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Traditional cell culture systems make use of two-dimensional (2D) monolayer studies
which are simple, cheap, and have been successful for a various cell types. However, since this
does not reflect on the in vivo physiology, studies have branched out to use three-dimensional
(3D) cell culture systems. 3D cell culture allows for studies which make use of the cell connectivity,
polarity, and tissue architecture. The use of 3D aggregates called spheroids is one of the most
common and versatile of these methods. There are various techniques for spheroid formation and
chosen technique is often decided based on the decided spheroid use and size. Many of these
methods are limited by the quantity, size, and reproducibility of the spheroids. A nhew method
focused on the manufacturability of the process would overcome these issues. By focusing on
the manufacturability of the process, spheroids would be able to be produced in larger quantities
and consistently sized.
The goal of this study is to manufacture and characterize droplet-on-fiber through a
dipping process. The withdrawal of the fiber from a liquid solution will result in a coating due to
the balance between the viscous drag and the capillary rise. The thickness of the layer depends

upon various parameters of the fluid and dipping process. Above a threshold coating thickness,

Rayleigh-Plateau Instability will trigger the formation of droplets. Controlling the process



parameters will determine the liquid volume in the droplet and its morphology. Such a simple
droplet formation technique will be less resource intensive than existing methods and can produce
droplets of various sizes and shapes in a short amount of time.

Extruded polylactic acid (PLA) fiber is considered as the substrate for droplet adherence
while alginate solution is used for the dipping fluid. The focus of this work is on the shape fidelity
and reproducibility of the droplet formation by varying the dipping fluid composition. The aspect
ratio between droplet diameter and wetting length is defined as a quantifiable shape-fidelity index
which is reported in this work. By varying the dipping fluid composition, the relationship between
the viscosity of the dipping fluid (alginate) and the PLA fiber can be identified. The observations
made throughout this thesis will allow for further development of this dipping process, as well as
determine the optimal concentration of alginate to achieve reproducible droplets with the desired

morphology for cell spheroid formation.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 3D cell culture and importance in spheroid creation

General knowledge on cellular processes is derived from experiments using cells cultured
on two-dimensional (2D) surfaces. Two-dimensional cell culture involves the plating of either
primary cells directly from tissue, or a secondary cell line which has been immortalized. These
culture systems are often used for in vitro tissue studies and will generally use cells which will
adhere to the bottom of the cell culture plate or flask they have been place within. Two-
dimensional cell culture systems form in a monolayer and create a well-controlled and
homogenous cell environment (Figure 1.1). This type of system is ideal for studies that require
sustained cell proliferation, high reproducibility, and easy maintenance. Since 2D culture is
extremely common, supplies for maintenance and testing are commercially available and less
expensive than alternatives.

However, while these 2D cell culture systems have the advantage of being simple, cheap,
and successful for a variety of cell types, they do not reflect the in vivo physiology [1-6]. Adherent
cells will proliferate when plated in the correct conditions but are limited to a monolayer formation
due to the space constrictions of the container. The lack of tissue-specific architecture, cell-to-cell
and cell-to-matrix connections can have an effect on the cell proliferation, function, and response
to external stimuli [2-4, 7]. For example, when primary hepatocytes are taken out of the body and
put into 2D culture, they rapidly lose their normal phenotype. However, this loss can be reduced

or even reversed through use of three dimensional (3D) culture methods|[2].
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Figurel.1: Diagram showing the difference between the different cell culture systems. An
example of a typical 2D cell culture(A) is shown alongside the different variations of 3D cell
culture (B-C) [5]

The use of three-dimensional cell culture systems gives the ability to represent the in vivo
morphology and makes use of the cell connectivity, polarity, gene expression, and tissue
architecture. One of the most common and versatile methods of 3D cell culture are three-
dimensional aggregates called spheroids. The use of spheroids has been adapted for cell
traditionally cultured in 2D and so has been found extremely useful for various applications. A
spheroid culture system has been found to be ideal for applications such as the use of
mesenchymal stem cells (MSCs) in transplantation therapy since differentiation of MSCs is
enhanced within the spheroid culture system[3]. The concept for the use of spheroids is based on
the physical and biochemical features of a tissue mass. A well-known usage of spheroid cell
culture is for the modeling of tumors since this structure allows for variable availability of essential
compounds such as oxygen and nutrient similar to an in vivo environment. These include studies
on metastatic processes, as well as drug testing, and cell responses to irradiation [1].

1.2 Current methods and problems

Spheroid formation techniques can be split into two general categories: 1) scaffold-based
techniques and 2) scaffold-free techniques [5, 6, 8]. The difference between the usages of these
two categories depends on the type of cells, tissue origin, and the need for high throughput

capabilities. Scaffold-based technigues mimic the extracellular matrix which can be composed of



either biological or synthetic materials with varying porosity, permeability, surface chemistry, and
stiffness to replicate the microenvironment of specific tissues. One such scaffold is a hydrogel.
Hydrogels are commonly used in cell culture studies since these materials have the ability to
entrap cells in an environment similar to the extracellular matrix and have been shown to improve
the viability, differentiation, and angiogenetic capacity of stem cells.

Scaffold-free techniques promote cell-to-cell adhesion over cell-to-surface adhesion and
so use a forced self-assembly process which more accurately replicates events that occur in vivo.
Examples of this type of spheroid formation method include the hanging drop method, low cell
attachment plates, spinner flasks, and microfluidics [2-4, 6, 9, 10]. While these methods are
generally successful, they tend to vary in complexity and produce spheroids of different size and
morphology. A comparison of these methods are given in Table 1.1. Spheroids have a multitude
of applications, however, these methods are limited by the complexity, the range of spheroid sizes
that can be produced, and reproducibility. The ability to generate consistent characteristics to
spheroids in a less complex and quick manner would give the advantage of manufacturability.
Current methods for spheroid formation which are able to be scaled up have presented

disadvantages such as being unable to visualize the cells and causing damage to the cells.

