic applications.

This work is divided into four chapters: the project background, fiber bundle
optimization, cap biomaterial optimization, and cell type separation. Chapter 1 will begin with a

brief introduction of the motivation for the project and a literature review on current research



into rapid cancer diagnostics. Chapter 2 will focus on the optimization of the fiber bundles for
enhanced cell separation. Aim 1 of Chapter 2 studies was to increase the hydrophilicity of the
fiber bundle material to increase wicking speed and the amount of fluid sample processed. The
Aim 2 of Chapter 2 studies was to decrease the size of the capillary channel radii to increase
wicking speed and the amount of fluid sample processed. Experiments with surface treatment
modifications were presented at the 2022 and 2023 University of Georgia (UGA) Center for
Undergraduate Research Opportunities (CURO) Symposium43144, Results from water contact
angle analysis, dopamine surface treatments effect on wicking properties, and decreasing
capillary channel radii through a twisted fiber bundle configuration were all presented at the
2023 Annual Meeting and Exposition of the Society for Biomaterials (SFB) in San Diego,
Californial®®. Chapter 3 will focus on the optimization of the cap biomaterial for clear cell
visibility on the cap biomaterial and enhanced cell capture within the cap biomaterial. Aim 1 of
Chapter 3 studies was to clearly count cells within the cap biomaterial and to increase the
number of cells captured within the cap biomaterial. Experiments with different cap material
types were presented at the 2022 Annual Meeting and Exposition of the SFB in Baltimore,
Maryland4®. Experiments with the 3D printed polylactide mesh cap were also presented at the
2022 UGA CURO Symposium*3, Lastly, Chapter 4 will focus on cell type separation over the
length of the fiber bundle. Chapter 4 studies identified the fiber bundle that separated the most
cancerous cells from a heterogenous cell population and the cap biomaterial that captured the

most cells within the cap biomaterial. The overall flow of experiments is shown in Figure 1.



Problem: routine veterinary wellness visits lack definitive cancer diagnostic capabilities.
Receiving a definitive diagnosis involves additional time and cost for specialty appointment visits
and testing, reducing the remaining quality of life for the pet and the time to decide between
limited available treatment options for the pet owner.

v

Solution/hypothesis: wicking fiber-based cancer diagnostic device that is hypothesized to
enhanced cell separation of a previously proposed passive transport system for a more rapid,
inexpensive, and definitive cancer diagnosis.
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Figure 1. Flow of the experimental process for this work. A red asterisk indicates a presentation
of the experiment as stated in the text.




CHAPTER ONE

BACKGROUND

Introduction

In human and veterinary medicine, an early cancer diagnosis is critical to minimizing the
negative health effects associated with cancer. However, it has been shown that only 4% of
canines with cancer received a diagnosis at a routine veterinary wellness appointment where
there were no advanced signs or symptoms?. There are no routine cancer diagnostics at
veterinary wellness appointments; hence it is only when a lump is identified or serious signs and
symptoms emerge that diagnostic testing is employed. The pet and pet owner then must wait as
the pet undergoes testing over several specialty appointment visits, wasting valuable time and
resources as detailed in Figure 2. At this point, the cancer has already progressed to tumor
formation, limiting the treatment options and remaining quality of life for the animal. For this
reason, there is a serious need for an inexpensive, rapid cancer diagnostic device for veterinary
medicine applications to reduce the emotional and financial stress of the pet and pet owner, while
also maximizing the remaining quality of life for the animal by providing a cancer diagnostic
device that can detect cancer in the early stages prior to tumor formation.

Current diagnostics in veterinary medicine include physical examination of the lump and
other tissues, bloodwork, fine needle aspirates (FNA), biopsies, X-rays, ultrasounds, computed
tomography scans, magnetic resonance imaging scans, cytology, and histopathology reports.
Each of these steps provide insight into the possibility of cancer and the location of the lump, but

typically a sample must be sent to a specialty lab for definitive results after performing many of



these tests?. In an effort to detect cancer in its early stages prior to tumor formation, research is
being conducted, investigating the use of liquid biopsy samples for rapid cancer detection using
biomarker or physical cancer cell separation techniques. However, there remain limitations to
this research that must be addressed, which leads to the need for this work. This work will focus
on modifying components of a previously proposed cell separation device to enhance cell

separation for a wicking-fiber based cancer diagnostic device.

I New Mass Sequence of Diagnostics |
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$ for confirmation

to surgery without
$ NA. A

Figure 2. A schematic showing the steps between the initial routine veterinary appointment to
diagnosing a lump. Red hour glasses indicate a waiting period for the physician and the client
between the indicated and the next step. Red dollar signs indicate an additional cost for
diagnosis. Courtesy of Kelsey Collins (2022).

Literature Review

Current Development in Rapid Cancer Diagnostic Devices

Current research on developing a rapid cancer diagnostic device in the literature aims to exploit
genotypic and phenotypic differences in cancerous cells and non-cancerous cells in order to
detect cancer in the body with two key detection methods: cell-free DNA (cfDNA) and
circulating tumor cell (CTC) detection. The cfDNA and CTC samples can be collected via liquid

biopsy or primary tumor sample. A liquid biopsy can be generally defined as a sample of



biological fluids such as blood, urine, or cerebral spinal fluid that is analyzed for analytes of
interest. A primary tumor sample is typically taken through a FNA which is a sampling
technique that involves sticking a hollow needle into a lump or mass to extract a small cell
sample that can be stained and examined under a microscope. These methods aim to develop a
diagnostic testing method that process a sample already common in routine or specialty follow-
up appointments for easy integration. A rapid diagnostic device that can process these types of
samples would ideally eliminate the need for expert analysis of the sample to allow for earlier
detection of cancer and reduce the time between noticing symptoms and a definitive diagnosis.
However, general limitations for these proposed methods include difficulty recognizing tumor
heterogenicity, detecting localized or low metastatic cancers, not having a high enough target
molecule concentration, or having too low of a detection rate to yield definitive, consistent
results3#, Limitations of each specific cancer detection method will be discussed in the
following sections.

Cell-free DNA Detection

Cell-free DNA (cfDNA) detection is a common method in the literature being developed for
cancer detection and diagnosis. cfDNA fragments are degraded during apoptosis or necrosis in
minutes to hours for human and animal species, readily releasing cfDNA into the blood stream
for detection®*. For this reason, cfFDNA detection uses a liquid blood biopsy sample to process
and identify cfDNA. Detection of cfDNA looks for specific genomic alterations that are cancer
cell specific to aid in cancer diagnosis®. It has been confirmed that different cancer types will
have different genomic alterations in human and canine populations and that cfDNA for multiple
cancer types are present in canine populations®*°. This will allow for detection of specific cancer

types with the cfDNA detection method. Studies have shown that the accuracy of the cfDNA



detection method for the purposes of cancer diagnosis need improvement, accurately detecting
cfDNA in only half of the preclinical and clinical cancer diagnosis patients. However, the
cfDNA detection method had improved results when detecting higher metastatic potential, giving
positive results for cFDNA presence in 83.8% of cancer patients®. While the cfDNA detection
method improved cancer detection in preclinical patients and patients with high metastatic
potential, there are several limitations still to be addressed with this method. cfDNA detection
does a poor job at detecting localized cancers, smaller tumors, and specific tumor types because
they do not readily shed cfDNA into the bloodstream®2. It is recommended that cfDNA detection
methods still be used in conjunction with confirmatory cancer evaluations like cytology or
histology for certain cancer types, as the cfDNA detection method is still not accurate enough for
a definitive diagnosis'. This method still has several positive attributes that will keep the
cfDNA detection method a strong contender in cancer diagnostic research moving forward like
the non-invasive nature of a liquid biopsy that has the potential to provide the same information
as an invasive biopsy*. The cfDNA detection method can also characterize heterogeneity within
the genome if cfDNA sheds from many locations on the tumor, which many current cancer

diagnostic methods lack®.

Circulating Tumor Cell Detection

Circulating tumor cells (CTCs) are tumor cells that are shed from the primary tumor in the body
and enters the peripheral bloodstream to help the cancer metastasize!!. They are another target of
recent cancer detection research because CTCs have biomarkers that can be distinguished as
cancerous and classified by the stage of the disease!2. CTC detection is advantageous because the
whole cancer cell gives more detailed information on the cancer and its metastatic potential

compared to cfDNA fragments or exosomes't. CTC samples are obtained through a liquid biopsy



of the bloodstream, which would save time and resources for pet owners when looking for a
cancer diagnosis. There are two categories of CTC detection, each with promising and limiting
attributes that affect their use as a widely available method for cancer detection: affinity-based
CTC detection and non-affinity-based CTC detection. Generally, CTC detection devices are
limited by extremely low concentrations of CTCs in the bloodstream at approximately 1-10
CTCs/mL of blood*®, However, CTC detection has been approved as a good predictive method
for the state of the tumor, since the number of CTCs present in the bloodstream typically

correlates to the metastatic potential and disease progression of the cancer'3-18,

Affinity-Based CTC Detection Methods
Affinity based CTC detection methods rely on the interaction between components of a device
and the CTCs. More specifically, CTC detection methods popular in the literature include
immunochemical interactions with magnetic beads and surface marker overexpression*31%-3L,
Magnetic bead isolation is promising due to its ability to target cancerous-related antibodies in
CTCs that are not expressed in other molecules in the bloodstream and will bind those antibodies
to the beads®?®*. Several devices using the magnetic bead CTC isolation method on the market
are the AdnaTest, CTC-iChip, and Isoflux'®?°. Surface marker expression has also shown to be a
promising CTC detection and isolation method because the targeted biomarkers have been
shown to be chronically overexpressed in cancer cells versus healthy cells that are present in a
liquid biopsy blood sample!?. Common surface biomarkers tested for CTC detection include
EpCAM, VAR2CSA malaria protein, CD44 exon6, aptamer, and peptides?®-3L,

The key limitation to all affinity-based approaches discussed is the inability to
consistently detect cancer cells within a sample. Major limitations of the common CTC isolation

method targeting EpCAM include: it misses partial stem-cell like CTC phenotypes and EpCAM



becomes extremely downregulated as CTCs undergo the necessary changes for metastasis>>.
The VAR2CSA malaria protein, CD44 exon6, and aptamer identification methods improve upon
the traditional EpCAM identification by identifying CTC phenotypes shown to be missed or that
do not express the EpCAM marker, however, all the biomarker identification methods fall short
of recognizing the heterogenic nature of tumors?’3%3’. One US Food and Drug Administration
approved device using the biomarker-based CTC isolation method on the market is CellSearch
that targets the EpCAM protein®. Many studies have shown that the purity produced from the
CellSearch device is not satisfactory®, The CellSearch device was also shown to only detect
cancer in half of the advanced cancer patients tested and could detect no difference in patients
with early to late-stage cancer when compared to patients with benign disease*®“. Clearly,
biomarkers are limited by the inconsistent overexpression of the target biomarker and the
inconsistent lack of expression of the target biomarker in healthy patients. It has been proven that
some targeted biomarkers are not present in the early stages of cancer and they can be unusually
overexpressed in healthy patients as well for unrelated reasons*2. Lastly, another major limitation
of affinity-based CTC detection is CTCs cannot be identified unless the target biomarker or
mutation is known before of testing*.

The most recent and most promising work on affinity-based approaches has focused on a
biomarker independent charge-mediated isolation technique that utilizes a surface-charged
superparamagnetic nanoprobe to target and isolate CTCs*-%2, It has been proven that a negative
surface charge is a characteristic distinction between cancer cells and normal cells due to tumor
cells undergoing anaerobic glycolysis as opposed to aerobic respiration®”#4 2, The charge

mediated CTC isolation is much more sensitive than biomarker isolation techniques due to the



strong electrostatic binding of the cancerous cells to the positively charged probes of the
device®™47,

Non-Affinity-Based CTC Detection Methods

Non-affinity-based CTC detection methods rely on exploiting physical differences in cancerous
cells versus non-cancerous cells. Typical non-affinity-based approaches are centrifuging
deflection, dielectrophoretic separation, and a combination of size-based and deformability-
based filtration®3%°. Each of these methods are promising for CTC isolation because they can
identify and isolate both epithelial and mesenchymal CTC phenotypes, which is more
representative of tumor heterogenicity unlike most affinity-based approaches®®. There are several
devices on the market that use non-affinity-based approaches for CTC isolation. The Ficoll and
OncoQuick devices use density gradient centrifugation to isolate CTCs from non-cancerous
cells!3®7. The DEPArray device uses dielectrophoretic CTC separation techniques®®°. Lastly,
the Parsortix system, ISET, ScreenCell, JETTATM, and CanPatrol devices target differences in
cell size or cell deformability between cancerous and non-cancerous cells*>"%6, However, each
of these non-affinity-based CTC isolation methods are limited by technology bias and reaching a
balance of capture efficiency, purity, and cell viability®®.

The CTC isolation method that has been most heavily researched is cell deformability-
based and size-based separation. Filters and microchips have both been used to facilitate cell
deformability-based and cell size-based CTC separation**867>77-85 These devices rely on the
correlation between increased deformability of the cell and increased metastatic potential,
allowing CTCs with higher metastatic potential to pass through the filter or further into the
microchip as micropore sizes decrease®®%. The increased deformability of cancer cells is a

phenotype associated with the overexpression of multiple genes that are involved in cancer
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motility and metastasis, where the overexpressed genes in deformable cells also cause greater
cell motility””. While differences in cell size can be a factor for separating cancerous and non-
cancerous cell types, several groups concluded that the differences in cell deformability was the
primary cause for separation in filters and in microchip devices®*+%, It has also been noted that
the cytoskeleton of the cell is much more flexible than the nuclei, meaning separation could be
dependent on cytoskeleton deformability of the cell and nuclei size versus the cell size®®.
Microchip devices contain artificial micro barriers that mechanically separate deformable
cells from stiff cells using hydrodynamic force’’. Micro barrier sizes are strongly correlated with
CTC size for isolation, with approximately 2 um variability for those cells that have high
deformation characteristics®®. Some microchips have been shown to separate CTCs from a whole
blood sample with over 90% cell recovery and over 80% purity®*%4, While the cell recovery and
purity of CTCs in microchip devices are promising, limitations still arise from clogging of the
microchips and heterogenicity of CTC phenotypes in relation to deformability®%-°’. Using a
whole blood sample from a liquid biopsy can also be challenging since leukocytes and
erythrocytes are highly deformable and would pass through the chip with high metastatic

CTCs®.

Proposed Wicking Fiber Cancer Diagnostic Device

The plan for this work builds upon a previously described novel passive transport system to
improve cell separation and isolation. The original fibers used in the passive transport device was
used to improve wicking properties in textile applications, but was then shown to effectively
separate cancerous cell populations from non-cancerous cell populations and high metastatic
cancer cells from lower metastatic cancer cells®°. The separation mechanism is believed to be

due to a variety of physical cell properties: cell size, deformability, surface friction, and cell
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adhesion molecule expression as previously discussed in the literature review®®°, It is also noted
that the wicking characteristics and cell-fiber interactions play a role in how the cell types
separate as well®®®°. This approach to cancer cell separation and isolation is promising due to its
simplistic and inexpensive nature compared to other cancer cell isolation techniques on the
market. Its ability to separate cancer cells based on their metastatic potential over the length of
the fiber bundle, characterizing the heterogenicity in the tumor is also advantageous®®. The novel
passive transport system was created to be used with a liquid biopsy or primary tumor sample,
making translation into a clinical diagnostic device promising®. With fiber bundle modifications
and device cap biomaterial modifications to enhance capillary action, this work modifies the
passive transport device to rapidly diagnose cancer in a cheaper, simpler way by enhancing cell
separation.
Fiber Bundle Modifications
Fiber Material and Surface Modification
The mechanism that drives wicking within the wicking fiber bundle is capillary action. Capillary
action occurs when the adhesive forces between the liquid molecule and the surface are stronger
than the cohesive forces between liquid molecules. However, the cohesive forces between liquid
molecules are also responsible for the surface tension of the liquid that pulls neighboring liquid
molecules up the channel surface against gravity. It has been shown that a hydrophilic surface
enhances adhesive forces between the surface and the liquid molecules'®. For this reason, the
hydrophilicity of the fiber bundle should be enhanced to increase capillary action of the sample.
The previous work on the passive wicking transport fiber bundle used a polylactide (PL)
material®®%. PL is a polymer commonly used for healthcare products, packaging, and

automotive applications!t. PL is biocompatible and has good thermal processability,

12



contributing to its popularity for extrusion purposes*®t. However, PL is considered a hydrophobic
polyester with a water contact angle of approximately 85° in the literature!®? Since PL’s water
contact angle is almost hydrophobic at 90°, new fiber materials and chemical surface treatments
will be investigated to increase the hydrophilicity of the previously proposed passive wicking
transport fiber bundle.

Two new materials were investigated for use in the wicking fiber bundle: nylon 6,6 and
polyethylene terephthalate glycol (PETG). Nylon 6,6 is a high strength yet flexible polymer that
is used in a variety of applications such as cords, fish nets, clothes, parachutes, and elastic
products'®1% Nylon is known for its ability to absorb water with a water contact angle of
approximately 70° in the literature, making nylon more hydrophilic than that of PL%31%, Nylon
is also a popular polymer used in sample swabs where product development companies state that
nylon flocked swabs enhance the capillary action and quick uptake of the sample being collected,
making nylon a promising material for the wicking fiber bundle application'%®%’. Polyethylene
terephthalate glycol (PETG) is a copolymer that possesses the properties of polyethylene
terephthalate and glycol. PETG is a common polymer used in extrusion due to its good thermal
stability and high strength'%1°, The water contact angle of PETG in the literature is
approximately 81°, slightly below the definition of a hydrophobic material'®. Many resources
also list PETG as having poor moisture resistance which can lead to the material being brittle'%-
110 The water contact angle and poor moisture resistance could suggest that PETG is a promising
material for the wicking fiber bundle application.

Chemical surface treatments of the fiber bundles are also used as another way of
increasing the hydrophilicity of the polymers in the literature. Lysol, ethanol, sodium hydroxide,

and dopamine have all been investigated as chemical treatments to increase the hydrophilicity of
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a hydrophobic polymer surface!*'?4, The components that make up Lysol are not well
documented, but the main component of disinfectants is typically benzalkonium chloride.
Benzalkonium chloride is a cationic surfactant that can induce polymer degradation for increased

hydrophilicity*'*

. Alcohols and acids like ethanol and sodium hydroxide have been shown to
cause partial hydrolysis of polymer surfaces, increasing hydrophilicity!*28, Lastly, dopamine
solutions have been shown to increase the hydrophilicity of polymer materials through covalent

bond and hydrogen bond interactions!®-124,

Fiber Bundle Orientation Modification

Another factor that can influence capillary action is the capillary pressure within the fiber
bundle. Capillary pressure can be represented by the Laplace equation in Equation 1, where P¢ is
capillary pressure, y is liquid surface tension, 6 is the contact angle, and Rc is the capillary
radii'?®. From this equation, the hydrophilicity of the fiber bundle is represented by the contact
angle and has influence over the capillary action within the fiber bundle as previously discussed.
However, the capillary radii size also plays a key role in determining capillary action.
Throughout the literature, capillary radius is recognized as a good predictor of capillary action
potential, where a decreased capillary radii will lead to increased capillary pressure and increased
capillary action'?1%’_For this reason, modifications to the fiber bundle should be made to

decrease the size of the capillary channels within the fiber bundle to enhance sample wicking.

2ycos (0) Equation 1
=R
C

Cap Biomaterial Modifications
In addition to fiber bundle modifications having a positive effect on wicking properties of the

fiber bundle, modifications of the cap biomaterial also have the potential to have a positive effect

14



on wicking properties. Plants use a mechanism called transpiration throughout literature to drive
the passive uptake of water and nutrients from the ground up through the leaves of the plant!?®-
131 Transpiration is a process by which water is evaporated from the leaves of the plant, causing
a shift in equilibrium and an increase in capillary action to pull more water from the ground into
the plant. A similar concept can be applied to the passive transport system for cell separation by
modifying the preexisting alginate biomaterial cap that has already proven to enhance cell
separation within the fiber bundle®®. Hydrogels have been shown to mimic this transpiration
process in a hydrated and dehydrated state, with the dehydrated state further driving the uptake
of water to restore equilibrium®32-135, Dehydrated alginate hydrogels have also been shown to
maintain their original shape when rehydrated, which could contribute to longer shelf-life and

simplistic removal of the biomaterial cap for the prototype®3®.
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CHAPTER TWO

FIBER BUNDLE CHARACTERIZATION

Introduction

The National Cancer Institute estimates that 6 million dogs will be diagnosed with some form of
cancer each year, with 50% of dogs over the age of 10 developing cancer3"%, Cancer in canine
populations can be particularly fatal due to the time-consuming nature of cancer diagnosis.
Current diagnostic methods are too time-consuming, expensive, and yield subjective results.
These factors drive the need for a rapid diagnostic device that can process a liquid sample and be
performed during a routine appointment time. Previous work used a wicking fiber-based passive
transport system to effectively separate cancerous and non-cancerous cell types from a
heterogenous cell sample®®%. However, cell samples were allowed to wick for 0.5 hour and 24-
hour time points, showing significant difference in the number of cells wicked in 0.5 hours
versus 24 hours®®. While a 24-hour diagnostic test would still be an improvement for cancer
diagnosis in veterinary medicine, the goal is to introduce a rapid diagnostic test that can be
performed within an appointment time without sacrificing effective cell type separation.