Table 1.1: Various methods of spheroid formation [2-4, 6, 9, 10]

Method Pros Cons

Hanging Drop:

« Relies on gravity- ¢ Multiple cell types can

be co-cultured to o Difficult to track spheroids
enforced self- : . )

create heterotypic during formation
assembly for spheroids ¢ Non trivial to exchange
spheroid production ¢ Advanced into large media or add drugs

e 20-30uL of cell

suspension used production quantity.




Table 1.1 continued

Spinner Culture:
¢ Constant stirring of
cells in suspension
prevents settling
and promotes cell-
to-cell collisions

¢ Constant fluid
movement aids in
mass transport in and
out of spheroids

¢ Easy control of culture
conditions

e Has been scaled for
large spheroid
production

¢ Shear forces may damage
cells with low
cohesiveness, sensitive to
shear forces.

o [f stir rate is too slow the
cells can sink to the
bottom of the container
and inhibit spheroid
formation

e Cells are unable to be
visualized due to constant
mixing

Pellet culture:
¢ Centrifugal force to
concentrate cells at
bottom of tube
e Forms spheroids of
fairly large diameter

¢ Simple and rapid
e Large number of cells
can aggregate

e Shear stress from
centrifugation can
damage cells

e Cells not able to be
visualized

Liquid Overlay:

¢ |nhibits attachments
to tissue culture
plates by use of low-
adhesive surfaces.

e Plates rocked with a
small amount of
shaking.

e Simple

¢ Allows for monitoring
of individual spheroid
formation and growth

e Spheroids often
heterogeneous in both
size and shape

Microfluidics:

o Cells flow through
microchannel
network until
partitioned and
exposed to micro-
rotational flow to
cause aggregation.

o Allows for high
throughput production

e Good control of
spheroid size

¢ Requires a technological
capacity

1.3 Need for manufacturability

Manufacturability can generally be thought of the ease of which a product can be

manufactured at a large scale and is determined by components such as production time,




production cost, and production volume. Design for Manufacture (DFM) is a practice that occurs
early in the product development process which aims to optimize manufacturing time which
results in reducing costs and increasing the ease of manufacturing. The important parameters
that need to be considered for the manufacturability of the process is the speed, simplicity,
consistency, availability of resources, the possibility of automation. These parameters gives the
user full control over the results, making it easy to upscale.

Spheroid studies often require a large quantity of specific spheroid sizes to prove the
reliability of the results. This is why a scalable process is important for spheroid development as
this would increase the testing sizes as well as variation of trials whether the usage be for 3D
structure development or drug trials. To be able to reach this goal, the manufacturability of the
spheroid formation method should considered to produce a simple and quick process with
reproducible results.

As mentioned above, an important parameter when looking at the manufacturability of a
process is the speed. Any limitations to the speed of the process can be overcome through the
use of automation which would make the process easy to control and produce consistent results.
An important spheroid characteristic is the diameter which have a range of 200-600um. The
desired size of the spheroid is dependent on the types of cells used as well as the type of study
[3, 4, 11, 12]. For example, spheroids for tumor studies are limited to no more than 500um
diameter as they undergo necrosis and have restricted nutrients, oxygen and growth factors
similar to tumor cells[3]. The resulting sizes of the spheroids are restricted to the methods used
for the formation and are hard to control, making this one of the main issues with current spheroid
formation methods.

Entrapping cells in droplets of hydrogel in a simple and controlled manner would allow for
production of consistently sized spheroids. This is similar to the known method of the hanging
drop method which is a successful in producing a large quantity of spheroids of an adjustable
size. However, this method has a disadvantage of being unable to track the formation as well as

5



difficulties exchanging media or adding drugs. The hanging drop method makes use of the media
surface tension to keep the droplet structure hanging from the platform which means it needs to
remain undisturbed. The use of a hydrogel-media mixture would give a droplet more structure
and additional crosslinking may give the ability to submerge the droplet in media.

The automation of droplet formation can be achieved using a variety of methods, but it
would be ideal to make use of existing machinery. Fiber dipping is a known method generally
used for coating fibers with the goal of a smooth and even surface. The parameters are usually
adjusted to avoid coating instabilities such as droplet formation so they can also be adjusted to
promote droplet formation. An automated z-axis to control hydrogel droplet formation on a dipped

fiber would be ideal for a proposed method for manufacturing spheroid formation



CHAPTER 2
METHODS AND MATERIALS

2.1 Proposed method

The current methods for spheroid formation are useful and successful but still have room
for improvement. There are still limitations in large quantity spheroid reproducibility as well as
issues such as cell damage and visibility. These are important issues as replicates are often
needed in cell culture trials for thorough investigation. The development of a method for spheroid
formation which focuses on manufacturability would put emphasis on a process which should
have good reproducibility at large quantities.

The proposed method for a droplet formation process originates from the base idea of
fluid coating, which is the simple operation of using movement to force a fluid to coat a solid. Fluid
coatings can have various geometries such as plate coating, roll coatings, and fiber coatings.
Fiber coatings are often achieved through a dipping process in which the fiber is dipped into a
fluid then withdrawn so that a coating forms. In this case, rather than having the goal of a smooth
fiber coating, the intended result would be an unstable fluid coating which would then break up
into droplets on the fiber. The fluid would contain mammalian cells which would then be encased
in the resulting droplets. Since there would be a lack of surfaces to adhere, the cells would instead
adhere to each other to form spheroids.

2.2 Physics

The physics of this process can be described according to two phenomena. The first
involves the fiber coating process and the second is the formation of the droplets from the fiber
coating. The first step of the dipping process is the fiber coating of which the important parameters
are the speed of the process and the fiber diameter. The rough assumption for the relationships
within the process is that the thickness of the coating is a function of the velocity or dipping

speed[13]. An important parameter is the capillary number (Ca):
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Ca=n—
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where n is the fluid viscosity, V is the coating velocity, and y is the surface tension. This is the
ratio of the viscous and capillary forces which play antagonistic roles during the withdrawal
process. As the solid lifts out of the fluid, the viscosity causes fluid near the fiber to move at the
same velocity as the solid. This movement also causes a disruption to the liquid-air interface,
working against the surface tension. This ratio is used for determining the coating thickness on
the fiber which can be generally expressed as
h = ¢f(Ca)

where h is the coating thickness and { is some static length which depends on the geometry of
the solid. From this general form, various expressions have been determined such as the Landau,

Levich, and Deraguin (LLD) theory which is written as

h= 1.34rCa%
where r is the fiber radius. This equation is derived for small capillary numbers such that h<<r as
it implies Ca<<1.
The derivation of the LLD theory neglects inertia due to small coating velocities. In the
case that a low viscosity liquid is used to coat a fiber at large velocities, inertia becomes influential
and can be evaluated using the Weber numb (We):

_pVir
14

We

Where p is the fluid density. This value is used to compare the inertia with the capillary force. The
use of higher velocities causes the kinetic energy to increase so the fluid close to the fiber
becomes insensitive to the Laplace pressure trying to push the fluid back to the reservoir [13-15].
Larger velocities cause We>1, so the film thickness does not depend on the surface tension. This
is based around a critical velocity which causes a sharp increase in film thickness and can be

calculated by assuming We=1.



Figure 2.1: Visualization of Rayleigh-Plateau Instability[16]

The phenomenon that occurs after the coating step is the formation of droplets on the fiber
caused by Rayleigh-Plateau Instability (RPI) [13, 16-21]. The progression of RPI originates from
the idea that fluid streams will always have tiny perturbations present due to some external
disturbance. Over time, the perturbations will increase and can be visualized as a series of
sinusoidal components. The driving force in this phenomena is the Laplace pressure across a
curved interface which produces an increased pressure inside a convex surface. This is

represented in the Young-Laplace equation:

Ap =« (l + i)
R, R,

Where R; and R: are the principal radii of curvature. After the fiber coating, the presence of tiny
perturbations creates regions of different thicknesses and therefore different Laplace pressures
from the difference in the radius of curvature. This pressure difference promotes the instability
growth which leads to the droplet formation.

This is visualized in Figure 2.1 where it's important to know that there are two radii
components at play, the radius of the stream (Fr) and the radius of curvature of the wave itself

(Fw). The transverse sections of the sinusoidal components show a growing radius at the peaks



(Rp) compared to the decaying trough regions (Rr). This means that the Laplace pressure towards
the center of the peak (Fr-p) is smaller than at the trough (Fr-). This generates a Laplace pressure
difference (Fr) which pushes the liquid to move from the trough to the peak, increasing the
instability. Simultaneously the radius component of the curvature of the wave itself generates a
Laplace pressure difference (Fw) which is able to decrease the instability. Fw., represents the
areas of positive curvature while Fw.; represents the negative curvature. The radius of the stream
(Fr) works against radius the curvature (Fw), and when the Fr acts dominantly, the sinusoidal
components will grow to eventually initiate droplet formation [13, 16-18, 21].
2.3 Material Selection

The dipping fiber and fluid selection were among the first decisions that were needed for
the development of the device. The initial considerations were heavily based on the known
biocompatibility of the materials as this was an important characteristic for cell spheroid formation.
2.3.1 The Dipping Fluid

The chosen hydrogel for the project was alginate which is commonly used in biomaterial
processes such as 3D bioprinting. This polysaccharide is generally obtained from brown algae
and can become a hydrogel when the aqueous alginate solution is combined with an ionic

crosslinking solution such as divalent cations such as Ca?*.

Figure 2.2: Alginate crosslinking [22]
Itis believed that this occurs due to the interactions with the guluronate blocks of adjacent alginate

chains, creating ionic bridges which forms the egg-box model of crosslinking (see Figure 2.2),

10



resulting in the gel structure [22-24]. This hydrogel was chosen due to its ease of use and
availability.
2.3.2 The Fiber

Materials such as silk thread and metal wire were initially evaluated for use as dipping
fiber. It was quickly decided that soft fibers such as cotton, silk, and hemp were not ideal as they
would fold within the fluid during the dipping process and often would appear to absorb the fluid.
Copper wires of various thicknesses were tested and were found to have the most consistent
results of the initial materials tested. Although the droplets from the wire dipping were mostly
consistent, some inconsistencies were still present due to the wires not being fully straight. The
bulk wires were bought in a roll and so required a straightening process before usage which was
unable to remove the bumps completely. The suggestion was made to use extruded PLA fibers
as this was in abundant supply and the extrusion process would create a straight fiber.

Thus we tested extruded PLA fibers as they are known to be biocompatible and could be
created at various diameters through the use of different extrusion nozzles ranging from 0.2mm
to 1.0mm. This range was then narrowed down as it was found that the larger fiber diameters of
0.6mm and 1.0mm created extremely large droplets which would immediately fall off the fiber.
The fiber diameter of 0.2mm produced the most consistent droplet size and quantity, and so was
chosen to analyze the droplet shape fidelity and reproducibility by varying the dipping fluid
concentration.