In this chapter, we have investigated the wicking fiber diagnostic prototype to increase
capillary action. As indicators of enhanced capillary action, we will be looking at increasing
wicking speed, sample mass pulled into the fiber bundle system, and sample dispersion at the top
of the fiber bundle using a highlighter fluid sample. To achieve these specific aims, part of this
chapter focused on altering the fiber bundle design using different sized fibers or fiber

configurations within the fiber bundle. The second part of this chapter focuses on altering the
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hydrophilicity of the fiber bundles through different material compositions and chemical surface
treatments.

First, fiber configurations within the fiber bundle were tested for sample dispersion at the
top of the fiber bundle using a highlighter fluid sample to identify the fiber bundle configuration
with the ability to wick the most sample to the top of the fiber bundle. It is believed that
increasing the number of fibers within the fiber bundle will increase the sample dispersion due to
an increase in contact points between fibers within the fiber bundle. Next, the ability of large E70
fiber bundles versus small E30 fiber bundles were tested for wicking speed, sample wicked into
the fiber bundle system, and sample dispersion at the top of the fiber bundle to identify the
proper fiber size to meet the specific aims. This study was performed with a highlighter fluid
sample. It is believed that the larger fiber bundle size will wick more sample into the system, but
that the smaller fiber bundle size may have a faster wicking speed.

Following the selection of fiber bundle characteristics, the hydrophilicity of the fiber
bundle material was tested using water contact angle analysis. Polyethylene terephthalate glycol
and nylon material filament were investigated to increase the hydrophilicity of the fiber bundle
compared to the previously used polylactide fiber bundle material®®®. To further increase the
hydrophilicity of the fiber bundle and consequently enhance wicking abilities, Lysol and ethanol
combination, 2M sodium hydroxide, and dopamine chemical surface treatments were used to
treat the fiber bundle material and were tested using water contact angle analysis.

The later section of the chapter revisits the use of fiber bundle configuration to replace
the need for time-consuming chemical surface treatment to enhance wicking capabilities. A

twisted fiber bundle configuration is investigated to enhance wicking capabilities by decreasing
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the size of capillary channels and increasing the number of contact points between fibers within

the fiber bundle'?,

A summary of the fiber size, configuration, material, chemical surface treatment, sample

type used, and analysis used to analyze wicking capabilities is listed in Table 1.

Table 1. Summary of the type of fiber bundle configurations tested, the chemical surface
treatments used, sample type used to test wicking capabilities, and the analysis methods used.

Wicking fiber Treatment Sample type Analysis
configuration
E70 Polylactide None Highlighter fluid | Wicking time, sample mass wicked,
and stereoscope sample dispersion
Lysol and Highlighter fluid | Wicking time and stereoscope
ethanol sample dispersion
2M sodium Highlighter fluid | Wicking time, stereoscope sample
hydroxide dispersion, and degradation
analysis
Dopamine Highlighter fluid | Wicking time, stereoscope sample
dispersion, and degradation
analysis
E70 twisted None Highlighter fluid | Wicking time, sample mass wicked,
polylactide and stereoscope sample dispersion
E30 Polylactide Lysol and Highlighter fluid | Wicking time, sample mass wicked,
ethanol and stereoscope sample dispersion
E30 twisted None Highlighter fluid | Wicking time, sample mass wicked,
polylactide and stereoscope sample dispersion
E70 nylon None Highlighter fluid | Wicking time and stereoscope
sample dispersion
Dopamine Highlighter fluid | Wicking time and stereoscope
sample dispersion
E70 twisted nylon | None Highlighter fluid | Wicking time and stereoscope
sample dispersion
E70 polyethylene | None Highlighter fluid | Wicking time and stereoscope
terephthalate sample dispersion
glycol
Dopamine Highlighter fluid | Wicking time and stereoscope

sample dispersion
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Selecting the Fiber Bundle Configuration

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Fibers had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70
sized fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length.
To enhance wicking properties, fiber segments were soaked in 10% Lysol for 15 minutes and left
to air-dry for 15 minutes. Then, fiber segments were soaked in 70% ethanol for 15 minutes and
left to air-dry for 15 more minutes.

Wicking Experiment Set-Up

To select the fiber bundle configuration with the most favorable wicking properties, two fiber
bundle configurations were prepared to be tested. Configuration A was prepared with three 35
mm fiber segments as shown in Figure 3A. Configuration B was prepared with two 35 mm fiber
segments oriented as shown in Figure 3B. Fiber bundles were then secured with a zip tie located
in the center of the fiber bundle. Highlighter fluid sample was prepared by soaking one Sharpie
Highlighter marker stick in 500 mL of deionized water for 24 hours. 1 mL of highlighter fluid
sample was placed in a single well of a 12-well plate for wicking. Configuration A and
configuration B fiber bundles were placed into separate wells simultaneously and allowed to
wick sample for 5 minutes. After 5 minutes of wicking was completed, the top of each fiber
bundle was imaged under the stereoscope. A blacklight flashlight was used to fluoresce the

highlighter fluid sample at the top of the fiber bundle.
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Figure 3. Stereoscope images of E70 polylactide fiber bundle configurations for wicking. (A)
Three fiber per bundle configuration. (B) Two fiber per bundle configuration. A red circle
indicates a dispersion area that sample has wicked to.

Analysis

The fiber bundle configuration with the most favorable wicking properties was defined as the
bundle that wicked the most sample to the top of the fiber bundle. This was determined by visual
sample dispersion percentage at the top of the fiber bundle. Sample dispersion percentage was
calculated by counting the number of sample dispersion areas that were filled with highlighter
fluid sample out of the 6 dispersion areas at the top of the E70 fiber bundle. The number of
sample filled sample dispersion areas were then divided by 6 and multiplied by 100 to obtain the
sample dispersion percentage. For this calculation, images were taken under the stereoscope of
the top cross section of the fiber bundle while fluorescing the highlighter fluid sample with the
blacklight flashlight. Sample dispersion areas were then counted from that image based upon
how many dispersion areas had highlighter fluid fluorescing in them.

Results and Discussion

From the images collected after the wicking experiment concluded, the configuration A fiber
bundle had a sample dispersion percentage of 33% and the configuration B fiber bundle had a
sample dispersion percentage of 0% as seen in Figure 3. The configuration A fiber bundle had

closer contact points within the fiber bundle than the configuration B fiber bundle. The
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configuration A fiber bundle also had more consistent preparation compared to the configuration
B fiber bundle. A general trend was observed that each additional fiber added to the fiber bundle
would increase the contact points within the fiber bundles and the amount of fluid sample that
could be wicked to the top of the wicking fiber bundle device. The modified cryovial prototype
that secures the wicking fiber bundle was developed in parallel to selecting the fiber bundle
configuration and can only secure up to three fibers per bundle. Due to the increased contact
points in the configuration A fiber bundle and the size constraints of the developed modified
cryovial prototype, the configuration A fiber bundle was selected to be used for the remainder of

the wicking fiber bundle experiments.

Comparing E70 versus E30 Size Fibers

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Large fibers had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as
E70 sized fibers as shown in Figure 4B. Small fibers had irregular cross-sectional dimensions of
2.97mm x 1.67mm and were defined as E30 sized fibers as shown in Figure 4A. Wicking fibers
were laser cut into three individual fiber segments 35 mm in length. To enhance wicking
properties, fiber segments were soaked in 10% Lysol for 15 minutes and left to air-dry for 15
minutes. Then, fiber segments were soaked in 70% ethanol for 15 minutes and left to air-dry for

15 more minutes.
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Figure 4. Stereoscope images of E30 and E70 sized fiber cross sections. (A) Dimensions of a E30
fiber cross section. (B) Dimensions of a E70 fiber cross section. Dimension lines have been
labeled with the dimension measurements using ImageJ software.

Wicking Experiment Set-Up

To select the fiber size with the most favorable wicking properties, two fiber bundle types were
prepared to be tested: one fiber bundle type made up of E70 fibers and one fiber bundle type
made up of E30 fibers. All fiber bundles were prepared in configuration A as selected in the
previous experiment. The modified cryovial prototype was used to secure the fiber bundle and
run the wicking experiment. Highlighter fluid sample was prepared by soaking one Sharpie
Highlighter marker stick in 500 mL of deionized water for 24 hours and stored in a 500 mL glass
bottle. 1 mL of highlighter fluid sample was loaded in the sample well of the modified cryovial
prototype for wicking. Wicking time began when the fiber bundles were placed in the prototype
sample well and were allowed to wick for 10 minutes. After 10 minutes of wicking was
completed, the top of each fiber bundle was imaged under the stereoscope. A blacklight
flashlight was used to fluoresce the highlighter fluid sample at the top of the fiber bundle.
Analysis

The fiber bundle configuration with the most favorable wicking properties was defined as the
bundle that wicked the most sample to the top of the fiber bundle and into the fiber bundle. This
was determined by visual sample dispersion percentage at the top of the fiber bundle and the

difference between the mass of sample in the sample well before and after wicking was
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completed. Sample dispersion percentage was calculated by counting the number of sample
dispersion areas that were filled with highlighter fluid sample out of the 6 dispersion areas at the
top of the E70 fiber bundle. The number of sample filled sample dispersion areas were then
divided by 6 and multiplied by 100 to obtain the sample dispersion percentage. For this
calculation, images were taken under the stereoscope of the top cross section of the fiber bundle
while fluorescing the highlighter fluid sample with the blacklight flashlight. Sample dispersion
areas were then counted from that image based upon how many dispersion areas had highlighter
fluid fluorescing in them. Statistical analysis of the quantifiable results was performed using t-

test in the GraphPad Prism software.

Results and Discussion

On average, the E30 fiber bundles wicked the highlighter fluid sample more quickly to the top of
the fiber bundle, however, the E70 fibers still wicked the highlighter fluid sample to the top of
the fiber bundle in less than 5 minutes as shown in Figure 5A. The E70 fibers had slightly higher
percent dispersion and consistently wicked more highlighter fluid sample into the fiber bundle
system as shown in Figure 5B. The E70 fibers had slightly more sample dispersion seen at the
top of the fiber bundles than that of the E30 fibers, with respective average sample dispersion
percentages of 22% and 16% as shown in Figure 5C. Lastly, it was observed that printing the
E70 fibers was more consistent, yielding a higher quality cross section. The E30 fiber size is
promising because they quickly wick fluid sample to the top of the fiber bundle. However, the
E70 fiber size was selected for wicking fiber bundle experiments moving forward because the
extruded cross sections of the fibers were more consistent, average percent dispersion was better
at the top of the fiber bundle, and the fluid sample was still wicked to the top of the fiber bundle

in under 5 minutes. Variability was seen in both wicking time and sample mass wicked due to
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the variability in extruded cross sections of the fiber bundles and inconsistencies when bundling
the fibers together. Variability in fiber cross section or fiber configuration within the fiber bundle

could lead to variability in wicking properties as seen in Figure 5.
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Figure 5. Measured metrics of 10-minute wicking with E30 and E70 size fiber bundles. (A)
Sample wicking speed of E30 and E70 fiber bundles. N=3 sample size. (B) Amount of sample
wicked into the fiber bundle at the conclusion of 10-minute sample wicking is significantly
different. N=3 sample size. (C) Stereoscope images of fiber bundle cross sections showing
sample dispersion after 10-minute wicking. N=3 sample size. Red circles indicate a sample
dispersion area filled with wicked sample. * indicates p<0.05.

Increasing Hydrophilicity of Fiber Bundle with New Materials and Chemical Surface

Treatments

Materials and Methods

Disc Preparation

Discs were made by cutting up polylactide, polyethylene terephthalate glycol, or nylon filament
into approximately 30mm pieces and covering the bottom of a Teflon mold two inches in
diameter. The mold was then placed in the carver press to melt the filament into a solid sheet,
approximately 0.5 mm in thickness. Discs were then laser cut from the resulting sheet 10 mm in

diameter for the purposes of testing water contact angle.
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Chemical Surface Treatments

The Lysol and ethanol surface treatment begins with soaking the discs in a 10% Lysol solution
for 15 minutes on a shaker plate. The discs are removed from the Lysol after 15 minutes, rinsed
with DI water, and patted with gauze to dry. The same procedure is then followed in a 70%
ethanol solution to complete surface treatment. For the sodium hydroxide surface treatment,
discs are soaked in a beaker with a 2M sodium hydroxide solution for 40 minutes with a stir bar
at 400 rpm. Discs were then rinsed with DI water and patted with gauze to dry after being
removed from the sodium hydroxide solution. The dopamine surface treatment solution is made
by combining a 10mM Tris-HCI buffer solution with dopamine powder. To prepare the Tris-HCI
buffer solution, 7.84g of tris powder was added to 450 mL of DI water in a beaker. Four NaOH
pellets were then dissolved in 30 mL of DI water and added dropwise into the 450 mL tris
solution. The tris-HCI buffer was then diluted with DI water to a total volume of 500 mL. To
make the dopamine solution, 0.4g of dopamine was added to 100 mL of tris-HCI buffer solution
and dissolved. Direct airflow, 45°C heat, and a stir bar at 400 rpm were then added into the 100
mL dopamine solution to enhance the reaction. Discs were treated in the dopamine solution for

40 minutes. After treatment, discs were rinsed with DI water and patted dry with gauze.

Water Contact Angle Experiment Set-Up

For the water contact angle experiment, two polylactide discs were treated in each surface
treatment to see the chemical surface treatment effect on polylactide hydrophilicity. A pedestal
with a black backdrop was set up to take optimal water contact angle images for analysis. For
each polylactide disc, the disc was placed in the middle of the pedestal for consistent images. 10
uL of water was pipetted onto the center of the polylactide disc. Images were taken with an

iPhone 12 camera placed on the edge of the benchtop for each image taken for consistency. The
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same process was repeated with untreated nylon, untreated polyethylene terephthalate glycol,
dopamine-treated nylon, and dopamine-treated polyethylene terephthalate glycol discs.

Analysis

Images were analyzed using ImageJ software. Water contact angle was taken on the outside of
either side of the water droplet. The measured water contact angle was subtracted from 180° to
calculate the final water contact angle of each disc. The final water contact angles noted are from
inside of the water droplet with respect to the horizontal plane. With this definition of water
contact angle, the most hydrophilic disc will be defined as the disc with the lowest water contact
angle. Statistical analysis of the quantifiable results was performed using one-way ANOVA tests

in the GraphPad Prism software.

Results and Discussion

From the resulting water contact angles calculated in ImageJ, two water contact angles from
either side of the water droplet on the discs were recorded. The nylon material was significantly
more hydrophilic than both the polylactide and polyethylene terephthalate glycol fiber materials.
The most consistent hydrophilic surface treatment was the dopamine treatment, followed by the
2M sodium hydroxide treatment, then the Lysol and ethanol treatment as shown in Figure 6A on
the polylactide discs. Multiple material types were then tested with and without the dopamine
treatments to compare water contact angles and hydrophilicity. As shown in Figure 6B, the
dopamine-treated materials were all significantly more hydrophilic than their untreated
counterpart. Treated polyethylene terephthalate glycol was the most hydrophilic, followed by
treated nylon and treated polylactide, however, there was no significant difference between the
water contact angles. Variability was seen in the average water contact angle of each of the

surface treated material groups likely due to differences in fiber bundle degradation when
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undergoing the surface treatments. Less variability was seen in the average water contact angle
of the untreated material groups, however, this variability could be due to testing the water
droplets on different points on the material disc that could have altered the average water contact
angle. Because the degree of hydrophilicity of a flat disc compared to a fiber geometry could
vary, each material with and without the dopamine chemical surface treatment will be tested for
wicking properties to confirm the correlation between hydrophilicity and wicking properties in a

fiber bundle.
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Figure 6. Comparison of measured water contact angle between polymer materials and chemical
surface treatments. (A) Water contact angle comparison between three chemical surface
treatments and no chemical surface treatment on polylactide material. N=4 sample size. (B)
Water contact angle comparison between untreated polymer materials and dopamine-treated
polymer materials. The lowest water contact angle indicates the most hydrophilic material. N=4
sample size. * indicates p<0.05. ** indicates p<0.01. *** indicates p<0.001.

Comparing Wicking Properties of New Materials

Materials and Methods

Fiber Preparation
Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.

Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C.
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Polyethylene terephthalate glycol filament was extruded through a Monoprice Maker Ultimate
3D Printer at 230°C. Fibers had irregular cross-sectional dimensions of 3.33mm x 2.02mm and
were defined as E70 sized fibers. Wicking fibers were laser cut into three individual fiber
segments 35 mm in length.

Wicking Experiment Set-Up

Three fiber bundles were prepared in the modified cryovial prototype per fiber material type.
Highlighter fluid sample was prepared by soaking one Sharpie Highlighter marker stick in 500
mL of deionized water for 24 hours and stored in a glass bottle. 1 mL of highlighter fluid sample
was loaded in the sample well of the modified cryovial prototype for wicking. Prior to wicking,
the mass of the sample and the sample well were recorded. Wicking time began when the fiber
bundles were placed in the prototype sample well and time was recorded when the first fluid
sample visibly reached the top of the fiber bundle. Wicking was concluded after 10 minutes and
the mass of the remaining sample and sample well were recorded. A blacklight flashlight was
used to fluoresce the highlighter fluid sample at the top of the fiber bundle throughout the
experiment.

Analysis

Two factors are considered when selecting the most efficient wicking fiber bundle: speed of
wicking and sample dispersion at the top of the bundle. The fastest wicking bundle was defined
as the fiber bundle with the lowest time it took for the fluid sample to reach the top of the fiber
bundle once in contact with the fluid sample. Fiber bundles are then imaged under the
stereoscope with the blacklight to fluoresce sample at the top of the fiber bundle. The fiber
bundle with the most sample dispersion was defined as the fiber bundle with the highest

percentage of sample dispersion. Sample dispersion percentage was calculated by counting the
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number of sample dispersion areas that were filled with highlighter fluid sample out of the 6
dispersion areas at the top of the E70 fiber bundle. The number of sample filled sample
dispersion areas were then divided by 6 and multiplied by 100 to obtain the sample dispersion
percentage. For this calculation, images were taken under the stereoscope of the top cross section
of the fiber bundle while fluorescing the highlighter fluid sample with the blacklight flashlight.
Sample dispersion areas were then counted from that image based upon how many dispersion
areas had highlighter fluid fluorescing in them. Statistical analysis of the quantifiable results was

performed using one-way ANOVA tests in the GraphPad Prism software.

Results and Discussion

The nylon fiber bundles performed the best out of the polyethylene terephthalate glycol and
polylactide fiber bundle groups as shown in Figure 7A. Polyethylene terephthalate glycol did not
wick any sample to the top of the fiber bundle within the 10-minute time frame and the
polylactide fiber bundles saw minimal sample wicked. However, improvements still need to be
made in the amount of sample dispersion seen at the top of the nylon fiber bundles within the 10-
minute time frame. The untreated nylon fiber bundle had the best average sample dispersion at
22%, followed by polylactide at 12% dispersion, and polyethylene terephthalate glycol at 0%
dispersion as shown in Figure 7B. Overall, the wicking times show the general trend that the
more hydrophilic the fiber material, the faster the fiber bundle wicks fluid sample. It was shown
in the previous experiment that nylon, polylactide, then polyethylene terephthalate glycol was
most to least hydrophilic materials. Even though each nylon fiber bundle wicked sample to the
top of the fiber bundle, the chemical surface treatments will be used to increase the
hydrophilicity of the fiber bundle and improve wicking properties in the following experiments.

Variability was seen in wicking time and sample dispersion likely due to the inconsistencies in
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fiber cross sections when extruded and the bundling of the fibers. Each of these factors have the
potential to affect the surface area of contact between fibers within the fiber bundle that allow

fluid sample to wick.
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Figure 7. Measured metrics from 10-minute wicking study comparing untreated fiber materials.
(A) Compares sample wicking speed of untreated polylactide (PL), nylon (N), and polyethylene
terephthalate glycol (PETG). N=3 sample size. (B) Stereoscope images of the top fiber bundle
cross sections showing sample dispersion after 10-minute wicking. Red circles indicate a sample
dispersion area filled with sample. N=3 sample size. ** indicates p<0.01.