2.4 Material preparation

The alginate solution was prepared based on the desired mass concentration. The method

for the calculation is as follows:

Mass Concentration (g/mL) * DI Water (mL) = Alginate powder (g)
Once the desired mass was calculated and measured, the volume of deionized water was
measured and stirred with a magnetic stir-plate. While the water was being stirred the alginate
powder (Sigma, Alginic acid sodium salt from brown algae) was slowly added to avoid clumping

11



then left to stir overnight. The alginate powder took a long time to dissolve in the DI water and so
was left to stir overnight. The choice of stirring speed was dependent on the concentration of the
material being prepared since the higher alginate concentrations such as 5-7 w/v% would create
more viscous fluids and caused issues with the stir bar at higher speeds. This process was also
repeated for the preparation of the calcium chloride solution (Sigma, Calcium chloride, anhydrous

BioReagent).

Filament
feed

Heated P
nozzle

f Extruded

filament

Figure 2.3: Example of general extrusion process used to make PLA fibers for dipping [25]. The
PLA filament is fed from the bulk spool into the heated nozzle which melts and extrudes the
material to result in the extruded fiber which is used for the dipping.

The fiber used in the dipping process was extruded PLA fiber. During this process, the 3D
printing filament was steadily extruded through the nozzle of a 3D printer and constantly cut with
scissors before the fiber reached the printer stage. Once removed from the moving extrusion

filament the ends of the fiber were cut to avoid bent sections and the fiber diameter was checked

with a caliper.
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CHAPTER 3
PROCESS AND DEVICE DEVELOPMENT

3.1 Overall Criteria

While the overall goal is a scaled up process, the basic parameters must first be
determined. The proposed idea for spheroid formation uses a fiber dipping process to create
droplets which are to contain the cells for spheroid formation. This method requires the formation
of a device which can control the fiber dipping process into the hydrogel fluid. Adjustments to the
dipping speed should be available to control the droplet formation alongside the hydrogel
concentration.

The device itself can be broken up into the basic sections of importance which fit the
design criteria. The main source of control for the droplet formation is from the z-axis dipping
motion since the droplets are dependent on the initial fluid coating. The second area of importance
for the device design is the fluid containment. This is important for the volume of the fluid and the
relation to potential cell containment within the droplets. A large cell concentration (cells/mL)
would be ideal to increase the amount of cells which could be contained within the droplets. The
T75 flasks used for cell culture have the ability to hold a confluency maximum of 8.4x10° cells.
Using this amount of cells as an example, this quantity within a small fluid volume would produce
a high concentration which would increase the probability of cell containment within the droplets.
The last physical aspect of the device design to be considered is the imaging of the droplets for
analysis. The imaging results are used to measure the droplet dimensions which determine the
effects of changes made to the process and device setup. The droplets are the product from the
process and are observed as to whether they would be able to contain cells to form spheroids.
3.2 Z-axis Movement

The most important criteria for the design of the dipping device was the need for z-axis

movement. The dipping movement is the action which causes the fluid to coat the fiber. While this

13



often occurs regardless of the parameters, this fiber coating thickness needs to be controlled to
meet the requirements for Rayleigh-Plateau Instability to occur and form the droplets. This criteria
went through the most changes over the development of the device as initial tests were done by
hand before evolving into a useful machine of which the dipping height and speed could be easily
controlled. It was also important to keep in mind that the dipping movement produces some shear
which may cause issues should cells be incorporated within the fluid. Although testing was done
at a maximum of 40 mm/sec, this would likely not have been ideal for cells so further testing was
kept within a range of 10-30mm/sec.

3.2.1 Hand Dipping

The most important section of the device is the moving axis which allows for the dipping
movement. In the initial rough stages of the project to determine dipping considerations, this was
carried out with simple hand dipping. This allowed for easy handling such as changing of speed
and positioning for the fiber withdrawal. The process consisted of hand dipping the fiber into the
alginate then moving the fiber up and away from the fluid container to allow the droplets to form
before spraying the calcium chloride crosslinking agent on the droplets. During this initial dipping
it was found that the fiber positioning was important for achieving a consistent final droplet shape.
When the dipped fiber was positioned horizontally, the droplets adopted a clam-shell shape while
a vertical positioning caused barrel shaped droplets. The disadvantage to hand dipping was the
lack of a consistently reproducible speed that could be used for tuning the process. This led to
the need to make use of a device with a programmable moving z-axis.

This first experiment was also used to determine the type of fiber material that would be
ideal to use for the dipping process. Various fibrous materials were tested such as cotton thread,
silk thread, metal wires, and PLA. It was determined that soft fibers such as cotton and silk would
not be ideal as they absorbed the fluid and also had issues keeping straight during the dipping

process. The metal and PLA fibers were found to work best due to their stiff structure. These
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materials were also found to have the advantage of being available at different diameters which
would allow for more control over the droplet sizes.
3.2.2 Automated Dipping- Fiber Movement

The next step for the creation of the dipping device was to have a programmable dipping
arm which would be able to dip the fiber at a controlled reproducible speed. For this, a 3D printer
was repurposed since the machine already had the ability to be programmed for movement along
an axis. Placing the 3D printer on its side allowed for controlled positioning along the z-axis. The
device was programmed to be able to lower the fiber into the fluid then pause for a set length of
time before lifting to withdraw the fiber, allowing the fluid to coat the fiber. Once the withdrawal

was complete the process would finish and allow for the coating on the fiber to form the droplets.

™

Figure 3.1: The original setup which used the 3D printer axis consisted of a roughly attached
metal bracket. A slot in the bracket was covered with tape to create a slit for the PLA fiber to
pass through. Masking tape was added to the upper end of the fiber to allow it to hang from the
bracket arm.