Effect of Chemical Surface Treatments on Fiber Wicking Properties

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Fibers had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70
sized fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length.
Chemical Surface Treatments

The Lysol and ethanol fiber bundle surface treatment begins with soaking the polylactide fiber

segments in a 10% Lysol solution for 15 minutes on a shaker plate. The fiber segments are
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removed from the Lysol after 15 minutes, rinsed with DI water, and allowed to dry for 15
minutes on a shaker plate. The same procedure is then followed in a 70% ethanol solution to
complete surface treatment. For the sodium hydroxide surface treatment, fiber segments are
soaked in a beaker with a 2M sodium hydroxide solution for 40 minutes with a stir bar at 400
rpm. Polylactide fiber segments were then rinsed with DI water and allowed to dry for 15
minutes on a shaker plate after being removed from the sodium hydroxide solution. The
dopamine surface treatment solution is made by combining a 10mM Tris-HCI buffer solution
with dopamine powder. To prepare the Tris-HCI buffer solution, 7.84g of tris powder was added
to 450 mL of DI water in a beaker. Four NaOH pellets were then dissolved in 30 mL of DI water
and added dropwise into the 450 mL tris solution. The tris-HCI buffer was then diluted with DI
water to a total volume of 500 mL. To make the dopamine solution, 0.4g of dopamine was added
to 100 mL of tris-HCI buffer solution and dissolved. Direct airflow, 45°C heat, and a stir bar at
400 rpm were then added into the 100 mL dopamine solution to enhance the reaction. Fibers
were treated in the dopamine solution for 40 minutes. After treatment, fibers were rinsed with DI
water, placed in a petri dish with gauze, and allowed to dry for 15 minutes on a shaker plate.
Wicking Experiment Set-Up

Two fiber bundles were prepared in the modified cryovial prototype per surface treatment group.
Highlighter fluid sample was prepared by soaking one Sharpie Highlighter marker stick in 500
mL of deionized water for 24 hours and stored in a 500 mL glass bottle. 1 mL of highlighter fluid
sample was loaded in the sample well of the modified cryovial prototype for wicking. Wicking
time began when the fiber bundles were placed in the prototype sample well and time was

recorded when the first fluid sample visibly reached the top of the fiber bundle. Wicking was
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concluded after 10 minutes. A blacklight flashlight was used to fluoresce the highlighter fluid
sample at the top of the fiber bundle throughout the experiment.

Analysis

Degradation

Degradation analysis was performed by imaging treated fiber segments under the stereoscope.
Images were captured through the stereoscope and degradation of the fibers were noted.
Degradation was defined as areas of the fiber segment that seemed to have missing sections of
the fiber bundle arms and grooves.

Wicking

Two factors are considered when selecting the most efficient wicking fiber bundle: speed of
wicking and sample dispersion at the top of the bundle. The fastest wicking bundle was defined
as the fiber bundle with the lowest time it took for the fluid sample to reach the top of the fiber
bundle once in contact with the fluid sample. Fiber bundles are then imaged under the
stereoscope with the blacklight to fluoresce sample at the top of the fiber bundle. The fiber
bundle with the most sample dispersion was defined as the fiber bundle with the highest
percentage of sample dispersion. Sample dispersion percentage was calculated by counting the
number of sample dispersion areas that were filled with highlighter fluid sample out of the 6
dispersion areas at the top of the E70 fiber bundle. The number of filled sample dispersion areas
were then divided by 6 and multiplied by 100 to obtain the sample dispersion percentage. For
this calculation, images were taken under the stereoscope of the top cross section of the fiber
bundle while fluorescing the highlighter fluid sample with the blacklight flashlight. Sample

dispersion areas were then counted from that image based upon how many dispersion areas had

32



highlighter fluid fluorescing in them. Statistical analysis of the quantifiable results was
performed using one-way ANOVA tests in the GraphPad Prism software.

Results and Discussion

Degradation

Degradation analysis of each chemical surface treatments effect on the polylactide fiber is shown
in Figure 8. The Lysol and ethanol treated polylactide fibers showed no visible signs of
degradation after treatment. The 2M sodium hydroxide treated polylactide fibers showed visible
signs of degradation. Images captured large sections along the grooves of the fiber segment
missing. In some fiber bundle, 2M sodium hydroxide treated polylactide fibers were missing a
whole arm of the fiber segment after treatment concluded, which could inhibit wicking along the
capillary channels. The dopamine-treated polylactide fibers showed few visible signs of
degradation along the fiber segment, showing up as small ridges along the capillary channels.

The small ridges within the capillary channels of the dopamine-treated polylactide fibers are not

expected to inhibit wicking.

Lysol + Ethanol

2M NaOH Dopamine

Untreated

Figure 8. Stereoscope images of untreated polylactide (top) and chemically treated polylactide
(bottom) for visual degradation analysis.
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Wicking

The Lysol and ethanol treated fiber bundles had the fastest wicking times as shown in Figure 9A.
The dopamine-treated fiber bundles had the second fastest wicking times, followed by the 2M
sodium hydroxide treated fiber bundles with the third fastest wicking times. With respect to
dispersion areas of sample at the top of the fiber bundles, the dopamine-treated fibers had the
most fluid dispersion at the top, followed by the Lysol and ethanol treated fibers, then the 2M
sodium hydroxide treated fibers as shown in Figure 9B. When considering the water contact
angles found in previous experiments, the 2M sodium hydroxide-treated, dopamine-treated,
Lysol and ethanol-treated, then untreated polylactide material was the most to least hydrophilic.
We would expect to have a similar trend in wicking speed and dispersion areas, but that is not
the case. It is likely that the 2M sodium hydroxide chemical surface treatment did not produce
promising wicking properties because of the damaging degradation to the fiber bundles that
inhibit wicking. Barring the sodium hydroxide-treated fiber bundles, the hydrophilicity results
corresponded with the fluid sample dispersion area results, with the dopamine-treated fiber
bundles having the highest average percent dispersion at 58%. The wicking speed results did not
correspond with the hydrophilicity results, as the Lysol and ethanol-treated fiber bundles wicked
the fastest out of each of the chemical surface treatment groups. However, due to the increased
percent dispersion percentage at the top of the fiber bundle and each fiber bundle wicking sample
to the top of the fiber bundle in under 30 seconds, the dopamine chemical surface treatment was
identified as the most promising chemical surface treatment for enhancing wicking properties of
the fiber bundle. Variability was seen in wicking time and sample dispersion likely due to the
inconsistencies in fiber cross sections when extruded and the bundling of the fibers. Each of

these factors have the potential to affect the surface area of contact between fibers within the
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fiber bundle that allow fluid sample to wick. The dopamine chemical surface treatment will be

experimented with on each of the fiber materials next.
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Figure 9. Measured metrics from 10-minute wicking study of chemically treated polylactide fiber
bundles. (A) Compares sample wicking speed of polylactide fiber bundles with different chemical
surface treatments. N=2 sample size. (B) Stereoscope images of the top fiber bundle cross
sections showing sample dispersion after 10-minute wicking. Red circles indicate a sample
dispersion area filled with sample. N=2 sample size. * indicates p<0.05.

Comparing Wicking Properties of Dopamine-Treated Polylactide, Nylon, and Polyethylene

terephthalate glycol

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C.
Polyethylene terephthalate glycol filament was extruded through a Monoprice Maker Ultimate
3D Printer at 230°C. Fibers all had irregular cross-sectional dimensions of 3.33mm x 2.02mm
and were defined as E70 sized fibers. Wicking fibers were laser cut into three individual fiber

segments 35 mm in length
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Chemical Surface Treatments

All fiber materials were treated in a dopamine solution for 40 minutes to increase the
hydrophilicity of the fiber bundle materials. The dopamine surface treatment solution is made by
combining a 10mM Tris-HCI buffer solution with dopamine powder. To prepare the Tris-HCI
buffer solution, 7.84g of tris powder was added to 450 mL of DI water in a beaker. Four NaOH
pellets were then dissolved in 30 mL of DI water and added dropwise into the 450 mL tris
solution. The tris-HCI buffer was then diluted with DI water to a total volume of 500 mL. To
make the dopamine solution, 0.4g of dopamine was added to 100 mL of tris-HCI buffer solution
and dissolved. Direct airflow, a stir bar at 400 rpm, and 45°C heat from a hot plate were then
added into the 100 mL dopamine solution to enhance the reaction. After treatment was complete,
fibers were rinsed with DI water, placed in a petri dish with gauze, and allowed to dry for 15
minutes on a shaker plate.

Wicking Experiment Set-Up

Two fiber bundles were prepared in the modified cryovial prototype per fiber material type.
Highlighter fluid sample was prepared by soaking one Sharpie Highlighter marker stick in 500
mL of deionized water for 24 hours and stored in a 500 mL glass bottle. 1 mL of highlighter fluid
sample was loaded in the sample well of the modified cryovial prototype for wicking. Wicking
time began when the fiber bundles were placed in the prototype sample well and time was
recorded when the first fluid sample visibly reached the top of the fiber bundle. Wicking was
concluded after 10 minutes. A blacklight flashlight was used to fluoresce the highlighter fluid

sample at the top of the fiber bundle throughout the experiment.
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Analysis

Two factors are considered when selecting the most efficient wicking fiber bundle: speed of
wicking and sample dispersion at the top of the bundle. The fastest wicking bundle was defined
as the fiber bundle with the lowest time it took for the fluid sample to reach the top of the fiber
bundle once in contact with the fluid sample. Fiber bundles are then imaged under the
stereoscope with the blacklight to fluoresce sample at the top of the fiber bundle. The fiber
bundle with the most sample dispersion was defined as the fiber bundle with the highest
percentage of sample dispersion. Sample dispersion percentage was calculated by counting the
number of sample dispersion areas that were filled with highlighter fluid sample out of the 6
dispersion areas at the top of the E70 fiber bundle. The number of sample dispersion areas were
then divided by 6 and multiplied by 100 to obtain the sample dispersion percentage. For this
calculation, images were taken under the stereoscope of the top cross section of the fiber bundle
while fluorescing the highlighter fluid sample with the blacklight flashlight. Sample dispersion
areas were then counted from that image based upon how many dispersion areas had highlighter
fluid fluorescing in them. Statistical analysis of the quantifiable results was performed using one-
way ANOVA tests in the GraphPad Prism software.

Results and Discussion

The dopamine-treated polylactide bundle had the fastest wicking time and most sample
dispersion at the top of the fiber bundle compared to the dopamine-treated nylon and
polyethylene terephthalate glycol as shown in Figure 10. Sample dispersion areas at the top of
the fiber bundle only slightly varied between fiber bundle material types, however, the
dopamine-treated polylactide material had visibly more sample within the top section of the fiber

bundle than either the dopamine-treated nylon or the dopamine-treated polyethylene
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terephthalate glycol. The wicking time results from the untreated material wicking experiment
and the dopamine-treated material wicking experiment were plotted against the average water
contact angle for each material type in Figure 11, which roughly shows a linear trend between
average water contact angle and wicking speed. The lack of correlation, however, leads to the
conclusion that other factors also contribute to decreased wicking time other than fiber material
hydrophilicity. A wicking time of 600 seconds indicates that sample fluid did not wick to the top
of the fiber bundle, so there is an observed critical point around an average water contact angle
of 72° where sample fluid no longer wicks to the top of the fiber bundle. Variability was seen in
wicking time and sample dispersion likely due to the inconsistencies in fiber cross sections when
extruded and the bundling of the fibers. Each of these factors have the potential to affect the
surface area of contact between fibers within the fiber bundle that allow fluid sample to wick.

These factors could have also affected the accuracy of the trend shown in Figure 11.
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Figure 10. Measured metrics from 10-minute wicking study comparing dopamine-treated fiber
materials. (A) Compares sample wicking speed of dopamine-treated polylactide (PL), nylon (N),
and polyethylene terephthalate glycol (PETG). N=2 sample size. (B) Stereoscope images of the
top fiber bundle cross sections showing sample dispersion after 10-minute wicking. Red circles
indicate a sample dispersion area filled with sample. N=2 sample size.
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Figure 11. Trend of material hydrophilicity’s effect on fiber bundle wicking time. Wicking time
versus average water contact angle is plotted for untreated polylactide (PL), polyethylene
terephthalate glycol (PETG), and nylon materials as well as dopamine-treated polylactide (PL),
polyethylene terephthalate glycol (PETG), and nylon. N=3 sample size. * indicates p<0.05.

** indicates p<0.01.

Comparing Twist Tension in Twisted Fiber Bundle Configuration to Enhance Wicking

Properties of Untreated Polylactide, Nylon, and Polyethylene terephthalate glycol

Materials and Methods

Fiber Bundle Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C.
Polyethylene terephthalate glycol filament was extruded through a Monoprice Maker Ultimate
3D Printer at 230°C. Half of the fibers had irregular cross-sectional dimensions of 3.33mm x
2.02mm and were defined as E70 sized fibers. The other half of the fibers had irregular cross-
sectional dimensions of 2.97mm x 1.67mm and were defined as E30 sized fibers. Wicking fibers
were laser cut into three individual fiber segments 35 mm in length immediately following the

printing process. Three 35 mm fiber segments were then bundled together and secured with one
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prototype ring on one end of the fiber bundle. The other end of the fiber bundle was fastened
tightly into the chuck of an electric power drill, then twisted as slow and consistent as possible to
the desired twist tension. E70 polylactide fibers were twisted 0.75, 1, 1.5, and 2 rotations with
the electric power drill. E30 polylactide fibers were twisted 1.5, 2, 2.5, and 3 rotations with the
electric power drill. E70 nylon fibers were twisted 2, 3, and 4 rotations with the electric power
drill. The twisted fiber bundle was then held in the twisted position for 60 seconds to solidify the
twisted configuration.

Wicking Experiment Set-Up

Twisted Polylactide Wicking

One fiber bundle was prepared in the modified cryovial prototype per fiber bundle size and twist
tension. Highlighter fluid sample was prepared by soaking one Sharpie Highlighter marker stick
in 500 mL of deionized water for 24 hours and stored in a 500 mL glass bottle. 1 mL of
highlighter fluid sample was loaded in the sample well of the modified cryovial prototype for
wicking. Wicking time began when the fiber bundles were placed in the prototype sample well
and time was recorded when the first fluid sample visibly reached the top of the fiber bundle.
Wicking was concluded after 10 minutes. A blacklight flashlight was used to fluoresce the

highlighter fluid sample at the top of the fiber bundle throughout the experiment.

Twisted Nylon Wicking

One fiber bundle was prepared in the modified cryovial prototype per fiber bundle twist tension.
Only E70 fiber bundles were used in this experiment. One E70 2-twist polylactide fiber bundle
was prepared as the control to compare materials. Highlighter fluid sample was prepared by
soaking one Sharpie Highlighter marker stick in 500 mL of deionized water for 24 hours and

stored in a 500 mL glass bottle. 1 mL of highlighter fluid sample was loaded in the sample well
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of the modified cryovial prototype for wicking. Wicking time began when the fiber bundles were
placed in the prototype sample well and time was recorded when the first fluid sample visibly
reached the top of the fiber bundle. Wicking was concluded after 10 minutes. A blacklight
flashlight was used to fluoresce the highlighter fluid sample at the top of the fiber bundle
throughout the experiment.

Analysis

When considering which fiber bundle is the most efficient wicking fiber bundle, two factors are
considered: speed of wicking and sample dispersion at the top of the bundle. The fastest wicking
bundle was defined as the fiber bundle with the lowest time it took for the fluid sample to reach
the top of the fiber bundle once in contact with the fluid sample. The fiber bundle with the most
sample dispersion was defined as the fiber bundle with the highest percentage of sample
dispersion. Sample dispersion percentage was calculated by counting the number of sample
dispersion areas that were filled with highlighter fluid sample out of the 6 dispersion areas at the
top of the E70 fiber bundle. The number of sample filled sample dispersion areas were then
divided by 6 and multiplied by 100 to obtain the sample dispersion percentage. For this
calculation, images were taken under the stereoscope of the top cross section of the fiber bundle
while fluorescing the highlighter fluid sample with the blacklight flashlight. Sample dispersion
areas were then counted from that image based upon how many dispersion areas had highlighter
fluid fluorescing in them. For the twisted fiber bundles, dispersion areas were counted if the
highlighter fluid sample had reached the top section of the fiber bundle the protrudes out from
the modified cryovial prototype. Statistical analysis of the quantifiable results for the nylon
twisting experiments was performed using one-way ANOVA tests in the GraphPad Prism

software.
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Results and Discussion

Polylactide Twisting

The 1.5 and 2-twist E70 and E30 polylactide fiber bundles wicked the fastest wicking speed and
had the most sample dispersion, though minimal, of the twisted E70 and E30 polylactide fiber
bundles respectively as seen in Figure 12. Comparing the E70 and E30 twisted polylactide fiber
bundles, The E70 twisted polylactide fiber bundles wicked sample to the top of the fiber bundle
faster and wicked more sample into the fiber bundle system than the E30 twisted polylactide
fiber bundles as seen in Figure 12. This could be due to the E30 fiber bundles blocking inner

capillary channels when twisted the same amount as the E70 twisted fiber bundles.
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Figure 12. Measured metrics from 10-minute wicking study comparing twisted polylactide twist
tension and fiber size. (A) Compares sample wicking speed of various twist tensions of twisted
polylactide fiber bundles of the E30 and E70 size. (B) Compares sample wicked into the fiber
bundle over the 10-minute wicking study. N=1 sample size.

Nylon Twisting
Each E70 nylon twist tension tested wicked faster and wicked more sample to the top of the fiber
bundle system than the most promising 2-twist polylactide bundle as shown in Figure 13A. The

3-twist and 4-twist nylon fiber bundle had the best sample dispersion percentage, each at 41% as
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shown in Figure 13B. However, the 4-twist nylon bundle visibly wicked more sample into the
fiber bundle system and had the fastest wicking times of each nylon twist tension tested. The
nylon fiber bundle is expected to have more favorable wicking properties because it is more
hydrophilic than the polylactide fiber material. Both the selected twist tensions for the twisted
polylactide and twisted nylon fiber bundles will be tested again with control groups in the
following experiment. Variability in wicking time and sample dispersion is likely due to
inconsistencies in the cross section when extruding the fibers, inconsistencies introduced when
bundling the fibers, as well as inconsistencies introduced when twisting the fiber bundle. Each of
these factors have the potential to affect the surface area of contact between fibers within the

fiber bundle that allow fluid sample to wick.
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Figure 13. Measured metrics from 10-minute wicking study comparing twist tension in twisted
nylon fiber bundles to a control 2-twist polylactide fiber bundle. (A) Compares sample wicking
speed of twisted nylon fiber bundles with various twist tensions and a control polylactide fiber
bundle. N=2 sample size. (B) Stereoscope images of the top fiber bundle cross sections showing
sample dispersion after 10-minute wicking. Red circles indicate a sample dispersion area filled
with sample. N=2 sample size. ** indicates p<0.01. *** indicates p<0.001.
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Polyethylene terephthalate glycol Twisting
The polyethylene terephthalate glycol material was too stiff to twist without experiencing
resistance and seeing visible damage to the fiber bundle. Further testing with twisting the

polyethylene terephthalate glycol material was not performed.

Comparing Twisted to Untwisted Fiber Bundle Configuration Wicking Properties

Materials and Methods

Fiber Bundle Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length
immediately following the printing process. Three 35 mm fiber segments were then bundled
together and secured with one prototype ring on one end of the fiber bundle. The other end of the
fiber bundle was fastened tightly into the chuck of an electric power drill, then twisted as slow
and consistent as possible to the desired twist tension. The E70 polylactide fiber bundle was
twisted 2 rotations with the electric power drill. The E70 nylon fiber bundle was twisted 4
rotations with the electric power drill. The twisted fiber bundle was then held in the twisted
position for 60 seconds to solidify the twisted configuration.

Wicking Experiment Set-Up

Four types of fiber bundles were tested for wicking speed and sample dispersion: untwisted
polylactide as a control, 2-twist polylactide, untwisted nylon as a control, and 4-twist nylon. One
fiber bundle was prepared in the modified cryovial prototype per fiber bundle configuration.

Highlighter fluid sample was prepared by soaking one Sharpie Highlighter marker stick in 500
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mL of deionized water for 24 hours and stored in a 500 mL glass bottle. 1 mL of highlighter fluid
sample was loaded in the sample well of the modified cryovial prototype for wicking. Wicking
time began when the fiber bundles were placed in the prototype sample well and time was
recorded when the first fluid sample visibly reached the top section of the fiber bundle. Wicking
was concluded after 10 minutes. A blacklight flashlight was used to fluoresce the highlighter
fluid sample at the top of the fiber bundle throughout the experiment.

Analysis

Before testing the twisted fiber bundles for wicking properties, the visible damage done to the
fibers through the twisting process was analyzed with the stereoscope. Fiber bundles were
examined for each twist tension to ensure minimal damage to the fiber bundles. When
considering which fiber bundle has the most efficient wicking properties, two factors are
considered: speed of wicking and sample dispersion at the top of the bundle. The fastest wicking
bundle was defined as the fiber bundle with the lowest time it took for the fluid sample to reach
the top of the fiber bundle once in contact with the fluid sample. The fiber bundle with the most
sample dispersion was defined as the fiber bundle with the highest percentage of sample
dispersion. Sample dispersion percentage was calculated by counting the number of sample
dispersion areas that were filled with highlighter fluid sample out of the 6 dispersion areas at the
top of the E70 fiber bundle. The number of sample filled sample dispersion areas were then
divided by 6 and multiplied by 100 to obtain the sample dispersion percentage. For this
calculation, images were taken under the stereoscope of the top cross section of the fiber bundle
while fluorescing the highlighter fluid sample with the blacklight flashlight. Sample dispersion
areas were then counted from that image based upon how many dispersion areas had highlighter

fluid fluorescing in them. For the twisted fiber bundles, dispersion areas were counted if the
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highlighter fluid sample had reached the top section of the fiber bundle the protrudes out from
the modified cryovial prototype. Statistical analysis of the quantifiable results was performed
using one-way ANOVA tests in the GraphPad Prism software.

Results and Discussion

Damage from Twisting

The polylactide material easily twisted immediately after printing, but began to show visible
signs of damage at the higher twist tensions tested as seen in Figure 14. The nylon material was
the easiest to twist immediately after printing, showing minimal signs of damage to the fiber

bundle even at the highest twist tension tested due to its flexible nature.