The assembly consisted of a metal bracket attached to the moving axis of the 3D printer

as shown in Figure 3.1. The initial holder for the fiber was simple hole initially made from tape
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with a stopper added to the top the fiber for consistent fiber dipping length. However, this holder
was not stable and led to inconsistent fiber positioning, so an alternative fiber holder was created
using a syringe with a needle attachment and Play-Doh as shown in Figure 3.2. The use of the
Play-Doh in combination with the needle tip syringe was meant to keep the fiber in place and
contain as much of the fiber as possible to dampen any vibrations from external sources. This
holder was found to work well to increase the consistency of the fiber positioning and keeping the
fiber stable during the dipping process. The use of the arm to dip the fiber allowed for better
control over the tuning of the process, however it was found that the movement of the fiber created
vibrations which led to complications with the stability and imaging of the droplets.

3.2.3 Automated Dipping- Sample Movement

Play-Doh(purple)

Fiber(red)
Fluid container
3D printer

Ring stand

Figure 3.2: Changed setup for the dipping process where the fiber is stationary to avoid
vibrations and the fluid container moves along the z-axis. The setup location was on an optics
table which allowed for specific positioning of the set-up components.

Since the fiber vibrations were caused by the mechanical movement of the machine, a
change was made to make the fiber stationary while the fluid container would be moving along

the z-axis as shown in Figure 3.2. This meant that the arm which was originally holding the fiber
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needed to be changed to a stage to hold the fluid container. The original metal bracket arm did
not have the stability or the level platform needed to hold the fluid. So, black acrylic was rigidly
screwed on to the 3D printer to create a flat, level platform. The moving stage was tested
comparing a narrow stage with a wider and slightly thicker stage. The latter was found to have
issues with moving down the z-axis possibly due to its larger mass relative to the smaller stage
so the wide stage may have been closer to the maximum capacity that the printer set-up could
handle. Once the stage seen in Figure 3.3 was finalized, the coding for the axis movement needed
to be altered since this setup would change the direction of the printer movement. The original
coding was for the fiber to move down into the fluid then be lifted out while the changed setup
moved in the opposite direction with stage moving up towards the stationary fiber then back down

to withdraw the fiber from the fluid.

Figure3.: Final dcided stage for the flLﬁd container movement.
Another characteristic that needed to be determined was the ability of the stage to hold
the fluid in place. During this time the volume of the container was not fully decided and so the

stage needed to be able to accommodate whichever containers were to be tested. The acrylic
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stage was a simple platform but had no edges that could keep a container in place during the
dipping process. For this, the covers of 50ml and 15ml centrifuge tubes were glued to the acrylic
arm as a set base while the bottoms of the tubes were cut then screwed onto the glued caps as
shown in Figure 3.4. This created a holder for the fluid container to be kept during the dipping
process. At the time of this development the fluid container was being compared so the holder

needed to be used for various sizes.

-~

Figure 3.4: Setup for the testing of different fluid containers for the dipping process. A
disposable 50ml and 15ml centrifuge tube were used to attach the fluid containers to the acrylic
arm. The caps of both centrifuge tubes were glued to the acrylic and the closed ends of the
tubes were cut off to create an open holder for the fluid container. Gluing the caps rather than
the entire centrifuge tube allowed for easy removal whichever container was not in use.

3.3 Fluid Containment

The initial container that was used for the hand dipping was a 40ml glass vial. The initial
tests seemed to work well with this container however it was realized that the ideal dimensions
for the cells to be contained in the droplets would require a fluid container of a smaller diameter.

For maximum cell containment within the droplet, an ideal setup would use a small fluid volume
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to increase the cell concentration while a small container diameter would place the cells
suspended in the fluid closer to the fiber and cause more cells to be drawn up into the fluid coating
the fiber.

The next container tested was with 15ml centrifuge tubes as these were of a smaller
diameter than the 40ml glass vials. As these were tested when the set-up consisted of a stationary
fluid and moving fiber, this container had the advantage of being plastic and could be stored in a
centrifuge tube rack for easy storage and transportation. These tubes had a smaller diameter but
were also long and so were thought to not be ideal for withdrawing the maximum about of cells
during the dipping process.

Two alternate containers were simultaneously considered and compared while altering
the dipping setup for a moving fluid container and stationary fiber as shown in Figure 3.4. A 5mL
microfuge tube with a 12.63mm opening and a short 15ml glass vial with an 8.2mm opening were

tested and compared.

Glass vial Plastic tube

Figure 3.5: Example of droplet resulting from dipping using different containers. The glass vial
was found to produce a greater number of smaller and more consistent droplets. The plastic
tube created droplets of a larger size which would quickly combine and often drop off the fiber.
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All other parameters such as the fiber characteristics and dipping speed were kept
constant and the resulting droplets were observed as shown in Figure 3.5. When the fiber was
dipped into the plastic tube, the droplets formed were inconsistent in size and not stationary as
they would quickly combine and eventually drop off the end of the fiber. The use of the glass vial
formed a larger quantity of droplets which were more consistently sized and while they would still
eventually combine, it took a longer time than with the plastic tube.

After various testing, the decided fluid container was the 15ml glass vial. Although the 5ml
microfuge tube was comparatively smaller and would use less volume to increase the cell
concentration, the shorter height of the container resulted in fewer droplets (<10) formed in
comparison to the glass vial (10<). It should be noted that more exploration of this may be needed
as the containers were of different materials with vastly different opening measurements.
Revisiting these tests with containers of the same material and a more gradual range of sizes
would allow for more concrete knowledge on the ideal fluid container for the device.