2-Twist Polylactide 3-Twist Nylon 4-Twist Nylon

Figure 14. Stereoscope images of twisted polylactide and twisted nylon fiber bundles at various
twist tensions for damage analysis. Damage is seen in the 2-twist polylactide fiber bundle as
ridges and cracks in the material.

Highlighter Fluid Wicking

There was little to no variation in sample mass wicked into the fiber bundle system for each fiber
bundle type tested. The twisted configuration improved wicking speed and sample dispersion for
the untreated polylactide fiber bundles as shown in Figure 15. The twisted configuration also
improved sample dispersion for the nylon fiber bundles and wicking speed was kept constant.
When comparing the twisted polylactide to the twisted nylon fiber bundles, the twisted nylon

fiber bundles wicked sample much faster and had a better average sample dispersion percentage
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of 41% as compared to twisted polylactide’s average sample dispersion percentage of 16%.
Overall, the 4-twist nylon fiber bundle was the most promising in wicking time and sample
dispersion for an untreated fiber bundle and will be used in further experimentation. Variability
in wicking time and sample dispersion is likely due to inconsistencies in the cross section when
extruding the fibers, inconsistencies introduced when bundling the fibers, as well as
inconsistencies introduced when twisting the fiber bundle. Each of these factors have the
potential to affect the surface area of contact between fibers within the fiber bundle that allow
fluid sample to wick.
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Figure 15. Measured metrics from 10-minute wicking study comparing twisted polylactide and
twisted nylon to an untwisted polylactide and untwisted nylon control. (A) Compares sample
wicking speed of twisted polylactide and twisted nylon fiber bundles against untwisted control
fiber bundles. N=2 sample size for twisted fiber bundles. N=1 sample size for control fiber
bundles. (B) Stereoscope images of the top fiber bundle cross sections showing sample
dispersion after 10-minute wicking. Red circles indicate a sample dispersion area filled with
sample. N=2 sample size for twisted fiber bundles. N=1 sample size for control fiber bundles.

Discussion

The beginning section of the chapter identified a promising fiber bundle prototype configuration
to wick a fluid sample in under 10 minutes. This is a major improvement from the previously
proposed passive transport system that took anywhere between 30 minutes to 24 hours to process

the liquid sample®®*°. A fiber bundle configuration was selected that maximized contact points
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between the fibers within the bundle, while also minimizing the variability involved in creating
the fiber bundles. Cross sectional images from previous wicking fiber bundle work showed
variable cross-sectional shapes and inconsistent fiber bundle configurations, which is an issue
this work successfully addressed®. It was shown that the larger E70 fiber size allowed for larger
surface area contact points which resulted in an increased amount of fluid sample being wicked
into the fiber bundle system, so subsequent experiments focused on the E70 fiber size. Due to the
success of wicking fluid sample in under 10 minutes and the consistency of fiber bundle cross
section shape and configuration, the E70 fiber bundle size and selected configuration was
identified as the fiber bundle preparation for future experiments. It should be noted that there
remains to be some inevitable variability in the extruded fiber cross section and bundling of the
fiber bundles which leads to variability in wicking time, sample mass wicked, and sample
dispersion percentage, however, the proposed solution minimized that variability.

The middle section of the chapter focused on increasing the wicking capabilities of the
selected fiber bundle configuration using different fiber materials, chemical surface treatments,
or a combination of the two methods. The hypothesis was by increasing the hydrophilicity of the
fiber bundle, the fluid sample would wick faster and wick more sample to the top of the fiber
bundle. Untreated fiber bundle materials like polylactide, polyethylene terephthalate glycol, and
nylon wicked minimal sample to the top of the fiber bundle on their own, which is not ideal for
the purposes of this work and did not confirm the initial hypothesis. However, when chemical
surface treatments were used on the polylactide, polyethylene terephthalate glycol, and nylon
fiber bundles, wicking speed, and amount of sample wicked both improved as hypothesized from
the literature!'-*24, The dopamine chemical surface treatment had the most favorable wicking

enhancements for each of the fiber materials tested, which did not directly match the initial
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hypothesis. The dopamine surface treatment decreased each fiber material’s water contact angle
and wicking of fluid sample was seen for each fiber material tested in under 10 minutes. There
was an observed trend that as the chemical surface treatment decreased the water contact angle,
more sample dispersion was seen at the top of the fiber bundle. However, more work would need
to be done to prove there was correlation, as the 2M sodium hydroxide surface treatment was the
most hydrophilic, yet did not most greatly enhance wicking properties. Overall, dopamine-
treated polylactide fiber bundles were shown to be the most promising for wicking speed and
sample dispersion in this section of Chapter 2.

The later section of the chapter focused on finding an alternative modification to the fiber
bundle system to enhance wicking capabilities while avoiding the time-consuming nature of
chemical surface treatments. Here, it was hypothesized that decreasing the size of the capillary
channels or increasing the amount of contact points between fibers within the fiber bundle
system would increase both the wicking speed and amount of fluid sample wicked into the fiber
bundle system. The Laplace equation describes capillary pressure and was used to form the
hypothesis that wicking properties would be enhanced as capillary channel radii decreased*?>%’.
Twisting the E70 fiber bundles to create smaller capillary channels and more contact points
between fibers were tested for this purpose. The twisted fiber bundles proved to be successful in
enhancing the wicking properties of the fiber bundle when compared to untreated fiber bundles
that were not twisted. The most promising modified bundle was the 4-twist nylon fiber bundle.
However, the wicking properties of the twisted fiber bundles did not outperform the wicking
properties of the dopamine-treated polylactide fiber when comparing highlighter fluid data from

each experiment, so cell separation will be testing in the two fiber bundle types in Chapter 4.
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Limitations of using the modified wicking fiber bundles to process a sample include
inconsistencies in printing during chemical surface treatment and during twisting. Printing
inconsistencies involve variation in cross sectional dimensions that affect the contact points
between fibers within the fiber bundle. Difficulties also arise with the Monoprice Maker
Ultimate 3D printer experiencing system heating errors and cooling down mid-print. Changing
print temperatures in the middle of printing fibers could affect the material properties of the fiber
bundles and their wicking capabilities. Twisting the fiber bundles after printing also introduces
variability from fiber bundle to fiber bundle. Some materials also experience damage to the fiber
bundle when twisting. Further investigation is needed to understand if damage is happening on
the inside of the fiber bundle that cannot be seen from the outside. Ideally, a process would be
developed that would make the twisting of the fiber bundles more uniform when moving forward
with this work. Chemical surface treatments are time consuming and can also be inconsistent if
the chemical solution is not prepared following the same Standard Operating Procedure each
time. Difficulties were seen with the dopamine treatment due to variable air flow and the
chemical reaction not happening at the same speed during each treatment. Each of these factors
introduce variability into the experiments and can be represented by the error in the results from
this chapter.

Future work would ideally create a fiber bundle system that could process more of the fluid
sample from the sample well. The most fluid sample pulled into the fiber bundle was 0.26 g of
fluid throughout the fiber bundle experiments. This is approximately 26% of the 1 mL fluid
sample mass, which includes the mass of fluid sample that is within the fiber bundle and has not
been processed fully by the fiber bundle system. Because cancer cells within a FNA are present

at lower concentrations, more of the fluid sample will need to be processed in order to detect
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cancer cells within a 1 mL fluid sample. However, using a smaller FNA sample is more
promising than the liquid biopsy sample since only 1-10 CTCs are present per mL of blood
sample®3. This means less sample will need to be taken from the patient during an appointment to
achieve a diagnosis.

Conclusion

The conclusions of this chapter show that wicking capabilities can be enhanced by increasing the
fiber bundle hydrophilicity through chemical surface treatments or by modifying the fiber bundle
configuration. The E70 4-twist nylon fiber bundle had the fastest wicking time and most sample
dispersion at the top of the fiber bundle for untreated fiber bundles tested. The E70 dopamine-
treated polylactide fiber bundle had the fastest wicking time and most sample dispersion at the
top of the fiber bundle overall. Future work will need to investigate a twisting procedure that
allows for precise twist tension adjustment and introduces less variability to further enhance

wicking capabilities of the fiber bundle system.
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CHAPTER THREE

CAP BIOMATERIAL CHARACTERIZATION

Introduction
One common method of cancer diagnosis in the veterinary medicine field is by performing a fine
needle aspirate on the lump of the animal and then roughly observing the sample on a prepared
slide under a basic light microscope. Observation of the sample under the light microscope is not
sufficient for a definitive diagnosis, so samples must be sent off for a pathology report'*°. The
goal of this work is to design a simple, cheap, rapid diagnostic test that would not require
primary care veterinarians to send the fine needle aspirate sample off to a specialty clinic for
definitive results. An anonymous survey conducted and published in the Journal of Veterinary
Medical Education reported that 99.4% of veterinarians surveyed had at least one light
microscope available in their workplace, while 57.5% had access to an onsite diagnostic
laboratory'#°. When considering almost half of primary veterinary care clinics have access to
minimal diagnostic equipment, we must assume that veterinarians only have access to a basic
light microscope when designing a new diagnostic test. For this reason, the ideal cap material for
the proposed wicking fiber bundle prototype will collect the separated cell sample off the top of
the fiber bundle and will be viewed clearly under a basic light microscope for cancer diagnosis.
In this chapter, we have investigated different types of cap materials for the wicking fiber
bundle prototype with two objectives in mind: the first objective is to successfully collect cell
sample from the top of the wicking fiber bundle device and the second objective is to clearly be

able to view the cells under a microscope on the cap material. To achieve these objectives, the
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first part of the chapter focuses on testing different types of materials for the cap application like
gels, thin paper-based materials, and thick, absorbent materials. The middle part of the chapter
focuses on testing a more solid polymer material for the cap application. Finally, the last part of
the chapter focuses on testing an alginate gel material for the cap application and modifying the
alginate cap preparation from that used in previous work®,

In the first part of the chapter, sodium polyacrylate gel, Liqui Block 42K gel, Kim Wipe,
sample pad, and western blot materials were tested for sample collection and cell visibility.
Sample collection was tested through a series of wicking experiments with a highlighter fluid
sample and then a mouse embryonic fibroblast (F3T3) cell sample. Cell visibility on the cap
materials was tested by viewing cell samples that had been directly pipetted onto the cap material
and by viewing cell samples on the cap materials that had been collected from the top of the
wicking fiber bundle prototypes.

Following the assessment of different materials for the cap material application, a solid
polymer disc was tested as the cap material for easier loading and unloading of the cap material
from the wicking fiber bundle prototypes. Cell sample collection and cell visibility was tested
through a mouse embryonic fibroblast (F3T3) cell sample wicking experiment.

Finally, the later part of this chapter tested an alginate gel material used as the cell
collection cap material in previous work®. Hydrated, air-dried, and freeze-dried alginate gel cap
materials were tested for sample collection and cell visibility. The air-dried and freeze-dried
alginate gel cap materials were first tested for direct and indirect rehydration abilities with a
highlighter fluid sample. Cell collection and cell visibility were then tested on the alginate gel
cap materials once rehydration was confirmed by wicking cancerous human female breast,

estrogen, and progesterone receptor (MCF-7) cell samples, human female mammary gland, pre-
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neoplastic epithelial (MCF-10A) cell samples, and mouse embryonic fibroblast (F3T3) cell
samples.

A summary of the cap material types tested, sample type used, and analysis methods are
listed in Table 2.

Table 2. Summary of the cap material types tested, the sample type used to test the stated
objectives, and the analysis methods used during testing.

Cap material type Sample type Analysis

Hydrated sodium Highlighter fluid and mouse Observation under blacklight

polyacrylate embryonic fibroblast (F3T3) cell and cell count under EVOS
sample. fluorescent light microscope.

Dehydrated sodium Highlighter fluid Observation under

polyacrylate beads blacklight.

Liqui Block 42K gel Highlighter fluid and mouse Observation under blacklight
embryonic fibroblast (F3T3) cell and EVOS fluorescent light
sample. microscope.

Kim Wipe (filter paper) | Highlighter fluid and mouse Observation under blacklight
embryonic fibroblast (F3T3) cell and cell count under EVOS
sample. fluorescent light microscope.

Sample pad Highlighter fluid and mouse Observation under blacklight
embryonic fibroblast (F3T3) cell and EVOS fluorescent light
sample. mIiCroscope.

Western blot Highlighter fluid and mouse Observation under blacklight
embryonic fibroblast (F3T3) cell and EVOS fluorescent light
sample. microscope.

Dopamine-treated Mouse embryonic fibroblast (F3T3) | Observation and cell count

polylactide mesh disc cell sample. under EVOS fluorescent

light microscope.

Air-dried alginate gel Highlighter fluid, cancerous human | Observation under blacklight
female breast, estrogen, and and cell count under EVOS
progesterone receptor (MCF-7) and | fluorescent light microscope.
mouse embryonic fibroblast (F3T3)
cell sample.

Freeze-dried alginate gel | Highlighter fluid, cancerous human | Observation under blacklight
female breast, estrogen, and and cell count under EVOS
progesterone receptor (MCF-7) and | fluorescent light microscope.
mouse embryonic fibroblast (F3T3)
cell sample.
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Cell Visibility on Different Cap Material Types

Materials and Methods

Cap Material Preparation

Five different cap materials were prepared to assess cell visibility on the cap material. Hydrated
sodium polyacrylate gel was prepared by soaking dehydrated sodium polyacrylate beads in DI
water. Liqui Block 42K hydrated gel was also prepared by soaking the dehydrated beads in DI
water. The sample pad material was taken from a Clearblue pregnancy test and cut into a square.
The filter paper material was taken from a Kim Wipe and cut into a square of similar size to the
sample pad material. Lastly, western blot paper was cut into a square, similar to that of the
sample pad and filter paper materials for cap material use.

Cell Sample Preparation

Mouse embryonic fibroblast (F3T3) cells were used for the purposes of this experiment. One
flask of mouse embryonic fibroblast (F3T3) cells was stained with Cell Tracker red stain and one
flask was stained with Cell Tracker green stain to assess cell visibility with different stains on
each cap material type.

Experiment Set-Up

Each cap material type was placed on a microscope slide for this experiment, along with a
microscope slide with no cap material as the positive control. 20 uL of red stained cell sample
and 20 uL of green stained cell sample was pipetted directly onto each cap material type as
shown in Figure 16. The cap material was left to sit for 5 minutes, then flipped over on the

microscope slide to be analyzed for cell visibility.
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Figure 16. Cap materials with red and green stained mouse embryonic fibroblast (F3T3) cell
sample. Cap materials appear as follows from left to right: positive control microscope slide,
hydrated sodium polyacrylate gel, Liqui Block 42K gel, sample pad, filter paper, western blot
material, and positive control fiber material.

Analysis

For cell visibility analysis, cap materials were viewed under the EVOS fluorescent light
microscope using the green fluorescent protein 4X objective lens to view the green stained cells
and the Texas Red 4X objective lens to view the red stained cells. Cell visibility was then
assessed by observing how clearly cells could be seen on the cap material, and how hard it was

to focus the microscope on the cells to do a potential cell count.

Results and Discussion

It was observed that the hydrated sodium polyacrylate gel material had the clearest view of cells,
both red and green stained as shown in Figure 17. The Liqui Block 42K gel material more
difficult to view cells on because the gel sample was more solidified and bulkier than the
hydrated sodium polyacrylate. However, a general glow of stained cells could still be seen on the
hydrated Liqui Block 42K gel. The sample pad was a dense, absorbent material that did not
allow for the sample to disperse. Thus, the cell sample was very concentrated, and the stained

cells were seen as a general glow as compared to individual cells that could be counted. The
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filter paper is a thinner material, but it is very fibrous. Some individual clusters of cells could be
seen, but other cell clusters were hidden by fibers of the filter paper, making the possible cell
counts inconsistent. Lastly, the western blot material was like the sample pad material. The
western blot material was dense and absorptive, limiting sample dispersion and leaving large
clusters of fluorescing cells that made it difficult to differentiate individual cells for cell count.
Overall, the hydrated sodium polyacrylate had the most promising cell visibility, followed by the
filter paper material. Next, sample collection in each of the cap materials must be tested for

efficacy at the top of the fiber bundle system.
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Figure 17. EVOS fluorescent light microscope images of Cell Tracker red mouse embryonic
fibroblast (F3T3) cells fluorescing under the Texas Red lens on different material types. (A)
Hydrated sodium polyacrylate gel under 20X objective lens. (B) Liqui Block 42K gel under 10X
objective lens. (C) Sample pad material under a 10X objective lens. (D) Filter paper under a 10X
objective lens. (E) Western blot material under a 10X objective lens. (F) Positive control
polylactide fiber under 10X objective lens.
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Highlighter Fluid Sample Collection with Different Cap Material Types

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Fibers had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70
sized fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length.
To enhance wicking properties, fiber segments were soaked in 10% Lysol for 15 minutes and left
to air-dry for 15 minutes. Then, fiber segments were soaked in 70% ethanol for 15 minutes and
left to air-dry for 15 more minutes.

Cap Material Preparation

Four different cap materials were prepared to assess sample collection and absorption on the cap
material when wicked in the wicking fiber bundle prototype. Hydrated sodium polyacrylate gel
was prepared by soaking dehydrated sodium polyacrylate beads in DI water. Sodium
polyacrylate beads were crushed up with a mortar and pestle before hydrating with DI water,
which resulted in a more consistent textured gel material. Small samples of the hydrated sodium
polyacrylate gel were then transferred to the area surrounding the top of the fiber bundle on the
top of the wicking fiber bundle prototype as pictured in Figure 18. Dehydrated sodium
polyacrylate beads were also tested in this experiment. The polyacrylate beads were loaded
directly into the top portion of the wicking fiber bundle prototype around the top section of the
fiber bundle. The sample pad material was cut in a circular shape to fit on top of the wicking
fiber bundle prototype from a Clearblue pregnancy test. Lastly, a circle was cut from a Kim
Wipe for the filter paper material that fit onto the top of the wicking fiber bundle prototype to be

tested.
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Figure 18. Dehydrated sodium polyacrylate (left) and hydrated sodium polyacrylate (right)
loaded into the top of the wicking fiber bundle prototype.

Wicking Experiment Set-Up

One wicking fiber bundle prototype for each cap material type was prepared in the modified
cryovial prototype for the wicking experiment. Cap materials were loaded directly on top of the
top section of the fiber bundle at the top of the prototype device. Highlighter fluid sample was
prepared by soaking one Sharpie Highlighter marker stick in 500 mL of deionized water for 24
hours and stored in a 500 mL glass bottle. 1 mL of highlighter fluid sample was loaded in the
sample well of the modified cryovial prototype for wicking. Wicking time began when the fiber
bundles were placed in the prototype sample well and were allowed to wick for 10 minutes.
After 10 minutes of wicking was complete, the cap materials were removed from the top of the
wicking fiber bundle prototype and placed onto a microscope slide for absorption analysis.
Analysis

Sample collection and absorption was analyzed using a blacklight flashlight to fluoresce the
highlighter fluid sample on the cap material post-wicking. Images of the fluorescing sample on

each cap material were captured with an iPhone 8 camera.
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Results and Discussion

The Kim Wipe and sample pad materials had loose contact with the top of the fiber bundle and
were not secured onto the prototype, so no sample was absorbed into the Kim Wipe or sample
pad materials as shown in Figure 19A. When light pressure was applied with tweezers to
increase the contact between the Kim Wipe and sample pad materials and the top of the fiber
bundles, highlighter fluid sample was immediately absorbed off the top of the fibers and into the
cap material. The dehydrated sodium polyacrylate beads proved difficult to load and unload from
the wicking fiber bundle prototype, however, they did absorb highlighter fluid sample if they
were in direct contact with the top section of the fiber bundle. The hydrated sodium polyacrylate
was also difficult to load and unload from the wicking fiber bundle prototype, however, this
material absorbed the highlighter fluid very well and was easier to handle than the dehydrated
sodium polyacrylate beads. Overall, the hydrated sodium polyacrylate and the Kim Wipe
materials had the best highlighter fluid absorption at the top of the wicking fiber bundle
prototype as shown in Figure 19B. For the gel materials to be functional as the wicking fiber
bundle prototype cap material, a new design is needed to aid in the loading and unloading of the
material. A new design will also be needed to secure the paper-based materials onto the top of
the fiber bundle system. Next, cell sample collection off the top of the wicking fiber bundle will

need to be tested.
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Figure 19. Highlighter fluid sample wicking. (A) Wicking fiber bundle prototypes during the 10-
minute wicking period. (B) Cap materials after being removed from the wicking fiber bundle
prototype post-wicking from left to right: Kim Wipe, sample pad, dehydrated sodium
polyacrylate, and hydrated sodium polyacrylate material.

Cell Sample Collection with Different Cap Material Types

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Fibers had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70
sized fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length.
To enhance wicking properties, fiber segments were soaked in 10% Lysol for 15 minutes and left
to air-dry for 15 minutes. Then, fiber segments were soaked in 70% ethanol for 15 minutes and
left to air-dry for 15 more minutes.