3.4 Fluid Characterization

Once the components of the dipping device were determined, the next important
parameter to consider were the characteristics of the dipping fluid. Characterization of the alginate
solution was done through rheological testing to determine the flow behavior, which was important
since the fluid characteristics determine the resulting flow from the dipping process to form the
droplets on the fiber. Compared to a viscometer which can only determine viscosity using
rotational test, rheometers can determine more parameters by operating with continuous rotation
or rotational oscillation to run shear and torsional tests. The absolute measuring system of the
rheometer is obtained through following specific standard measuring geometries, each suitable
for specific types of fluids[26].

The rheometer uses torque to record the shear force and calculates the shear stress using
the known shear area of the measuring system. In addition, the shear rate is recorded using the
rotational speed velocity and the shear gap. The characterization of the alginate fluid was done
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using Anton Parr MCR 302e rheometer using the parallel plate geometry measuring system and
a 1lmm gap at room temperature (25°C). Fluid viscosity values are not constant since they can be
affected by various conditions. For this reason, flow behavior is often represented as either a flow
curve or viscosity curve. A flow curve is a diagram which presents the shear stress and the shear
rate with the latter usually plotted on the x-axis while a viscosity curve presents the viscosity with
the shear rate or shear stress on the x-axis. The biggest changes in viscosity are mostly seen
within the range of low shear rates so these diagrams are often plotted on a logarithmic scale to
better illustrate these values together with the larger shear values.

The flow curves were determined for each alginate concentration and confirmed that the
alginate fluids were non-Newtonian as the fluid viscosity was dependent on the shear rate that
the fluid experiences. Two different analysis methods, the Power Law method and Carreau-
Yasuda method, were explored for the determination of the flow curve equation which was needed
to calculate the dipping viscosity. The Power Law model makes use of the power law equation:

n=K - vn-1

where n is the viscosity, y is the shear rate, K is the flow consistency index, and n is power law
constant. This is the simplest model for non-Newtonian fluid as it uses a two-parameter
expression to describe the viscosity curve over the linear portion of the log-log plot. Both K and n
are constants which characterize the fluid and n-1 is the slope of the logn vs logy plot.

The use of only two fitting parameters makes the power law model the simplest of the non-
Newtonian models but is not always the best curve fit for most data[27].

The Carreau-Yasuda Model uses a five-parameter equation and is the generalized form of the

power law equation:
n—1

n = 11[.-[1 + v :
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where no is the zero-shear viscosity, A is the time constant which determines where it changes
from constant to power law, y is the shear rate, a is the variable which affects the shape of the

transition region, and n describes the slope of the power law.

Average of 7w/v% Viscosity Data

® Experimental Data Averages ——Carreau-Yasuda Theoretical

Log(n)

Log(v)

7 w/v% Alginate Flow Curve Power Law Analysis

10000
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Figure 3.6: Comparison of two different non-Newtonian fluid models, the Power Law Model and
the Carreau-Yasuda Model.
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The comparison of the two plots in Figure 3.6 shows that the Carreau-Yasuda model
shows a better fit for the overall experimental data. However, it was noticed that the linear portion
of the experimental data seemed to fit better to the power law model over the Carreau-Yasuda

model. The shear rate for each dipping speed was calculated to determine the range of shear

rates tested on the alginate fluid.
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Figure 3.7: Flow curves for different alginate concentrations
This range fell in the linear section of the flow curve which confirms that the viscosity was
able to be calculated through using the Power Law Equation. The final speed of the dipping
process at 10mm/s gave a shear rate for the insertion of the fiber to be 1.116s* which is indicated

on by the X in Figure 3.7. The calculated viscosity values from the use of Power Law are

presented in Table 3.1.
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Table 3.1: Characterization of the alginate dipping fluid

Alginate Concentration, % [w/v] Vi[snc]: g?psl] d D?@T/Tnitﬁi P Contact Angle, 6 [°]
3 155.71 1.011 26.74
5 799.96 1.018 50.52
7 2873.29 1.025 62.55

The rheometer is also capable of recording the time dependent behavior of the fluid using
three-interval thixotropy tests (3ITT). This is a rotational test consisting of three intervals: 1) A
period of very low shear to simulate behavior at rest. 2) A period of strong shear to simulate
structural breakdown. 3) A period of low shear to simulate structural regeneration at rest. 3ITT
tests were done on the rheometer to look at the viscosity recovery of the alginate fluids after
experiencing shear. These tests, shown in Figure 3.8, were done with 1 w/v%, 3 w/v%, 5 w/v%,
and 7 w/v% alginate as this was the initial full range of alginate concentrations being tested.
However, 3ITT testing of the 1 w/v% alginate and 3 w/v% alginate were inconclusive. This may
have been due to the resulting measurements being too low for the rheometer to read. The
successful 3ITT tests showed that the fluids were able to recover well over time and would have
likely returned to the original viscosity if measured for a longer amount of time. These tests were
taken as they may be necessary for the deciding dwelling time in the dipping process which is
when the fiber is paused between the dip and withdrawal step. These results combined to the
knowledge from the flow curves of the viscosity during the dipping shear brought the decision that
the dwelling time did not need to be exceedingly long. The viscosity change during the dipping
shear is significantly less than that experienced during the 3ITT testing so the recovery was

expected to be much faster.
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Figure 3.8: 3ITT tests done with the 1 w/v% alginate, 3 w/v% alginate, 5 w/v% alginate, and 7
w/v% alginate.

3.5 Final Dipping Process

The last parameter needed to determine the final dipping process was the dipping speed
which refers to the speed of which the fiber enters and withdraws from the fluid. Dipping speeds
between 1mm/s and 40mm/s were tested using 0.3mm and 0.2mm diameter PLA fibers. The
lower speeds were found to be too slow for any coating formation and so no droplets were formed.
The lowest dipping speed that was able to form droplets was 10mm/s and testing continued at
increasing speeds up to 40mm/s as shown in Figure 3.9. For each trial, the fiber was dipped and
withdrawn at the set speed and the initial number of droplets formed was counted and then

recounted after individual droplet imaging was completed. The imaging process with the digital
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microscope camera allowed for imaging along the fiber and required manual movement of the
camera along the ring stand. After the imaging was complete the number of droplets was
recounted and recorded as the final number of droplets after any droplets had evaporated or
combined. The decision for the ideal dipping speed needed consideration for the droplet size as
well as the number of droplets. The higher speeds were able to coat the fiber easily however the
increased speed caused a thick coating which was still able to break off into droplets but these
droplets were extremely large and would quickly drop off the end of the fiber back into the fluid

container.
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Figure 3.9: Results from testing the droplet formation with different dipping speeds. The
increase of speed caused larger droplet to form but also resulted in fewer droplets during both
the initial and final droplet count.
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The speed that produced and retained the largest number of droplets was found to be
10mm/sec using a 0.2mm fiber and so was chosen as the set speed parameter as shown in
Figure 3.10. Between the fiber submersion and withdrawal there is a period of time during which
the fiber is stationary within the fluid, which is called the dwelling time. This was necessary to
allow for the fluid to return to its zero-shear viscosity before fiber removal. This time was kept
fixed at 10 seconds as the current parameters in use did not appear to be heavily influenced by
the dwelling time. With all of the parameters for the physical dipping process optimized, quick
dipping tests were carried out to identify the time needed for full droplet formation for ideal

imaging, which was found to be 2 minutes.
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Figure 3.10: The final dipping process consisted of a stationary fiber with a container of fluid
moving upward to at 10mm/sec to submerge the fiber. There is a dwelling time of 10 seconds to
allow for the fluid to properly surround the fiber and return to the zero shear viscosity. Once the

dwelling time is complete, the fluid container moves down to allow the fiber to withdraw and

form the fluid coating required to induce droplet formation by Rayleigh-Plateau Instability.
3.6 Imaging
Along with the various changes to the dipping set-up itself, the imaging process also
changed. For imaging during the initial hand dipping tests, a Samsung Galaxy S10+ phone

camera was used. The camera was used in Pro Mode which gave the ability to alter settings

similar to those of a DSLR camera. Setting the focus to manual and using macro mode, allowed
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for clear images of the entire fiber while being able to use digital zoom to measure the individual
droplets. After the fiber was hand dipped, the setup shown in Figure 3.11 was used to position

the phone at the correct height and distance from the fiber for the imaging.

et ) b L -

Figure 3.11: The image on the left of the figure shows the setup for the immediate imaging of
the fiber after the dipping process. With this setup, the fiber was hand dipped into the fluid with
the dry end already clipped and then quickly placed on the T-slot extrusions screwed onto the

optics table. The image on the right shows an example image obtained through this set-up
Although the phone camera was able to take clear pictures of the droplets on the entire
fiber, this was not ideal for the magnification required to analyze the individual droplets. The
transition from hand dipping the fiber to the use of the 3D printer arm also brought about another
problem with the use of the phone camera. To get the manual focus to work for the phone, the
lens needed to be a specific distance from the fiber which could not be achieved using the

previous stage and phone stand. When the setup was changed to use the 3D printer arm, various

camera types were explored as shown in Figure 3.12.
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Samsung Galaxy Canon Powershot Mighty Scope 5M USB
510+ Phone Camera ) ___Camera ] Digital Microscope

—

Figure 3.12: Different camera options explored when moving from the hand dipping setup to the
3D printer arm set-up.

The Canon Powershot Camera gave better quality images in comparison to the phone
camera, however the bulky size of the camera caused difficulty with operating the 3D printer
setup. Using the Mighty Scope 5M USB Digital Microscope improved the quality of the imaging
along with the improved ease of use in regards to the positioning of the camera. The phone
camera was limited by the positioning of the stage and phone stand while the microscope camera
had the ability to be attached to ring stand. This gave the advantage of easy adjustment along
the z-axis as well as x-y positioning around the fiber. Comparing the images produced by the
different camera in Figure 3.13, the microscope camera provided the best magnification for

accurate measurements of droplets.
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Figure 3.13: Examples of images obtained when testing the different types of cameras.

3.7 Image Analysis

The image analysis process changed over the development of the overall dipping process
due to changes such as image quality and material coloring. The initial analysis process on
ImageJ made use of steps such as channel splitting and image thresholding, facilitated by the
use of a red PLA fiber. However the light from the camera bouncing off of the droplets caused
some problems with imaging due to the reflections so the fiber color was changed to white and a
white backdrop was added. This change was also done to help with the contact angle
measurement as the use of the white fiber and backdrop provided the necessary greyscale
contrast to distinguish between the droplet and fiber. Although this created better quality images
and helped with contact angle measurement, the analysis was unable to use the same methods
to measure droplet dimensions. With these changes, the easiest method for the droplet
measurement was manually measuring them on ImageJ (shown in Figure 3.14) while using the
known fiber diameter as a scale for the measurements of the droplet diameter and wetting length.
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Additional measurements of the contact angle were also taken at this time for the characterization

of the dipping fluid using the Drop Analysis-LB-ADSA Plugin.
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Figure 3.14: The steps of the analysis process for the droplet images. The imaging process
required the camera to be moved during the dipping process so a scale bar would need to be
redone each time the camera moved. To avoid this, the diameter of the fibers were measured

beforehand and then used as the scale for measurements.
3.8 Results
The droplets formed during the dipping process were characterized through an analysis
of the droplet shape fidelity and reproducibility. These were evaluated as a function of the dipping
fluid composition. The desired spheroid range found in literature was found to be between 300um

and 500um and so these values were used as a goal for this testing [3, 4, 11, 12]. The shape
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fidelity of the droplet can be quantified by the H/L aspect ratio using the droplet diameter (H) and
the wetting length (L) as shown in Figure 3.7. This aspect ratio can range between 0-1, where 1
represents the desired perfect sphere. All trials were taken in replicates of three from which the

average values were calculated.
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Figure 3.15: Plot to show the change in the droplet shape fidelity between the different alginate
concentrations using 2mm fiber and a dipping speed of 10mm/s