Cap Material Preparation

Two different cap materials were prepared to assess sample collection and cell visibility on the
cap material when wicked in the wicking fiber bundle prototype. Hydrated sodium polyacrylate
gel was prepared by soaking dehydrated sodium polyacrylate beads in DI water. Sodium
polyacrylate beads were crushed up with a mortar and pestle before hydrating with DI water,
which resulted in a more consistent textured gel material. Small samples of the hydrated sodium

polyacrylate gel were then transferred to the area surrounding the top of the fiber bundle on the
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top of the wicking fiber bundle prototype. For the Kim Wipe filter paper material, a circle was

cut from a Kim Wipe that fit onto the top of the wicking fiber bundle prototype to be tested.

Cell Sample Preparation

Mouse embryonic fibroblast (F3T3) cells were used for the purposes of this experiment. One T-
150 flask of mouse embryonic fibroblast (F3T3) cells was stained with Cell Tracker red stain to
assess sample collection and cell visibility with different cap material types. Mouse embryonic
fibroblast (F3T3) cells were resuspended in 7 mL of PBS following centrifugation for wicking.
The cell count was 1.96 x 10° cells/mL.

Wicking Experiment Set-Up

Three wicking fiber bundle prototypes for each cap material type was prepared in the modified
cryovial prototype for the wicking experiment. A new cap was used that encased the cap material
between two clear acrylic rings as shown in Figure 20. Cap materials were loaded directly into
the new cap, secured with a clear acrylic ring, and placed on top of the fiber bundle at the top of
the prototype device. 1 mL of mouse embryonic fibroblast (F3T3) cell sample was placed in the
sample well of each wicking fiber bundle prototype for wicking. Wicking time began when the
fiber bundles were placed in the prototype sample well. Wicking fiber bundle prototypes were
allowed to wick for 5 minutes. After wicking was complete, the caps were removed from the top
of the wicking fiber bundle prototype for cell count. Cap materials were soaked in 1 mL of PBS
to rinse the cells from the cap, and 10 uL of the resulting solution was used for the cell count.
Positive control cap materials were also analyzed by soaking the cap material in 0.25 mL of cell
sample, then removing from the solution for analysis. Fiber bundles were frozen in the -20°C
freezer post-wicking to assess cell wicking throughout the fiber bundle that will be further

discussed in Chapter 4.
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Figure 20. New cap design that encapsulates gel material into the cap for easier loading and
unloading from the wicking fiber bundle prototype.

Analysis

Sample collection was analyzed using the hemocytometer for cell count under the EVOS
fluorescent light microscope. Cell visibility was analyzed using the EVOS fluorescent light
microscope Texas Red 4X and 10X objective lens. Statistical analysis of the quantifiable results

was performed using a t-test in the GraphPad Prism software.

Results and Discussion

The Kim Wipe cap material had more cells on average in the rinse solution that was used for the
cell count than the hydrated sodium polyacrylate solution, however, was not significant as seen
in Figure 21A. The hydrated sodium polyacrylate material had much better cell visibility on the
cap material itself as seen in the cap material images in Figure 21B. With the goal being to view
and analyze the cell sample on the cap material itself, paper-based materials were ruled out as a
contender for the cap material. The new cap design for the gel cap materials had better contact
with the top of the fiber bundle system as well as loading and unloading capabilities. However,
the gel material still had to be removed from the cap in order to view the cells under the
microscope. This was not an effective method for cell sample collection and analysis, so a more

solid cap material that has good contact with the top of the fiber bundle and can be easily loaded
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and unloaded from the wicking fiber bundle prototype is needed. Variability in the cell counts
from the cap material rinse solution could be attributed to fluorescing debris within the PBS
rinse, gel material fluorescence in the sodium polyacrylate, or fragmented cells from unloading

the sodium polyacrylate gel with tweezers off the top of the prototype.
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Figure 21. Results of the mouse embryonic fibroblast (F3T3) cell sample wicking after 5 minutes.
(A) Cell counts from the cap material rinse solution for the sodium polyacrylate and Kim Wipe
materials. N=3 sample size. (B) EVOS fluorescent light microscope images of the cap material
for the (i) Kim Wipe cap material under a Texas Red 4X objective lens and (ii) hydrated sodium
polyacrylate cap material under a Texas Red 10X objective lens.

Cell Sample Collection with Dopamine-Treated Mesh Cap Material

Materials and Methods

Fiber Preparation
Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.

Fibers had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70
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sized fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length.
To enhance wicking properties, fiber segments were treated in a dopamine solution.

Cap Material Preparation

Dopamine-treated mesh polylactide discs were used as the cap for the purposes of this
experiment. Polylactide mesh discs were printed using the Monoprice Maker Ultimate 3D Printer
at 210°C. The discs were then placed in a dopamine solution for treatment.

Chemical Surface Treatment

The dopamine surface treatment solution was made by combining a 10mM Tris-HCI buffer
solution with dopamine powder. To prepare the Tris-HCI buffer solution, 7.84g of tris powder
was added to 450 mL of DI water in a beaker. Four NaOH pellets were then dissolved in 30 mL
of DI water and added dropwise into the 450 mL tris solution. The tris-HCI buffer was then
diluted with DI water to a total volume of 500 mL. To make the dopamine solution, 0.4g of
dopamine was added to 100 mL of tris-HCI buffer solution and dissolved. Direct airflow, 45°C
heat, and a stir bar at 400 rpm were then added into the 100 mL dopamine solution to enhance
the reaction. Fibers and discs were treated in the dopamine solution for 40 minutes. After

treatment, fibers and discs were rinsed with DI water and patted dry with gauze.

Cell Sample Preparation

Mouse embryonic fibroblast (F3T3) cells were used for the purposes of this experiment. One T-
150 flask of mouse embryonic fibroblast (F3T3) cells was stained with DAPI stain to assess
sample collection and cell visibility with different cap material types. Mouse embryonic
fibroblast (F3T3) cells were resuspended in 7 mL of PBS following centrifugation for wicking.

The initial cell count using the Cell Scepter was 1.7 x 10° cells/mL.
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Wicking Experiment Set-Up

Six wicking fiber bundle prototypes for with the dopamine-treated mesh disc cap were prepared
in the modified cryovial prototype for the wicking experiment. The dopamine-treated mesh disc
was placed on top of the fiber bundle at the top of the wicking fiber bundle prototype device as
shown in Figure 22. 1 mL of mouse embryonic fibroblast (F3T3) cell sample was placed in the
sample well of each wicking fiber bundle prototype for wicking. Wicking time began when the
fiber bundles were placed in the prototype sample well. Three wicking fiber bundle prototypes
were allowed to wick for 10 minutes, while the other three wicking fiber bundle prototypes were
allowed to wick for 20 minutes. After wicking was complete, the dopamine-treated mesh discs
were removed from the top of the wicking fiber bundle prototype and placed on a microscope
slide for cell count. Positive and negative control dopamine-treated mesh discs were also

analyzed.

Figure 22. Dopamine-treated polylactide mesh cap loaded into the top of the wicking fiber
bundle prototype.

Analysis
Sample collection was analyzed using a manual cell count of cells within the grid-like structure
of the dopamine-treated mesh disc under the EVOS fluorescent light microscope. Cell particles

were only counted if they were within the mesh disc structure, not if they had moved outside of
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the mesh disc once placed on the microscope slide. Cell particles were also not counted in the
cell count if they were found on the mesh disc material. Cell visibility was also analyzed using
the EVOS fluorescent light microscope 4X and 10X objective lenses with the transmitted and
DAPI filters. Statistical analysis of the quantifiable results was performed using a t-test in the

GraphPad Prism software.

Results and Discussion

The cell visibility on the dopamine-treated mesh discs was better in comparison to previously
tested cap materials, since the gaps in the mesh disc provided for clear viewing of the cells.
However, the mesh disc material also blocked some cells from being seen because the material is
solid. The dopamine-treated mesh disc material also fluoresced the DAPI blue light, making it
more difficult to see cells that were located on the mesh disc material. Few fluorescing particles
were seen on the negative control mesh disc as seen in Figure 23. However, they were all on the
mesh disc material itself, so fluorescing particles on the mesh disc were not included in the cell
counts. While the dopamine-treated polylactide mesh disc was easier to load and unload from the
wicking fiber bundle prototype, the cap material did not contain wicked cells within the cap
material well and did not make consistent contact with the top of the fiber bundle. For this
reason, gel cap materials will be revisited with an effort to create a more solidified gel material

that has consistent contact with the top of the wicking fiber bundle.
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Figure 23. EVOS fluorescent light microscope images of the dopamine-treated polylactide mesh
cap material (i) negative control and (ii) after 10 minutes of wicking mouse embryonic fibroblast
(F3T3) cells under an overlay of DAPI blue and transmitted 4X objective lenses.

Air-Dried Alginate Cap Material Sample Rehydration Proof of Concept

Materials and Methods

Fiber Preparation

Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length.
Immediately after the laser cutting process, nylon fiber bundles were twisted. Three 35 mm
nylon fiber segments were configured into a bundle and secured on one end of the bundle with a
clear acrylic prototype ring. The other end of the fiber bundle was then secured in the chuck of
an electric drill. The nylon fiber bundle was twisted four rotations with the electric drill, then
held in that position for 60 seconds to solidify the twisted configuration.

Cap Material Preparation

The alginate gel cap material was prepared by dip coating one end of the fiber bundles in two
solutions: a calcium chloride solution and a sodium alginate solution. A 10 mL calcium chloride
solution was made by dissolving 5.55 g of calcium chloride granules to 10 mL of DI water. The

sodium alginate solution was made by dissolving 0.09 g of reagent grade sodium chloride in 10
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mL of DI water. After the sodium chloride was dissolved, 0.14 g of alginic acid sodium salt from
brown algae was dissolved in the sodium chloride solution to make to sodium alginate solution.
The top 2 mm of the fiber bundles were then carefully dipped in the calcium chloride solution
and immediately removed. The same 2 mm end of the fiber bundles were then dipped into the
sodium alginate solution and immediately removed, forming the alginate gel cap. The fiber
bundles were then left out on the benchtop to air-dry the cap materials for 60 minutes.

Cell Sample Preparation

Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells and mouse
embryonic fibroblast (F3T3) cells were used for the purposes of this experiment. One T-25 flask
of cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells was
stained with Cell Tracker red stain and one T-25 flask of mouse embryonic fibroblast (F3T3)
cells was stained with Cell Tracker green stain to visually see the cells on the alginate cap
material. Both cell types were resuspended in 3 mL of PBS following centrifugation for wicking.
The initial cell count using the hemocytometer was 1.2 x 10° cells/mL for the cancerous human
female breast, estrogen, and progesterone receptor (MCF-7) cells and 3.0 x 10° cells/mL for the
mouse embryonic fibroblast (F3T3) cells. To have equal concentrations of cancerous human
female breast, estrogen, and progesterone receptor (MCF-7) cells to mouse embryonic fibroblast
(F3T3) cells, 200 uL of cancerous human female breast, estrogen and progesterone receptor
(MCF-7) cell sample and 800 uL of mouse embryonic fibroblast (F3T3) sample was added into
the sample well for mixed cell wicking. For cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) only wicking, 200 uL of cell sample was added to the sample
well and 800 uL of PBS was added to bring the total volume to 1 mL. For mouse embryonic

fibroblast (F3T3) only wicking, 800 uL of cell sample was added to the sample well and 200 uL
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of PBS was added to bring the total volume up to 1 mL. The estimated total cell number in 800
uL of mouse embryonic fibroblast (F3T3) cells and of 200 uL of cancerous human female breast,
estrogen, and progesterone receptor (MCF-7) cells was 2.4 x 10° cells.

Wicking Experiment Set-Up

Five wicking fiber bundle prototypes were prepared in the modified cryovial prototype for the
highlighter fluid and cell sample wicking experiments. Highlighter fluid sample was prepared by
soaking one Sharpie Highlighter marker stick in 500 mL of deionized water for 24 hours and
stored in a 500 mL glass bottle. 1 mL of highlighter fluid sample was loaded into two of the
sample wells of the modified cryovial prototype for wicking. One fiber bundle had an air-dried
alginate cap and one fiber bundle had no cap for comparison. For cell sample wicking, three fiber
bundles were prepared with an air-dried alginate cap: one fiber bundle for cancerous human
female breast, estrogen, and progesterone receptor (MCF-7) wicking, one fiber bundle for mouse
embryonic fibroblast (F3T3) wicking, and one fiber bundle for mixed cell wicking. Cell sample
was prepared in the sample well for each fiber bundle as outlined under Cell Sample Preparation.
Highlighter fluid sample was allowed to wick for 10 minutes and cell sample was allowed to
wick for 20 minutes. After wicking was complete, the air-dried alginate caps were removed from
the top of the wicking fiber bundle prototype and placed on a microscope slide for analysis as

shown in Figure 24.
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Figure 24. Air-dried alginate cap materials after being removed from the top of the wicking fiber
bundle prototypes at the 20-minute wicking time point.

Analysis

Highlighter Fluid Wicking

Sample absorption was analyzed using a blacklight flashlight to fluoresce the highlighter fluid
sample on the cap material post-wicking. Images of the fluorescing sample at the top of the
wicking fiber bundle prototype were captured under the stereoscope with an iPhone 12 Pro
camera.

Cell Sample Wicking

Cell wicking and collection was analyzed by viewing the alginate cap material on the microscope
slide under the EVOS fluorescent light microscope. The transmitted, Texas Red, and GFP 10X

objective lenses were used for cell viewing.
Results and Discussion

Highlighter Fluid Wicking
The fiber bundle with the air-dried alginate cap wicked the highlighter fluid sample 30 seconds

slower than the fiber bundle without a cap. The fiber bundle with no cap also wicked 0.5 g of
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highlighter fluid sample more than the fiber bundle with the air-dried alginate cap. However,
both fiber bundles successfully wicked highlighter fluid sample to the top of the fiber bundle as
shown in Figure 25. The fiber bundle with the air-dried alginate cap successfully rehydrated the
cap material with highlighter fluid sample, which was the goal of this proof-of-concept
experiment. The rehydration of the cap material proves there is consistent contact between the
wicking fiber bundle and air-dried alginate cap material because highlighter fluid sample was
successfully absorbed. This is likely because the alginate cap material is formed directly onto the
end of the wicking fiber bundle. It was also shown that the dried alginate cap material can be
easily removed from the top of the fiber bundle as a thin, flat, singular piece in Figure 24, which

is promising for cell viewing and analysis under a microscope.

Figure 25. Stereoscope images of wicking fiber bundle cross sections after 10 minutes of
highlighter fluid wicking. (A) Wicking fiber bundle without a cap material. (B) Wicking fiber
bundle with the air-dried alginate cap material after the air-dried alginate material had been
removed.

Cell Sample Wicking

There were no quantifiable results for this proof-of-concept experiment, however, the air-dried
alginate cap material successfully rehydrated with the amount of cell sample wicked over the 20-
minute time period in each fiber bundle tested. The rehydrated alginate cap material was able to

be removed from the top of the fiber bundle in one piece and cells could be easily viewed on the
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cap material. The cancerous human female breast, estrogen, and progesterone receptor (MCF-7)
only fiber bundle alginate cap material was populated with red fluorescing cells, while the mouse
embryonic fibroblast (F3T3) only fiber bundle alginate cap material had minimal green
fluorescing cells as seen in Figure 26. The mixed cell sample fiber bundle alginate cap material
revealed similar results. This observation is promising for the purposes of cell type separation
that will be further discussed in Chapter 4. Next, a freeze-dried alginate cap material will be
tested to see if the further dehydration of the gel increases the amount of cell sample wicked into

the cap material.

Figure 26. EVOS fluorescent light microscope images of air-dried alginate cap materials after
20 minutes of cell wicking. (A) Mouse embryonic fibroblast (F3T3) cells under GFP 10X
objective lens on the F3T3 only wicking fiber bundle cap material. (B) Cancerous human female
breast, estrogen, and progesterone receptor (MCF-7) cells under Texas Red 10X objective lens
on the MCF-7 only wicking fiber bundle cap material. (C) Mouse embryonic fibroblast (F3T3)
cells under GFP 10X objective lens on the mixed cell sample wicking fiber bundle cap material.
(D) Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells under
Texas Red 10X objective lens on the mixed cell sample wicking fiber bundle cap material.
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Freeze-Dried Alginate Cap Material Sample Collection with Different Fiber Bundle Types

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length. Nylon
fiber bundles were twisted immediately following the laser cutting process. Three 35 mm nylon
fiber segments were configured into a bundle and secured on one end of the bundle with a clear
acrylic prototype ring. The other end of the fiber bundle was then secured in the chuck of an
electric drill. The nylon fiber bundle was twisted four rotations with the electric drill, then held in
that position for 60 seconds to solidify the twisted configuration. Half of 4-twist nylon fiber
bundles were placed in the -80°C freezer for 5 minutes, then removed and cut approximately 2
mm from the top of the fiber bundle with a razor blade to expose the most twisted portion of the
fiber bundle for cap preparation as shown in Figure 27. The other half of the 4-twist nylon fiber
bundles were left as they were originally prepared. The polylactide fiber bundles were treated in

a dopamine solution for 40 minutes to increase fiber bundle hydrophilicity.

74



Figure 27. Wicking fiber bundles prepared before the addition of the air-dried or freeze-dried
alginate cap material. (A) Dopamine-treated polylactide fiber bundles result in 35mm fiber
length. (B) 4-twist nylon fiber bundles result in 30mm fiber length. (C) 4-twist nylon cut
approximately 2 mm from the top of the fiber bundle to expose the inner most twisted portion of
the fiber bundle result in approximately 27mm fiber length.

Cap Material Preparation

The alginate gel cap material was prepared by dip coating one end of the fiber bundles in two
solutions: a calcium chloride solution and a sodium alginate solution. A 10 mL calcium chloride
solution was made by dissolving 5.55 g of calcium chloride granules to 10 mL of DI water. The
sodium alginate solution was made by dissolving 0.09 g of reagent grade sodium chloride in 10
mL of DI water. After the sodium chloride was dissolved, 0.14 g of alginic acid sodium salt from
brown algae was dissolved in the sodium chloride solution to make to sodium alginate solution.
The top 2 mm of the fiber bundles were then carefully dipped in the calcium chloride solution
and immediately removed. The same 2 mm end of the fiber bundles were then dipped into the
sodium alginate solution and immediately removed, forming the alginate gel cap. Half of the
fiber bundles were left out on the benchtop to air-dry the cap materials for 60 minutes. The other
half of the fiber bundles were placed in the -80°C freezer to preserve the cap material structure

until they could be transferred to a freeze dryer at another location for freeze drying.
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Chemical Surface Treatment

The dopamine surface treatment solution was made by combining a 10mM Tris-HCI buffer
solution with dopamine powder. To prepare the Tris-HCI buffer solution, 7.84g of tris powder
was added to 450 mL of DI water in a beaker. Four NaOH pellets were then dissolved in 30 mL
of DI water and added dropwise into the 450 mL tris solution. The tris-HCI buffer was then
diluted with DI water to a total volume of 500 mL. To make the dopamine solution, 0.4g of
dopamine was added to 100 mL of tris-HCI buffer solution and dissolved. Direct airflow, 45°C
heat, and a stir bar at 400 rpm were then added into the 100 mL dopamine solution to enhance
the reaction. Fibers were treated in the dopamine solution for 40 minutes. After treatment, fibers
were rinsed with DI water and patted dry with gauze.

Cell Sample Preparation

Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells were used
for the purposes of this experiment. One T-75 flask of cancerous human female breast, estrogen,
and progesterone receptor (MCF-7) cells was stained with Cell Tracker red stain to assess cell
wicking and collection capabilities with different cap material and fiber bundle types. Cancerous
human female breast, estrogen, and progesterone receptor (MCF-7) cells were resuspended in 13
mL of DI water following centrifugation for wicking. The initial cell count using the
hemocytometer was 1.2 x 10° cells/mL.

Wicking Experiment Set-Up

Two wicking fiber bundle prototypes were prepared for highlighter fluid wicking and for
cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cell wicking per
fiber bundle type and cap preparation in the modified cryovial prototype. Highlighter fluid

sample was prepared by soaking one Sharpie Highlighter marker stick in 500 mL of deionized
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water for 24 hours and stored in a 500 mL glass bottle. 1 mL of highlighter fluid sample was
loaded in the sample well of the modified cryovial prototype for wicking. For cell sample
wicking, 1 mL of cancerous human female breast, estrogen, and progesterone receptor (MCF-7)
cell sample was loaded in the sample well of the modified cryovial prototype. Wicking time
began when the fiber bundles were placed in the prototype sample well. Highlighter fluid was
allowed to wick for 10 minutes and cell sample was allowed to wick for 60 minutes. After
wicking was complete, the cap materials were removed from the top of the wicking fiber bundle
prototype with tweezers and placed onto a microscope slide for analysis.

Analysis

Highlighter Fluid Wicking

Sample absorption was analyzed using a blacklight flashlight to fluoresce the highlighter fluid
sample on the cap material post-wicking. Images of the fluorescing sample on each cap material
were captured with an iPhone 12 Pro camera for comparison.

Cell Sample Wicking

Cell wicking and collection was analyzed by viewing the alginate cap material on the microscope
slide under the EVOS fluorescent light microscope. The transmitted and Texas Red 10X
objective lenses were used for cell viewing. Three images were taken in the most cell dense areas
of the alginate cap material for cell count purposes. Statistical analysis of the quantifiable results
was performed using two-way ANOVA tests in the GraphPad Prism software.

Results and Discussion

Highlighter Fluid Wicking
The dopamine-treated polylactide fiber bundles wicked the most highlighter fluid sample into the

cap material in both the freeze-dried and air-dried alginate cap material groups as seen in Figure
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28. The normal 4-twist and cut 4-twist nylon fiber bundles had minimal sample wicked into the
alginate cap material in both the freeze-dried and air-dried alginate cap material groups. While
minimal sample was observed in the nylon fiber bundle alginate material caps, the alginate cap
material was rehydrated, indicating that some sample had to come into contact with the alginate
cap material during the 10-minute wicking process. Overall, the air-dried alginate cap material
seemed to collect more sample in the dopamine-treated polylactide fiber bundles than the freeze-
dried alginate cap material did. Sample collection will be further tested in the cell sample
wicking experiment.

A B

Figure 28. Images of the wicking fiber bundle prototypes and alginate cap materials after 20
minutes of highlighter fluid sample wicking. (A) Wicking fiber bundle prototypes with air-dried
alginate cap materials (top) and freeze-dried alginate cap materials (bottom) nearing the end of
the 20-minute wicking period. There were two wicking fiber bundle prototypes per fiber bundle
type from left to right as follows: cut 4-twist nylon, normal 4-twist nylon, and dopamine-treated
polylactide. (B) Air-dried alginate cap materials (top) and freeze-dried alginate cap materials
(bottom) after being removed from the wicking fiber bundle prototype after 20 minutes of sample
wicking. Two cap materials per fiber bundle type were analyzed from left to right as follows: cut
4-twist nylon, normal 4-twist nylon, and dopamine-treated polylactide.
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Cell Sample Wicking

The dopamine-treated polylactide fiber bundles had the highest cell counts in both the air-dried
and freeze-dried alginate cap material groups as shown in Figure 29A. Two-way ANOVA
statistical analysis showed significant difference in cell count by both cap type (F(1,12)=12.38,
p<0.0042) and by fiber bundle type (F(2,12), p<0.0094), though the interaction between the two
variables was not significant. Variability could be attributed to fluorescing debris on the cap
material and the cap material itself fluorescing or folding which inhibits cells visibility. When
considering cell visibility, the air-dried alginate cap material had better cell visibility than the
freeze-dried alginate cap material did as shown in Figure 29B. However, as the air-dried alginate
cap material sat on the benchtop and fluid began to evaporate from the cap material, sodium
chloride crystals and a type of calcium crystal began to form, decreasing the cell visibility on the
air-dried alginate cap material as shown in Figure 30. Due to the increased number of cells
isolated in the cap material and the inconsistent visibility on the air-dried alginate cap material,
the freeze-dried alginate cap material was identified as the most promising cap material and will
be tested against the fresh alginate cap as a control from previous work in the cell separation
experiments of Chapter 4%, Before moving on to cell separation, wicking equilibrium time needs
to be established to know how long it takes before the freeze-dried alginate cap material reaches

saturation and ceases to wick more cells into the cap material.
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Figure 29. Results from 60-minute cancerous human female breast, estrogen, and progesterone
receptor (MCF-7) cell sample wicking experiment. (A) Cell count on each alginate cap material
of the cut 4-twist nylon, normal 4-twist nylon, and dopamine-treated polylactide wicking fiber
bundles. Cell counts are grouped by fiber bundle type then by alginate cap material preparation.
N=3 sample size. (B) EVOS fluorescent light microscope images using the Texas Red 10X
objective lens of the (i) negative control microscope slide, (ii) positive control microscope slide,
(iii) air-dried alginate cap material, and (iv) freeze-dried alginate cap material. Cells are
indicated by white arrows. ** indicates p<0.01.

2

Figure 30. Crystal formation in alginate cap material when left on the benchtop for wicking or
air-dried for extended amounts of time. (A) Sodium chloride square crystal formation observed
under the EVOS fluorescent light microscope transmitted 10X objective lens. An example of a
sodium chloride crystal is indicated by the white arrow. (B) A type of calcium crystal formation
observed under the EVOS fluorescent light microscope transmitted 4X objective lens.
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Identifying Cell Sample Wicking Equilibrium Time

Materials and Methods

Fiber Preparation

Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length.
Immediately following the laser cutting process, three 35 mm nylon fiber segments were
configured into a bundle and secured on one end of the bundle with a clear acrylic prototype
ring. The other end of the fiber bundle was then secured in the chuck of an electric drill. The
nylon fiber bundle was twisted four rotations with the electric drill, then held in that position for
60 seconds to solidify the twisted configuration.

Cap Material Preparation

The alginate gel cap material was prepared by dip coating one end of the fiber bundles in two
solutions: a calcium chloride solution and a sodium alginate solution. A 10 mL calcium chloride
solution was made by dissolving 5.55 g of calcium chloride granules to 10 mL of DI water. The
sodium alginate solution was made by dissolving 0.09 g of reagent grade sodium chloride in 10
mL of DI water. After the sodium chloride was dissolved, 0.14 g of alginic acid sodium salt from
brown algae was dissolved in the sodium chloride solution to make to sodium alginate solution.
The top 2 mm of the fiber bundles were then carefully dipped in the calcium chloride solution
and immediately removed. The same 2 mm end of the fiber bundles were then dipped into the
sodium alginate solution and immediately removed, forming the alginate gel cap. The fiber
bundles were then placed in the -80°C freezer to preserve the cap material structure until they

could be transferred to a freeze dryer at another location for freeze drying.
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Cell Sample Preparation

Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells were used
for the purposes of this experiment. One T-25 flask of cancerous human female breast, estrogen,
and progesterone receptor (MCF-7) cells was stained with Cell Tracker red stain to assess cell
wicking capabilities over time. Cancerous human female breast, estrogen, and progesterone
receptor (MCF-7) cells were resuspended in 13 mL of DI water following centrifugation for
wicking. The initial cell count using the hemocytometer was 5.1 x 10° cells/mL.

Wicking Experiment Set-Up

Three wicking fiber bundle prototypes were prepared for cancerous human female breast,
estrogen, and progesterone receptor (MCF-7) cell sample wicking per wicking time point in the
modified cryovial prototype. 1 mL of cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) cell sample was loaded in the sample well of the modified
cryovial prototype for wicking. Wicking time began when the fiber bundles were placed in the
prototype sample well and one group was allowed to wick for 15, 30, and 60 minutes. After the
specified wicking time point was met, the cap materials were removed from the top of the
wicking fiber bundle prototype with tweezers and placed onto a microscope slide for absorption
analysis. It was important to place the side of the cap material that met the fiber bundle down on
the microscope slide for optimal cell viewing.

Analysis

Cell wicking and collection was analyzed by viewing the alginate cap material on the microscope
slide under the EVOS fluorescent light microscope. The transmitted and Texas Red 10X
objective lenses were used for cell viewing. The entirety of the alginate cap material was

analyzed for manually counting the cells present on the alginate cap material. Statistical analysis
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of the quantifiable results was performed using one-way ANOVA tests in the GraphPad Prism
software.

Results and Discussion

Cell counts were performed on the freeze-dried alginate cap materials at 15 minutes, 30 minutes,
and 60 minutes. When comparing the cell counts of the alginate cap materials in each of these
groups, no significant difference was found between wicking time points as shown in Figure 31.
The 15-minute time point had slightly higher cell count numbers than that of the 30-minute or
60-minute wicking time points. Variability of the cell counts could be attributed to fluorescent
debris on the cap material or the cap material itself fluorescing or folding which inhibits cell
visibility. For the cell separation experiments in Chapter 4, a wicking time of 15 minutes will be

used since there is not a continual increase in cells wicked into the cap material after 15 minutes.

Wicking Equilibrium Time
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Figure 31. Cell counts on freeze-dried alginate cap materials that wicked cancerous human

female breast, estrogen, and progesterone receptor (MCF-7) cell sample over 15-, 30-, and 60-
minute time intervals. N=3 sample size.

Discussion
The beginning section of this chapter focused on sample absorption and cell visibility on
different types of cap materials. Our work showed that hydrated sodium polyacrylate gel and thin

paper materials like a Kim Wipe or filter paper worked best when trying to view a cell sample on
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the cap material itself. Thicker, more fibrous materials like a sample pad or western blot material
proved inadequate for this work because they are too dense to clearly observe under a
microscope. However, one promising aspect of these materials are they are very absorptive.
When translating the sodium polyacrylate gel and the Kim Wipe material from a microscope
slide to part of the wicking fiber bundle prototype, each material had distinct difficulties. The
sodium polyacrylate gel absorbed highlighter fluid sample off the top of the fiber bundle, but was
hard to load and unload from the wicking fiber bundle prototype. The Kim Wipe material
absorbed the highlighter fluid sample off the top of the wicking fiber bundle prototype, however,
did not do so until pressure was applied with tweezers to the cap material because there was
insufficient contact between the top of the fiber bundle and the cap material. Future work with
the sodium polyacrylate gel and Kim Wipe cap materials would need to focus on a better
prototype design to secure the cap material to the top of the fiber bundle more consistently.

The middle section of this chapter focused on a more solid cap material that aimed to
solve the problem of being difficult to load and unload from the wicking fiber bundle prototype
and to further improve cell visibility and cell count processes when compared to the previously
explored gel and paper-based cap materials. The mesh polylactide cap was created to have gaps
in the disc that would serve as windows for clear cell visibility. A procedure like that of a
hemocytometer cell count could then be followed to consistently count all the cells within the
cap material. The mesh polylactide cap was then treated in a dopamine solution to make the cap
material more hydrophilic and become more attractive to the cells, causing them to wick to the
mesh cap material and remain on the cap material when being unloaded onto a microscope
slide''®1%4 The dopamine-treated mesh caps successfully collected cells; however, some cells

were seen outside of the dopamine-treated mesh cap once placed on the microscope slide. Future
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work with the dopamine-treated mesh cap material could include the addition of a stickier
material that may retain the cells in the cap once wicked. The consistency of contact between the
top of the fiber bundle and the cap material was still an issue with the wicking fiber bundle
prototype used.

The later section of this chapter focused on a cap material that would solve the problem
of inconsistent contact between the top of the fiber bundle and the cap material, while still
addressing the difficulties in loading and unloading the cap material from the wicking fiber
bundle prototype. Instead of creating a cap material and then loading that cap material onto the
wicking fiber bundle prototype, the cap material was synthesized on the wicking fiber bundle
prototype. The alginate gel cap material was previously used and proved to successfully capture
cells at the top of a wicking fiber bundle prototype®. Our work focused on dehydrating the
alginate gel onto the top of the wicking fiber bundle prototype to give the cap material a more
solid shape for ease of removal when partially rehydrated. The freeze-dried alginate cap material
showed to roughly retain its original shape when rehydrated, exhibiting promising abilities to
increase shelf life of the product by freeze-drying the alginate cap material until use®®. The air-
dried alginate cap material slowed the wicking time and decreased the amount of sample wicked
into the wicking fiber bundle prototype, however, the wicking fiber bundle prototype with the
air-dried alginate cap still wicked in under 10 minutes and did not unreasonable decrease the
amount of sample wicked into the wicking fiber bundle prototype. It was then proven that freeze-
dried alginate cap materials wick more sample into the cap material through highlighter fluid and
cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cell trials, which
helped to support the hypothesis that freeze-drying the alginate cap material will shift wicking

equilibrium to allow more sample to wick before reaching a saturation point*3213, Further work
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would need to be conducted to confirm this hypothesis. The air-dried alginate cap material had
the clearest cell visibility of any material used up to this point for the wicking fiber bundle
prototype cap, with the freeze-dried alginate cap material being the next best material for cell
visibility due to the thin nature of the dehydrated materials. It should be noted that crystal
formation in the air-dried alginate cap material was an issue if left on the benchtop for too long
due to the slow evaporation of fluid from the alginate cap material. Crystal formation within the
cap material is not ideal for cell visibility, therefore, the freeze-dried alginate cap material was
identified as the most viable option for the wicking fiber bundle prototype cap material.

Finally, this chapter explored the ideal wicking time for the alginate cap material before
the cap material becomes saturated and stops wicking cell sample. It was found that 15 minutes
was a sufficient time period for wicking a cell sample, which aligns with our goal of creating a
wicking fiber bundle prototype that can process a cell sample within a 15-minute appointment
time. Future work could be performed to see if wicking equilibrium is reached before 15
minutes, as 15 minutes was the shortest time period that was tested.

The major limitations of this work revolve around the accuracy of the cell counts
performed on the cap materials under the EVOS fluorescent light microscope. The biggest
obstacle faced during the cap material experiments was the fluorescing of debris particles that
should have indicated the particles were cells. When running positive and negative control
microscope slides particles on the negative control microscope slides would fluoresce as if they
were cells. This raised concern as to how accurate the cell counts were on the cap materials
tested and analyzed on microscope slides. The 4X objective lens on the EVOS fluorescent light
microscope was also used in the earlier stage cap material experiments. Cells are best seen and

distinguished under the 10X objective lens, raising further question as to the accuracy of the
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earlier cap material experiments. There was also an issue of cells bursting during the process of
being prepared, wicking, and then being removed from the cap materials for cell count. In this
case, cell particles would fluoresce and each particle would be counted as one full cell, elevating
the cell counts in the cap for the earlier cap material experiments. Finally, a major limitation
throughout all the cap material experiments was the cap material fluorescing under the EVOS
fluorescent light microscope. Cells could still be seen in most cases, but the fluorescing cells
were not as distinct as they normally are on just a microscope slide. This could have hindered
cell counts in some cases if cells were masked by the fluorescence of the cap material. However,
it is important to note that these limitations will only be encountered while attempting to validate
and precisely tune the wicking fiber bundle device. If the wicking fiber bundle prototype goes to
market, the end user will not be using fluorescence to view the cell sample and will avoid many

of these issues.

Conclusion

The freeze-dried alginate cap material was the most promising due to its increased, consistent
contact with the top of the wicking fiber bundle prototype and its cell visibility on the material.
Freeze-drying the material will also be valuable for shelf-life considerations if the product is put
on the market. The freeze-dried alginate cap material will be compared to the fresh alginate cap
material used in previous work for cell separation in Chapter 4%. Future work will focus on
continuing to improve cell visibility and decreasing the amount the cap material itself fluoresces
under the EVOS fluorescent light microscope. It also may be worth looking into how to make an
alginate cap material more solid with a definite shape like the dopamine-treated polylactide mesh

disc.
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CHAPTER FOUR

CHARACTERIZING CELL SEPARATION WITHIN THE FIBER BUNDLE

Introduction

Non-affinity-based cancer cell detection has been shown to be more promising than affinity-
based cancer cell detection due to the ability to identify and isolate both epithelial and
mesenchymal cancer cell phenotypes, which is more representative of tumor heterogenicity®.
Previous research on physical separation of cancer cells from a liquid biopsy through microchips
for human medicine applications has proven to be promising, but is still relatively expensive to
be integrated into veterinary medicine applications®®®4, For this reason, a cheaper rapid
diagnostic test is being developed that employs the same cell separating characteristics: cell size
and cell deformability. The wicking fiber bundle cancer diagnostic device should be able to
effectively separate cancer cells from non-cancerous cells in a fine needle aspirate sample over
the length of the fiber bundle system and isolate those cancer cells within the proposed freeze-
dried alginate cap material for cell analysis under a light microscope. The success of the device
prototype will be assessed by the degree of cell separation within the fiber bundle system and the
cancer cell purity isolated in the freeze-dried alginate cap material.

In this chapter, we have investigated the ability of a wicking fiber bundle prototype to
separate cell types based on cancerous cell characteristics. To test the ability of a wicking fiber
bundle prototype, first, a method for fixing the cell sample to the final wicking location must be
identified for analysis. Next, individual cell lines will be tested to see how and where the cells

wick to within the wicking fiber bundle prototype. Then, a heterogenous cell sample will be

88



tested to determine whether the wicking fiber bundle prototype can separate cell types based
upon cancer cell characteristics.

In the first part of the chapter, three methods are tested for cell sample fixation: methanol
liquid fixative, UV resin liquid fixative, and a freezing method for fixation. These methods were
tested with a highlighter fluid and cancerous human female breast, estrogen, and progesterone
receptor (MCF-7) cell sample. The method identified as the most promising fixation method
from these tests is used in the chapter’s following cell type separation experiments.

In the last part of the chapter, the wicking of cancerous human female breast, estrogen,
and progesterone receptor (MCF-7) cells and human female mammary gland, pre-neoplastic
epithelial (MCF-10A) cells were tested individually and together in a heterogenous cell sample
for cell type separation within a wicking fiber bundle prototype. Varying initial cell
concentrations within the cell sample were also tested for their effect on the final number of cells
wicked into the cap material. These tests were performed with the 4-twist nylon fiber bundle and
the dopamine-treated polylactide fiber bundle to identify which fiber bundle from Chapter 2
would be the best for cell type separation. These tests were also performed with a fresh alginate
cap used in previous work and a freeze-dried alginate cap to determine which cap material from
Chapter 3 will be the best for cell capture and analysis®.

A summary of the fiber bundle tested, cap material type tested, sample type used, and

analysis methods are listed in Table 3.
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Table 3. Summary of the fiber bundle types tested, the sample types used to test the stated

objective, and the analysis methods used during testing.

Fiber bundle type | Sample type Analysis

4-twist nylon Cancerous human female breast, EVOS fluorescent light
estrogen, and progesterone receptor microscope alginate cap
(MCF-7) cells material cell count.

Human female mammary gland, pre-
neoplastic epithelial (MCF-10A) cells

EVOS fluorescent light
microscope alginate cap
material cell count.

Cancerous human female breast,
estrogen, and progesterone receptor
(MCEF-7) cells and human female
mammary gland, pre-neoplastic epithelial
(MCF-10A) cells

EVOS fluorescent light
microscope alginate cap
material cell count.

Dopamine-treated | Cancerous human female breast,
polylactide estrogen, and progesterone receptor
(MCF-7) cells

EVOS fluorescent light
microscope alginate cap
material cell count.

Human female mammary gland, pre-
neoplastic epithelial (MCF-10A) cells

EVOS fluorescent light
microscope alginate cap
material cell count.

Cancerous human female breast,
estrogen, and progesterone receptor
(MCF-7) cells and human female
mammary gland, pre-neoplastic epithelial
(MCF-10A) cells

EVOS fluorescent light
microscope alginate cap
material cell count.

Cell Sample Fixation Methods

Methanol
Materials and Methods

Fiber Bundle Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Fibers had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70
sized fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length

and arranged with three fiber segments per fiber bundle as previously described in Chapter 1.
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Cell Sample Preparation

Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells were used
for the purposes of this experiment. One T-25 flask of cancerous human female breast, estrogen,
and progesterone receptor (MCF-7) cells was stained with Cell Tracker red stain to help identify
cells on the microscope slide for fixation. Cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) cells were resuspended in 5 mL of serum-free DMEM media

following centrifugation. The initial cell count using the hemocytometer was 6.4 x 10° cells/mL.

Experiment Set-Up

Methanol fixation was tested on a microscope slide and on a wicking fiber bundle. For the
microscope slide experiment, 250 uL of cancerous female breast, estrogen, and progesterone
receptor (MCF-7) cell sample was pipetted directly onto the microscope slide. The cell sample
was left to dry for 5 minutes, then the microscope slide was dipped into a beaker of pesticide
grade methanol five times for one second each. The slide was then gently rinsed with DI water.
For the fiber bundle experiment, 250 uL of cancerous female breast, estrogen, and progesterone
receptor (MCF-7) cell sample was pipetted directly into the top of the fiber bundle and allowed
to sit for 5 minutes before fixing the cell sample. The fiber bundle was then dipped into the
pesticide grade methanol five times for one second each. The fiber bundle was then gently rinsed
with DI water.

Analysis

Cell sample fixation was analyzed by viewing the microscope slide under the EVOS fluorescent
light microscope using the Texas Red and transmitted 4X and 10X objective lenses. Microscope
slides and fiber bundles were analyzed with the cell sample before fixation and after fixation to

visually assess the differences in the amount of cell sample left on the microscope slide and fiber
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bundle after the methanol fixation process. Images were taken under the EVOS fluorescent light
microscope to show the differences in cell number before and after the methanol fixation
process.

Results and Discussion

For the microscope slide experiment, a portion of the cell sample was successfully fixed to the
microscope slide. However, much of the sample was lost when dipped initially dipped into the
beaker of methanol for fixation since the sample was not completely dried on the microscope
slide prior to dipping. For the fiber bundle experiment, there was a noticeable difference between
the amount of cell sample that was present on the fiber bundle before methanol fixation and the
minimal amount of cell sample that was still present on the fiber bundle after methanol fixation
as shown in Figure 32. Overall, the methanol fixation method worked much better on the flat
microscope slide than the three-dimensional fiber bundle, however, will not be a sufficient
fixation method for the cell separation testing of the wicking fiber bundle prototype. Next, we
will test a resin fixation method that uses ultraviolet (UV) light to fix the sample instead of

evaporation like the methanol fixative.
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Figure 32. EVOS fluorescent light microscope images under a Texas Red 4X objective lens of a
wicking fiber bundle (A) before and (B) after methanol fixation.
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UV Resin
Materials and Methods

Fiber Bundle Preparation

Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length. Nylon
fiber bundles were twisted immediately following the laser cutting process. Three 35 mm nylon
fiber segments were configured into a bundle and secured on one end of the bundle with a clear
acrylic prototype ring. The other end of the fiber bundle was then secured in the chuck of an
electric drill. The nylon fiber bundle was twisted four rotations with the electric drill, then held in
that position for 60 seconds to solidify the twisted configuration. Some nylon fiber bundles were

left not twisted and configured as previously described in Chapter 1.