A box-whisker plot was used to compare the resulting droplet shape fidelity ratios from

dipping with three different alginate concentrations as shown in Figure 3.15. For these tests, other

parameters such as dipping speed, fiber diameter, and dwelling time were kept static. As the goal

was to form droplets with a shape fidelity close to 1, these results show 7% alginate produced the

most spherical droplets.
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Table 3.2: Resulting droplet dimensions using different alginate concentrations

Alginate Composition, | Average Diameter, | Average Wetting

% [WiV] H [um] Length, L [um] Average H/L Ratio
3 419.5 817.2 0.518383 £ 0.053463
5 470.5 713.3 0.642574 + 0.055874
7 815.2 1082.1 0.751375 + 0.041926

These results show that increased alginate concentration led to improvement in the shape
fidelity of the droplets. The average values of the droplet measurements presented in Table 3.2

show a clear difference in the droplet sizes caused by the different alginate compositions.
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Figure 3.16: Box charts comparing the change in droplet diameter (a) and wetting length (b) for
the different alginate concentrations.

The shape fidelity ratio appears to take a linear increase with the increase of alginate

concentration. In Figure 3.16 the measurements of the diameter and wetting length each are

compared and while the 3 w/v% and 7 w/v% show a wide difference, the comparison of the 3

w/v% and 5 w/v% was shown to decrease in wetting length while overlapping in diameter. For
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this reason the preferred characteristic quality of the droplets should be the aspect ratio as the

shape of the droplets is an important consideration towards the reproducibility.
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Figure 3.17: Plot showing the relationship between the droplet shape fidelity (H/L ratio) and the
alginate concentration. This includes additional data for 4 w/v% alginate which was taken after
all other testing. This data is not used for the fitted linear curve

Of the different alginate concentration tested the 7 w/v% was found to produce the most
consistently sized droplets with the highest shape fidelity ratio. This is confirmed by the values
previously presented in Table 3.2 where H/L=0.75 with the lowest standard deviation. The
resulting trends of the droplet shape fidelity were plotted and shown in Figure 3.17. An additional

test with 4w/v% alginate was done and confirmed to follow the expected trend for the H/L aspect

ratio.
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3.9 Conclusions and Future Directions

In this project, a controlled fiber dipping system was successfully designed which was able
to provide consistent results. Tests were done to check the influence of the dipping fluid
composition on the resulting droplet shape fidelity and reproducibility. These tests found that the
7Tw/iv% alginate produced the most consistent droplets with the highest shape fidelity ratio showing
they were the closest to the ideal of a spherical droplet. Although these droplets were found to be
on the larger end of the desired size range, future tests with more focus on the dipping speed can
be carried out since previous data showed this to have influence on the droplet size. The trend
found relating the droplet shape fidelity to the alginate concentration was confirmed through
additional testing of 4 w/v% alginate.

The future work of this project should focus on additional components used in the dipping
fluid. The current dipping fluid consists solely of alginate and since the desired usage of this device
is for the formation of spheroids, additional components will need to be added to confirm whether
the dipping and droplet formation properties remain the same. The simplest change would be the
use of cell culture media rather than DI water for mixing of the alginate fluid. Cell culture media
has a viscosity which is very close to that of water and so is unlikely to have any substantial
influence on droplet shape compared to the alginate fluid made with DI water. Although this is
expected to have similar results to not change much, this should still be tested to ensure that the
extra components within media such as salts and added serums. These serums are to support
the growth of the cells using ingredients which are likely to effect the fluid viscosity. Another
expected change needed to the current testing process is the addition of particles to represent
the inclusion of cells. This is what is likely to have the most influence on any changes to the
current dipping process since this may affect the dipping fluid viscosity. Ideally, these particles
should be around the same size as cells (20um) and need to be easy to visualize in the fluid. An
example of a possible particle to use would be monodispersed standard polystyrene particles
which have been used to represent cells in a different study [28].
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Another future step would include exploration of the crosslinking aspect of the droplets.
The current results focused mainly on the dipping abilities of the alginate solution, however the
setup was later adjusted for an additional crosslinking step during which the fiber would get dipped
into the crosslinking fluid. These quick tests used 4w/v% calcium chloride since it was the median
of the alginate concentrations, and were initially to check if the additional dipping had an effect on
the droplet dimensions. The ideal crosslinking concentration would be able to keep the droplet
form while still allowing for mobility for the contained cells. Simultaneously this step would include
the considerations for the storage of the droplets as they would likely need to be contained within
an environment ideal for cells. Once all previous steps have been completed to finalize the ideal
process for the full dipping system for spheroid formation, trials will move on to use mammalian
cells. Since the cell suspension itself is known to be a shear thinning non-Newtonian fluid, the
combination with the alginate solution will greatly change the behavior of the dipping fluid. The
resulting alginate-cell suspension viscosity will be highly dependent on the ratio of the alginate

solution and the cell density used [29, 30].
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