Experiment Set-Up

JDiction UV resin hard type 100g was used for UV resin experimentation along with a JDiction
UV lamp for curing the resin. The viscosity of the UV resin was first tested by dipping a non-
twisted and twisted nylon fiber bundles into the UV resin and observing how far the UV resin
would penetrate the fiber bundle. Isopropyl alcohol was added to UV resin mixtures in 0%, 25%,
and 50% volume ratios and tested for differences in viscosity in both the non-twisted and twisted
nylon fiber bundles. For experimentation, a cryovial was filled with the UV resin mixture and the
nylon fiber bundle was inserted into the UV resin mixture. The cryovial was then placed under
the UV lamp and cured for 60 seconds. Next, the cryovial was laid on its either side and cured
for an additional 60 seconds each. The cured UV resin encasing the fiber bundle was carefully

removed with tweezers and the excess UV resin removed from the outside of the fiber bundle. A
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1 mL highlighter fluid sample was tested to assess the ability of UV resin to fix a fluid sample
within the fiber bundle. Highlighter fluid sample was prepared by soaking one Sharpie
Highlighter marker stick in 500 mL of deionized water for 24 hours and stored in a 500 mL glass
bottle. 1 mL of highlighter fluid sample was loaded in the sample well of the modified cryovial
prototype for wicking and allowed to wick for 10 minutes. The fiber bundle was then removed
and placed in the -80°C freezer for 5 minutes. The frozen fiber bundle was then removed and
inserted into the UV resin mixture for fixing. The change in highlighter fluid level was then
assessed to decide whether sample fixation using UV resin would be adequate for the purposes
of this project.

Analysis

UV resin viscosity was analyzed by observing the level of penetration into the fiber bundle’s
inner channels where the wicking occurs. This was done by visually observing the UV resin level
from the outside of the fiber bundle and by sectioning the fiber bundle with a razor blade to
expose the inner channels of the fiber bundle under the stereoscope. The ability of the UV resin
to fix a fluid sample within the fiber bundle was assessed by visually observing the highlighter
fluid sample levels within the fiber bundle before and after UV resin fixation. Images were taken
with an iPhone 12 Pro camera for documentation. The fiber bundles were also sectioned to see if
the UV resin just fixed the highlighter fluid level or if it fixed all the sample within the fiber
bundle.

Results and Discussion

From UV resin viscosity observations, it was observed that the UV resin mixture with 0%
isopropyl alcohol was too viscous to penetrate the inner channels of the fiber bundle as seen in

Figure 33A. The UV resin mixture with 25% isopropyl alcohol could wick to the top of the non-

94



twisted nylon fiber bundle within 60 seconds, however, could not reach the top of the twisted
fiber bundle because of the smaller inner capillary channels. The UV resin mixture with 50%
isopropyl alcohol had a water-like viscosity and could wick to the top of the non-twisted and
twisted nylon fiber bundle within a minute. This means both the UV resin mixtures with 25%
and 50% isopropyl alcohol could penetrate the inner channels of the non-twisted fiber bundles,
but only the UV resin mixture with 50% isopropyl alcohol could penetrate the inner channels of
the twisted nylon fiber bundle as seen in Figure 33A. When highlighter fluid sample fixation was
assessed, the highlighter fluid level remained the same in the twisted nylon fiber bundle, but had
moved slightly in the non-twisted nylon fiber bundle. However, when the twisted nylon fiber
bundle was sectioned to expose the inner channels of the fiber bundle, the highlighter fluid
sample was still in liquid form and had not been fixed all the way through the fiber as seen in
Figure 33B. Because the UV resin was not able to be cured in a timely manner in the inner most
channels of the fiber bundle, the UV resin will also not be sufficient for the cell separation tests

of the wicking fiber bundle prototype.
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Figure 33. Images of fiber bundles cured with varying concentrations of UV resin and isopropyl
alcohol. (A) Stereoscope images of nylon fiber bundle cross sections fixed with UV resin
mixtures with (i) 0% isopropyl alcohol and (ii) 50% isopropyl alcohol. (B) iPhone 12 Pro images
of non-twisted nylon fiber bundles (i) before and (ii) after UV resin fixation of a highlighter fluid
sample. Twisted nylon fiber bundles (iii) before and (iv) after UV resin fixation for a highlighter
fluid sample is also pictured.

Freezing

Materials and Methods

Fiber Preparation

Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length. Nylon
fiber bundles were twisted immediately following the laser cutting process. Three 35 mm nylon
fiber segments were configured into a bundle and secured on one end of the bundle with a clear
acrylic prototype ring. The other end of the fiber bundle was then secured in the chuck of an
electric drill. The nylon fiber bundle was twisted four rotations with the electric drill, then held in

that position for 60 seconds to solidify the twisted configuration.
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Wicking Experiment Set-Up

Three wicking fiber bundle prototypes were prepared for highlighter fluid wicking and freezing
in the modified cryovial prototype. Highlighter fluid sample was prepared by soaking one
Sharpie Highlighter marker stick in 500 mL of deionized water for 24 hours and stored in a 500
mL glass bottle. 1 mL of highlighter fluid sample was loaded in the sample well of the modified
cryovial prototype for wicking and allowed to wick for 10 minutes. Wicking time began when
the fiber bundles were placed in the prototype sample well. After wicking was complete, wicking
fiber bundle prototypes were placed in the -80°C freezer for 5 minutes to thoroughly freeze the
wicked sample. After 5 minutes, the fiber bundles were removed from the wicking fiber bundle
prototype and melting time of the sample was observed and recorded.

Analysis

Sample melting time was determined by observing the condensation and movement of
highlighter fluid sample levels under the stereoscope. A blacklight flashlight was used to
fluoresce the highlighter fluid sample and identify and movement of sample within the fiber

bundle.

Results and Discussion

At the 60 second mark, the sample frozen in the sample well had melted enough to be chiseled
off and removed from the bottom of the fiber bundle, but no other fluid sample movement had
been detected. At the 180 second mark, the frozen sample was beginning to condensate within
the bundle and a small puddle formed at the bottom end of the fiber bundle. At the 300 second
mark, the sample had melted and began to disperse the length of the fiber bundle. Overall, the
sample seemed to stay frozen in place within the 4-twist nylon fiber bundle for up to 60 seconds

before beginning to show signs of melting at 180 seconds. This fixation method proved to be the

97



most promising at fixing the cell sample in place within the fiber bundle so the final wicking
location of cell types could be most accurately analyzed. There still may be some concern of cell
movement within the fiber bundle during sectioning due to the pressure applied onto the fiber
bundle as the sample is melting. The freezing method will be used to fix cell samples in the

experiments moving forward.

Assessing Differences in Initial Cell Concentration for Separation

Materials and Methods

Fiber Preparation

Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length.
Immediately following the laser cutting process, three 35 mm nylon fiber segments were
configured into a bundle and secured on one end of the bundle with a clear acrylic prototype
ring. The other end of the fiber bundle was then secured in the chuck of an electric drill. The
nylon fiber bundle was twisted four rotations with the electric drill, then held in that position for
60 seconds to solidify the twisted configuration.

Cap Material Preparation

The alginate gel cap material was prepared by dip coating one end of the fiber bundles in two
solutions: a calcium chloride solution and a sodium alginate solution. A 10 mL calcium chloride
solution was made by dissolving 5.55 g of calcium chloride granules to 10 mL of DI water. The
sodium alginate solution was made by dissolving 0.09 g of reagent grade sodium chloride in 10
mL of DI water. After the sodium chloride was dissolved, 0.14 g of alginic acid sodium salt from

brown algae was dissolved in the sodium chloride solution to make to sodium alginate solution.
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The top 2 mm of the fiber bundles were then carefully dipped in the calcium chloride solution
and immediately removed. The same 2 mm end of the fiber bundles were then dipped into the
sodium alginate solution and immediately removed, forming the alginate gel cap. The fiber
bundles were then placed in the -80°C freezer to preserve the cap material structure until they
could be transferred to a freeze dryer at another location for freeze drying.

Cell Sample Preparation

Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells were used
for the purposes of this experiment. Two T-25 flasks of cancerous human female breast,
estrogen, and progesterone receptor (MCF-7) cells were stained with Cell Tracker red stain to
assess cell wicking capabilities over time. The first flask had an initial cell concentration of 2.9 x
10° cells/mL, which was determined by a hemocytometer cell count under the EVOS fluorescent
light microscope. The first flask of cancerous human female breast, estrogen, and progesterone
receptor (MCF-7) cells was resuspended in 9 mL of DI water. A cell count was performed on the
cell sample after resuspension and had a resulting cell concentration of 1.3 x 10° cells/mL. The
second flask had an initial cell concentration of 1.4 x 10° cells/mL. The second flask of
cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells was
resuspended in 42 mL of DI water. A cell count was performed on the cell sample after
resuspension and had a resulting cell concentration of 2.0 x 10* cells/mL.

Wicking Experiment Set-Up

Three wicking fiber bundle prototypes were prepared for cancerous human female breast,
estrogen, and progesterone receptor (MCF-7) cell sample wicking for each of the cell
concentrations to be tested. 1 mL of 1.3 x 10° cells/mL cancerous human female breast, estrogen,

and progesterone receptor (MCF-7) cell sample was loaded into three of the sample wells of the
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modified cryovial prototype for wicking. 1 mL of 2.0 x 10* cells/mL cancerous human female
breast, estrogen, and progesterone receptor (MCF-7) cell sample was loaded into the other three
sample wells of the modified cryovial prototype for wicking. Wicking time began when the fiber
bundles were placed in the prototype sample well and each bundle was allowed to wick for 15
minutes. After wicking was complete, the cap materials were removed from the top of the
wicking fiber bundle prototype with tweezers and placed onto a microscope slide for analysis. It
was important to place the side of the cap material that met the fiber bundle down on the
microscope slide for optimal cell viewing.

Analysis

Cell wicking and collection was analyzed by viewing the alginate cap material on the microscope
slide under the EVOS fluorescent light microscope. The transmitted and Texas Red 10X
objective lenses were used for cell viewing. The entirety of the alginate cap material was
analyzed for manually counting the cells present on the alginate cap material. Statistical analysis

of the quantifiable results was performed using a t-test in the GraphPad Prism software.

Results and Discussion

From the EVVOS fluorescent light microscope cell counts on each of the alginate cap materials, it
was determined that a higher initial cell concentration in the cell sample resulted in slightly
higher cell counts in the alginate cap material as shown in Figure 34. However, the difference in
cell count in the alginate cap material is not significantly different. For an approximately 500%
increase in initial cell concentration, there was only a 37.7% increase in the average cell number
seen in the alginate cap material. This confirmed that a cell sample with a cell concentration of
approximately 1 x 10° cells/mL was not too many cells to overwhelm the fiber bundle system

and hinder further cell wicking. It seems that by decreasing the number of cells in the initial cell
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sample, the number of cells that are wicked into the alginate cap material will also decrease. This
poses a concern that when the wicking fiber bundle prototype processes a fine needle aspirate or
other type of cell sample that is smaller in volume, enough cells may not be processed by the
wicking fiber bundle prototype to make a definitive diagnosis. Future work with the wicking
fiber bundle prototype will need to address this issue by increasing the amount of sample
processed by the wicking fiber bundle prototype. For the purposes of these experiments, a cell
sample varying by a degree of magnitude should yield similar results. Variability with cell
counts on the freeze-dried alginate cap material could be attributed to the cap material

fluorescing and folding, inhibiting cell visibility in some areas of the cap material.
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Figure 34. Cell counts from the alginate cap materials of 4-twist nylon fiber bundles with either
an initial cell concentration of 1 x 10° or 2 x 10* cells/mL. N=3 sample size.

MCFE-7 Only Wicking Experiment

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers

had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
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fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length. Nylon
fiber bundles were twisted immediately following the laser cutting process. Three 35 mm nylon
fiber segments were configured into a bundle and secured on one end of the bundle with a clear
acrylic prototype ring. The other end of the fiber bundle was then secured in the chuck of an
electric drill. The nylon fiber bundle was twisted four rotations with the electric drill, then held in
that position for 60 seconds to solidify the twisted configuration. The polylactide fiber bundles

were treated in a dopamine solution for 40 minutes to increase fiber bundle hydrophilicity.

Cap Material Preparation

The alginate gel cap material was prepared by dip coating one end of the fiber bundles in two
solutions: a calcium chloride solution and a sodium alginate solution. A 10 mL calcium chloride
solution was made by dissolving 5.55 g of calcium chloride granules to 10 mL of DI water. The
sodium alginate solution was made by dissolving 0.09 g of reagent grade sodium chloride in 10
mL of DI water. After the sodium chloride was dissolved, 0.14 g of alginic acid sodium salt from
brown algae was dissolved in the sodium chloride solution to make to sodium alginate solution.
The top 2 mm of the fiber bundles were then carefully dipped in the calcium chloride solution
and immediately removed. The same 2 mm end of the fiber bundles were then dipped into the
sodium alginate solution and immediately removed, forming the alginate gel cap. Half of the
fiber bundles were placed in the -80°C freezer to preserve the cap material structure until they
could be transferred to a freeze dryer at another location for freeze drying. The other half of the
fiber bundles were prepared with a fresh alginate cap just before the wicking experiment to test a

fresh alginate cap material versus a freeze-dried alginate cap material.
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Chemical Surface Treatment

The dopamine surface treatment solution was made by combining a 10mM Tris-HCI buffer
solution with dopamine powder. To prepare the Tris-HCI buffer solution, 7.84g of tris powder
was added to 450 mL of DI water in a beaker. Four NaOH pellets were then dissolved in 30 mL
of DI water and added dropwise into the 450 mL tris solution. The tris-HCI buffer was then
diluted with DI water to a total volume of 500 mL. To make the dopamine solution, 0.4g of
dopamine was added to 100 mL of tris-HCI buffer solution and dissolved. Direct airflow, 45°C
heat, and a stir bar at 400 rpm were then added into the 100 mL dopamine solution to enhance
the reaction. Fibers were treated in the dopamine solution for 40 minutes. After treatment, fibers
were rinsed with DI water and patted dry with gauze.

Cell Sample Preparation

Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells were used
for the purposes of this experiment. One T-25 flask of cancerous human female breast, estrogen,
and progesterone receptor (MCF-7) cells was stained with Cell Tracker red stain to assess cell
wicking and collection capabilities with different cap material and fiber bundle types. Cancerous
human female breast, estrogen, and progesterone receptor (MCF-7) cells were resuspended in 13
mL of DI water following centrifugation for wicking. The initial cell count using the
hemocytometer was 8.2 x 10° cells/mL.

Wicking Experiment Set-Up

Three wicking fiber bundle prototypes were prepared for cancerous human female breast,
estrogen, and progesterone receptor (MCF-7) cell wicking per fiber bundle type and cap
preparation in the modified cryovial prototype. 1 mL of cancerous human female breast,

estrogen, and progesterone receptor (MCF-7) cell sample was loaded into the sample well of the
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modified cryovial prototype. Wicking time began when the fiber bundles were placed in the
prototype sample well. Cell sample was allowed to wick for 15 minutes. After wicking was
complete, the cap materials were removed from the top of the wicking fiber bundle prototype
with tweezers and placed onto a microscope slide for analysis.

Analysis

Cell wicking and collection was analyzed by viewing the alginate cap material on the microscope
slide under the EVOS fluorescent light microscope. The transmitted and Texas Red 10X
objective lenses were used for cell viewing. The entire alginate cap material was analyzed for
cell count. Statistical analysis of the quantifiable results was performed using two-way ANOVA
tests in the GraphPad Prism software.

Results and Discussion

There was no significant difference between cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) cells wicked in the 4-twist nylon fiber bundle versus the
dopamine-treated polylactide fiber bundle. There was also no significant difference in cancerous
human female breast, estrogen, and progesterone receptor (MCF-7) cells wicked in the fresh
alginate cap material versus the freeze-dried alginate cap material as shown in Figure 35.
Variability with cell counts on the fresh and freeze-dried alginate cap material could be attributed
to the cap material fluorescing and folding, inhibiting cell visibility in some areas of the cap
material. Variability could also be due to fluorescent debris particles on the alginate cap
materials. Next, we will test the wicking of human female mammary gland, pre-neoplastic
epithelial (MCF-10A) cells in the 4-twist nylon fiber bundle and the dopamine-treated
polylactide fiber bundle with both the fresh and freeze-dried alginate cap to determine if there is

possibility for separation of the cell types when wicked together in a heterogenous cell sample.
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Figure 35. Cell counts on fresh and freeze-dried alginate cap materials that wicked a cancerous
human female breast, estrogen, and progesterone receptor (MCF-7) cell sample in both 4-twist
nylon and dopamine-treated polylactide (PL) fiber bundles. N=3 sample size.

MCFE-10A Only Wicking Experiment

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length. Nylon
fiber bundles were twisted immediately following the laser cutting process. Three 35 mm nylon
fiber segments were configured into a bundle and secured on one end of the bundle with a clear
acrylic prototype ring. The other end of the fiber bundle was then secured in the chuck of an
electric drill. The nylon fiber bundle was twisted four rotations with the electric drill, then held in
that position for 60 seconds to solidify the twisted configuration. The polylactide fiber bundles

were treated in a dopamine solution for 40 minutes to increase fiber bundle hydrophilicity.
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Cap Material Preparation

The alginate gel cap material was prepared by dip coating one end of the fiber bundles in two
solutions: a calcium chloride solution and a sodium alginate solution. A 10 mL calcium chloride
solution was made by dissolving 5.55 g of calcium chloride granules to 10 mL of DI water. The
sodium alginate solution was made by dissolving 0.09 g of reagent grade sodium chloride in 10
mL of DI water. After the sodium chloride was dissolved, 0.14 g of alginic acid sodium salt from
brown algae was dissolved in the sodium chloride solution to make to sodium alginate solution.
The top 2 mm of the fiber bundles were then carefully dipped in the calcium chloride solution
and immediately removed. The same 2 mm end of the fiber bundles were then dipped into the
sodium alginate solution and immediately removed, forming the alginate gel cap. Half of the
fiber bundles were placed in the -80°C freezer to preserve the cap material structure until they
could be transferred to a freeze dryer at another location for freeze drying. The other half of the
fiber bundles were prepared with a fresh alginate cap just before the wicking experiment to test a

fresh alginate cap material versus a freeze-dried alginate cap material.

Chemical Surface Treatment

The dopamine surface treatment solution was made by combining a 10mM Tris-HCI buffer
solution with dopamine powder. To prepare the Tris-HCI buffer solution, 7.84g of tris powder
was added to 450 mL of DI water in a beaker. Four NaOH pellets were then dissolved in 30 mL
of DI water and added dropwise into the 450 mL tris solution. The tris-HCI buffer was then
diluted with DI water to a total volume of 500 mL. To make the dopamine solution, 0.4g of
dopamine was added to 100 mL of tris-HCI buffer solution and dissolved. Direct airflow, 45°C

heat, and a stir bar at 400 rpm were then added into the 100 mL dopamine solution to enhance
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the reaction. Fibers were treated in the dopamine solution for 40 minutes. After treatment, fibers

were rinsed with DI water and patted dry with gauze.

Cell Sample Preparation

Human female mammary gland, pre-neoplastic epithelial (MCF-10A) cells were used for the
purposes of this experiment. One T-25 flask of human female mammary gland, pre-neoplastic
epithelial (MCF-10A) cells was stained with Cell Tracker green stain to assess cell wicking and
collection capabilities with different cap material and fiber bundle types. Human female
mammary gland, pre-neoplastic epithelial (MCF-10A) cells were resuspended in 13 mL of DI
water following centrifugation for wicking. The initial cell count using the hemocytometer was
1.4 x 10° cells/mL.

Wicking Experiment Set-Up

Three wicking fiber bundle prototypes were prepared for human female mammary gland, pre-
neoplastic epithelial (MCF-10A) cell wicking per fiber bundle type and cap preparation in the
modified cryovial prototype. 1 mL of human female mammary gland, pre-neoplastic epithelial
(MCF-10A) cell sample was loaded into the sample well of the modified cryovial prototype.
Wicking time began when the fiber bundles were placed in the prototype sample well. Cell
sample was allowed to wick for 15 minutes. After wicking was complete, the cap materials were
removed from the top of the wicking fiber bundle prototype with tweezers and placed onto a
microscope slide for analysis.

Analysis

Cell wicking and collection was analyzed by viewing the alginate cap material on the microscope
slide under the EVOS fluorescent light microscope. The transmitted and GFP 10X objective

lenses were used for cell viewing. The entire alginate cap material was analyzed for cell count.
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Statistical analysis of the quantifiable results was performed using two-way ANOVA tests in the

GraphPad Prism software.

Results and Discussion

There was no significant difference in human female mammary gland, pre-neoplastic epithelial
(MCF-10A) cell wicking between cap types. There was also no significant difference between
cell wicking in fiber bundle types, however, there did seem to be a difference in human female
mammary gland, pre-neoplastic epithelial (MCF-10A) cell wicking between the 4-twist nylon
fiber bundle and the dopamine-treated polylactide fiber bundle, where the 4-twist nylon fiber
bundle had higher human female mammary gland, pre-neoplastic epithelial (MCF-10A) cell
counts as shown in Figure 36. This could indicate that there will not be as much cell type
separation observed in the 4-twist nylon fiber bundle. Variability with cell counts on the alginate
cap materials could be attributed to fluorescent debris on the cap material or from the cap
material fluorescing and folding in the case of the freeze-dried alginate cap, inhibiting cell
visibility in some areas of the cap material. Because cell sample collection was consistent with
both cap material types, the final cap material types will be selected due to cell visibility and
other factors. The fresh alginate cap experienced similar difficulties to the air-dried alginate cap
previously discussed in Chapter 3, where crystals would begin to form and inhibit cell visibility
when left on the counter for too long. Freeze-drying the alginate hydrogel cap will also improve
shelf-life capabilities for the prototype long term, so the freeze-dried alginate cap material was

selected as the most promising and will be used in the final cell separation experiment.
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Figure 36. Cell counts on fresh and freeze-dried alginate cap materials that wicked a human
female mammary gland, pre-neoplastic epithelial (MCF-10A) cell sample in both 4-twist nylon
and dopamine-treated polylactide (PL) fiber bundles. N=3 sample size.

MCE-7/MCE-10A Cell Separation

Materials and Methods

Fiber Preparation

Polylactide filament was extruded through a Monoprice Maker Ultimate 3D Printer at 210°C.
Nylon filament was extruded through a Monoprice Maker Ultimate 3D Printer at 245°C. Fibers
had irregular cross-sectional dimensions of 3.33mm x 2.02mm and were defined as E70 sized
fibers. Wicking fibers were laser cut into three individual fiber segments 35 mm in length. Nylon
fiber bundles were twisted immediately following the laser cutting process. Three 35 mm nylon
fiber segments were configured into a bundle and secured on one end of the bundle with a clear
acrylic prototype ring. The other end of the fiber bundle was then secured in the chuck of an
electric drill. The nylon fiber bundle was twisted four rotations with the electric drill, then held in
that position for 60 seconds to solidify the twisted configuration. The polylactide fiber bundles

were treated in a dopamine solution for 40 minutes to increase fiber bundle hydrophilicity.
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Chemical Surface Treatment

The dopamine surface treatment solution was made by combining a 10mM Tris-HCI buffer
solution with dopamine powder. To prepare the Tris-HCI buffer solution, 7.84g of tris powder
was added to 450 mL of DI water in a beaker. Four NaOH pellets were then dissolved in 30 mL
of DI water and added dropwise into the 450 mL tris solution. The tris-HCI buffer was then
diluted with DI water to a total volume of 500 mL. To make the dopamine solution, 0.4g of
dopamine was added to 100 mL of tris-HCI buffer solution and dissolved. Direct airflow, 45°C
heat, and a stir bar at 400 rpm were then added into the 100 mL dopamine solution to enhance
the reaction. Fibers were treated in the dopamine solution for 40 minutes. After treatment, fibers
were rinsed with DI water and patted dry with gauze.

Cap Material Preparation

The alginate gel cap material was prepared by dip coating one end of the fiber bundles in two
solutions: a calcium chloride solution and a sodium alginate solution. A 10 mL calcium chloride
solution was made by dissolving 5.55 g of calcium chloride granules to 10 mL of DI water. The
sodium alginate solution was made by dissolving 0.09 g of reagent grade sodium chloride in 10
mL of DI water. After the sodium chloride was dissolved, 0.14 g of alginic acid sodium salt from
brown algae was dissolved in the sodium chloride solution to make to sodium alginate solution.
The top 2 mm of the fiber bundles were then carefully dipped in the calcium chloride solution
and immediately removed. The same 2 mm end of the fiber bundles were then dipped into the
sodium alginate solution and immediately removed, forming the alginate gel cap. Fiber bundles
were placed in the -80°C freezer to preserve the cap material structure until they could be

transferred to a freeze dryer at another location for freeze drying.
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Cell Sample Preparation

Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells and human
female mammary gland, pre-neoplastic epithelial (MCF-10A) cells were used for the purposes of
this experiment. One T-25 flask of cancerous human female breast, estrogen, and progesterone
receptor (MCF-7) cells was stained with Cell Tracker red stain to assess cell wicking and
collection capabilities. One T-25 flask of human female mammary gland, pre-neoplastic
epithelial (MCF-10A) cells was also stained with Cell Tracker green stain. Both cell types were
resuspended in deionized water following centrifugation. The initial concentrations of both cell
types in the heterogenous cell sample were 3x10* cells/mL.

Wicking Experiment Set-Up

Three wicking fiber bundle prototypes were prepared with the dopamine-treated polylactide fiber
bundles and with the 4-twist nylon fiber bundles. All six prototypes were prepared with the
freeze-dried alginate cap material in the modified cryovial prototype. 1 mL of heterogenous cell
sample containing equal concentrations of cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) cells and human female mammary gland, pre-neoplastic
epithelial (MCF-10A) cells was added to each sample well for wicking. Wicking time began
when the fiber bundles were placed in the prototype sample well. Cell sample was allowed to
wick for 15 minutes. After wicking was complete, the cap materials were removed from the top
of the wicking fiber bundle prototype with tweezers and placed onto a microscope slide for
analysis. Cap materials were flattened with a coverslip for more clear viewing under the EVOS
fluorescent light microscope. A 100 uL sample was taken from the sample well after wicking
was completed to record the cell concentration not wicked after 15 minutes. Fiber bundle

prototypes were then placed in the -80°C freezer for 10 minutes to fix the wicked cell sample in
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place. Following 10 minutes of freezing, fiber bundle prototypes were removed from the freezer,
sectioned into three even fiber bundle segments, and placed in a microcentrifuge tube one at a
time. Fiber bundle segments were left on the benchtop for 5 minutes to allow for the sample to
melt. Fiber bundle segments were then rinsed with 150 uL of deionized water and placed in the
centrifuge for 5 minutes at 1600 rpm. Once centrifuged, fiber bundle segments were removed
from the microcentrifuge tube, and the cell pellets were resuspended within the microcentrifuge
tube with a micropipette. A 10 uL sample from each fiber segment sample was then used for a
hemocytometer cell count of the wicked cells.

Analysis

Cell wicking and collection was analyzed by viewing the alginate cap material on the microscope
slide under the EVOS fluorescent light microscope. The transmitted, Texas Red, and GFP 10X
objective lenses were used for cell viewing. The entire alginate cap material was analyzed for
cell count. Initial and post-wicking cell counts in the sample well and cell counts of the wicked
cells within each fiber bundle segment were performed with the hemocytometer under the EVOS
fluorescent light microscope with the transmitted, Texas Red, and GFP 10X objective lenses.
Statistical analysis of the quantifiable results was performed using two-way ANOVA tests in the
GraphPad Prism software.

Results and Discussion

Cell type separation between cancerous human female breast, estrogen, and progesterone
receptor (MCF-7) cells and human female mammary gland, pre-neoplastic epithelial (MCF-10A)
cells was confirmed to be significant (F(1,8)=132.7, p<0.0001) in both the 4-twist nylon fiber
bundle and the dopamine-treated polylactide fiber bundle as shown in Figure 37A, however,

statistical analysis showed that there was no significant difference between cell number in the
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different fiber bundle types (F(1,8)=2.391, p=0.1607) as well as no interaction between the two
variables tested (F(1,8)=3.405, p=0.1022). The 4-twist nylon fiber bundle showed a higher
degree of cell type separation within the freeze-dried alginate cap material as shown in Figure
37A, with 95% of cells in the cap being cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) cells compared to the approximately 91% cell separation in the
dopamine-treated polylactide fiber bundle. These separation percentages in the freeze-dried
alginate cap material are higher than those previously reported for the passive transport system
and in non-affinity-based CTC detection microchips®®#+%, Variability in the freeze-dried
alginate cap cell counts could be attributed to fluorescent debris particles, the fluorescence of the
cap material itself, or the folding of the freeze-dried alginate cap, all contributing to a decreased
cell visibility.

From the cell concentrations remaining in the sample well shown in Figure 37B, there is
a significant difference in the cell concentrations wicked into the fiber bundles between fiber
bundle types (F(1,8)=8.067, p=0.0218), however, no significance was found in cell concentration
uptake between cell types (F(1,8)=1.667, p=0.2328). Figure 37C shows significant difference in
cell concentration between cell types in each fiber bundle segment (F(1,12)=26.28, p=0.0003) as
well as significant differences between cell concentrations within each fiber bundle segment
(F(2,12)=7.689, p=0.0071) in the 4-twist nylon fiber bundle. Interaction between the two tested
variables was also shown to be significant (F(2,12)=6.219, p=0.0140). Lastly, Figure 37D shows
the cell concentrations between cell types within the fiber bundle segments to be significantly
different (F(1,12)=60.50, p<0.0001) as well as the cell concentrations wicked between fiber
bundle segments to be significantly different (F(2,12)=8.000, p=0.0062) in the dopamine-treated

polylactide fiber bundle. Interaction between the two tested variables was also shown to be
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significant (F(2,12)=14.00, p=0.0007). These results indicate that the 4-twist nylon fiber bundle
show increased cell sample uptake and separation of cancerous human female breast, estrogen,
and progesterone receptor (MCF-7) cells and human female mammary gland, pre-neoplastic
epithelial (MCF-10A) cells compared to that of the dopamine-treated polylactide fiber bundle.
Cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells have
been found to be 19.9-33.9 um in size and human female mammary gland, pre-neoplastic
epithelial (MCF-10A) cells have been found to be 14.5-26.2 um is size when in suspension,
indicating that this cell separation was likely due to differences in cell deformability more so
than cell size'*2. The concept of physical separation being due to cell deformability more so than
cell size was also supported in the literature®>°+%, It should also be noted that adding the cell
concentrations remaining in the sample well with the cell concentrations left in the fiber bundle
segments after wicking gives higher cell concentrations than initially recorded before wicking
began. Cell fragmentation from the freezing and centrifugation process as well as debris from the
freeze-dried alginate cap material fluorescing during the cell counts could contribute to the

variability and error seen in cell concentrations.
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Figure 37. Characterizing heterogenous cell sample separation of cancerous human female
breast, estrogen, and progesterone receptor (MCF-7) and human female mammary gland, pre-
neoplastic epithelial (MCF-10A) cells in both 4-twist nylon (N) and dopamine-treated
polylactide (PL) fiber bundles. (A) Cell counts on freeze-dried alginate cap material. N=3
sample size. (B) Cell concentrations in the sample well of both cell types post-wicking. N=3
sample size. (C) Cell concentrations of both cell types in each fiber segment post-wicking in the
4-twist nylon fiber bundle. N=3 sample size. (D) Cell concentrations of both cell types in each
fiber segment post-wicking in the dopamine-treated polylactide fiber bundle. N=3 sample size.
* indicates p<0.05. ** indicates p<0.01. *** indicates p<0.001. **** indicates p<0.0001.

Discussion

The beginning section of this chapter focused on identifying a method to fix a fluid sample to the
location it wicked for analysis. It was determined that freezing the fluid sample within the fiber
bundle, sectioning the fiber bundle, and then removing the fluid sample from the fiber bundle
using centrifugation was the best method for the purposes of our experiments because the -80°C
freezer can rapidly freeze such a small volume of sample to the location it wicked to. Previous

work used a 4% paraformaldehyde solution to fix the cell sample to the fiber bundles, but using a
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liquid fixative for the purposes of fixing a liquid sample to the inner channels of the fiber
bundles did not seem to work®®. While this work did not explore using 4% paraformaldehyde as
a fixative, methanol and UV resin was tested as a liquid fixative. When either liquid fixative was
pipetted into the top of the fiber bundle or wicked through the bottom of the fiber bundle, the
liquid fixative would displace the fluid sample as the fixative penetrated the inner channels of the
fiber bundle. This will affect the final location of the cells for separation analysis and was
deemed an inaccurate method for fixing cells to the fiber bundle system for separation analysis.

More specifically, the methanol fixative must be able to evaporate in order to dehydrate
the cells and fix them to a surface. Because the inner channels of the fiber bundle are not readily
exposed to the air, it is very difficult for the methanol fixative to evaporate and successfully fix
the cells to the fiber bundle for analysis. The UV resin also had issues with fixing the fluid
sample within the inner channels of the fiber bundle because the UV resin solution would not
mix with the fluid sample and thus only cured on either end of the fluid sample. For this reason,
the fluid sample level remained the same when fixed with the UV resin, but the fluid sample on
the inside of the fiber bundle was still able to move freely within the fixed level of sample.

The later section of this chapter focused on separating a cancerous human female breast,
estrogen, and progesterone receptor (MCF-7) cell sample from a human female mammary gland,
pre-neoplastic epithelial (MCF-10A) cell sample by using an alginate cap material. The human
female mammary gland, pre-neoplastic epithelial (MCF-10A) cells used had a cell size of 14.5-
26.2 um, which is comparable to that of the cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) cells used'#2, Because of the similarity in cell size when in
suspension, it is believed the physical separation of these two cell lines may be due to cell

deformability more so than cell size as supported in the literature®>°*%, Fiber bundle type and
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cap type did not seem to make a difference in cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) cell wicking. However, the human female mammary gland, pre-
neoplastic epithelial (MCF-10A) cell sample seemed to wick better in the 4-twist nylon fiber
bundle than the dopamine-treated polylactide fiber bundle, which could indicate that the
dopamine-treated polylactide fiber bundle will have better separation of the two cell types than
the 4-twist nylon fiber bundle will. However, the cancerous human female breast, estrogen, and
progesterone receptor (MCF-7) cells were seen in greater number in the alginate cap material
than the human female mammary gland, pre-neoplastic epithelial (MCF-10A) cells when each
individual cell type was wicked.

The separation between the two cell types was then confirmed by wicking a heterogenous
cell sample into the freeze-dried alginate cap material over a 4-twist nylon fiber bundle and a
dopamine-treated polylactide fiber bundle. Varying initial cell concentration in the cell sample
by one degree of magnitude was found to not greatly affect the number of cells wicked into the
cap material, however, as the initial cell concentration decreased, so did the number of cells
wicked into the cap material. This could be an issue when processing a smaller volume cell
sample, not allowing enough cells to be processed by the wicking fiber bundle prototype to make
a definitive diagnosis. Future work will need to address this issue by increasing the percentage of
the sample processed by the wicking fiber bundle prototype. Heterogenous cell separation results
indicated that the 4-twist nylon fiber bundle had a greater degree of separation between the two
cell types than did the dopamine-treated polylactide fiber bundle. The separation percentages in
the freeze-dried alginate cap were also higher than the previously reported separation
percentages of the alginate cap from the passive transport system and microchip devices®384%,

The 4-twist nylon fiber bundle had greater sample uptake and cell wicking overall, which is
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likely due to the increase in contact points between fibers in the fiber bundle and decreased
capillary channel radii.

Some major limitations of this work stem from the fixation and analysis process
throughout the separation experiments. It was shown that freezing the fluid sample in the -80°C
freezer was sufficient for keeping the fluid sample in place after wicking, but could have
damaging effects on the cells prior to analysis. The untwisting of the fiber bundles within the
microcentrifuge tube after melting and centrifuging also introduces further damaging effects on
the cell sample. When analyzing the final cell sample under the EVOS fluorescent light
microscope on the hemocytometer, some cells were fragmented, affecting the final cell count in
each fiber segment. Additionally, there were still cells observed on the fiber bundle segments
after rinsing and centrifugation, meaning that cells were excluded from the cell count in each of
the fiber segments. Previous work has used a custom vertical microscope to observe the cell
sample location directly on the fiber bundle, but this technology was unavailable to use for this
work. Future work should be done to identify a more promising method for analyzing the cell
sample in each fiber segment in order to characterize cell type separation more accurately within
the fiber bundle system. The lack of cell recovery in the wicking fiber bundle cancer diagnostic
prototype is also of concern. Compared to the microchip devices that have reported an
approximate 90% cell recovery, the 4-twist nylon bundle recovered an average of approximately
0.15% of the cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells.
This would pose a problem when processing a 1 mL cell sample with extremely low
concentrations of cancer cells present and may not successfully separate the few cancer cells

present within the sample. This is another reason that future work should continue to modify the
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fiber bundle to where the whole fluid sample is processed through the fiber bundle system to
ensure cancer cells can be separated even if in low concentrations.

Conclusion

The proposed wicking fiber bundle cancer diagnostic prototype has the potential to be a
promising solution to more expensive microchips that separate CTCs from a whole blood sample
by physical characteristics. The wicking fiber bundle prototype has successfully shown the
ability to separate cell types (MCF-7/MCF-10A) through the means of physical separation based
on cancer cell characteristics and separated cancer cells from non-cancer cells with higher purity
than the previously proposed passive transport system and microchips devices®®#+%, Microchips
are limited by clogging due to forced fluid flow through the microchip, while the wicking fiber
bundle prototype uses a passive wicking mechanism to separate cell types®. However, the
wicking fiber bundle prototype application is limited by the small volume of sample processed,
so future work should explore increasing the volume of sample the device can process for better

cell recovery.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE WORK

Throughout this work, conclusions have been drawn from the initial hypotheses stated in
Chapter 1. The initial hypothesis of Chapter 2 was that increasing the hydrophilicity of the fiber
bundle materials and decreasing the capillary channel radii would increase the capillary action
within the wicking fiber bundle prototype, therefore increasing the amount of sample processed.
It was concluded in this work that increased fiber bundle hydrophilicity and decreased capillary
channel radii did in fact enhance wicking properties through a series of experiments. The
dopamine-treated polylactide and the 4-twist nylon fiber bundle were identified as the fiber
bundles with the most promising wicking properties. These experiments, however, were limited
by variability cross sectional variability introduced during extrusion and twisting variability
introduced through the twisting process. The twisting process also introduced damage to some
materials which could have a negative impact on wicking properties. Future work with the fiber
bundle modifications would include the development of a consistent twisting process for the 4-
twist nylon fiber bundle that could precisely adjust the twist tension and twisting speed to avoid
internal and external damage to the fiber bundle. The fiber bundle should also be modified to
process more of the fluid sample to ensure adequate cell separation for a definitive diagnosis to
be made.

The initial hypothesis in Chapter 3 was that the freeze-dried alginate cap material would
increase cell sample uptake through transpiration-like mechanisms. This hypothesis was

confirmed that the freeze-dried alginate cap material wicked more cell sample into the cap
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material than that of the air-dried alginate cap material. Cell visibility was also shown to be the
most promising for the freeze-dried alginate cap material when compared to other cap materials
that had consistent contact with the top of the wicking fiber bundle prototype. It was also
confirmed that the freeze-dried alginate cap material reached saturation and collected the
maximum amount of cells within 15 minutes of wicking. These experiments, however, were
limited by the fluorescing of the cap material itself, limiting cell visibility in certain areas of the
cap. Cap material fluorescence was most often observed when the cap material had been folded
or not fully rehydrated by the fluid sample. It should be noted that this will not be an end user
problem, as they will not be using a fluorescent light microscope to analyze the isolated cell
sample. However, the cap material fluorescence is currently an issue when attempting to fine-
tune the wicking fiber bundle prototype. Future work on the cap material modifications will
include improving cell visibility and reducing the freeze-dried alginate cap material fluorescence
under the EVOS fluorescent light microscope. Experimenting with other forms of alginate for the
freeze-dried alginate cap material could also allow for better gelling time, mechanical properties,
and sample absorption rates.

Lastly, the initial hypothesis for Chapter 4 was that the enhancements made in Chapter 2
and Chapter 3 would enhance cell separation and that the presence of cancerous human female
breast, estrogen, and progesterone receptor (MCF-7) cell population would be more abundant at
the top of the fiber bundle than the human female mammary gland, pre-neoplastic epithelial
(MCF-10A) cell population. It was also hypothesized that a higher initial cell concentration
would result in a higher number of cancerous human female breast, estrogen, and progesterone
receptor (MCF-7) cells isolated in the freeze-dried alginate cap material. From Chapter 4

experiments, it was shown that the initial cell concentration had no significant effect on the
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number of cancerous human female breast, estrogen, and progesterone receptor (MCF-7) cells
isolated in the freeze-dried alginate cap material when looking at 10° and 10* cell/mL
magnitudes. However, Chapter 4 experiments did prove a significant degree of separation
between cancerous human female breast, estrogen, and progesterone receptor (MCF-7) and
human female mammary gland, pre-neoplastic epithelial (MCF-10A) cell populations within the
4-twist nylon and dopamine-treated polylactide fiber bundles, where the 4-twist nylon fiber
bundle separated the cell populations with 95% purity and the dopamine-treated polylactide fiber
bundle separated the cell populations with a 91% purity. Each of these results had higher cell
purity than the previously proposed passive transport system and the microchip devices in the
literature®384%, These experiments, however, were limited by the inadequate fixation of the cell
sample post-wicking, cell fragmentation throughout the process of obtaining cell counts within
the fiber bundle segments, and the lack of cell recovery. For this reason, future work for
characterizing cell separation within the wicking fiber bundle prototype includes determining
whether increased cell recovery is important for rapid diagnostic purposes, then increasing the
cell recovery by either modifying the fiber bundle to process more of the fluid sample, or
redesigning the prototype to allow the wicking fiber bundle prototype to work with a smaller

volume of initial sample.
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