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Chapter 1: Introduction

The introduction chapter will provide background for our project in the bioengineering field
along with a review of the current field involving hydrogel formation, cell encapsulation and
microneedle creation through 3D printing. In addition, there will be an overview of the various
biological and technical components of our project. All of which are vital for the complete

comprehension of our project and goals.

1.1 Background

Our project focuses on bioprocessing, which is a process that translates biological resources,
such as mammalian cells into useful industrial products [1]. One of the many therapies created
using bioprocessing are monoclonal antibodies [2]. Currently, there is a huge need for large scale

production of monoclonal antibodies to treat cancer, Covid-19, and other diseases [3],[4].

Bioprocessing typically takes place in industrial bioreactors, which produce standardized,
reproducible cell based therapies on a large scale [5]. There are a wide variety of bioreactors,
ranging in size from 15 mL to 2000 L. Industrial bioreactors are extremely high throughput,
however they do cause cell damage by inducing hydrodynamic stress [6]. This excess
hydrodynamic stress leads to cell death and reversion, but it is difficult to quantify this stress
between scales [7],[8]. Therefore, there is a need to develop strategies to analyze hydrodynamic
stress on the small scale so that hydrodynamic stress can be understood during the scaleup

process.

Our project builds upon the work of a 2018 senior design project titled “Three-Dimensional (3D)
Printed Microneedles for Microencapsulated Cell Extrusion” [9]. The main objective of this
project was to create a hollow microneedle and identify the optimum flow rate for the extrusion
of viable encapsulated cells through a microneedle array for wound healing applications. This
project highlights the feasibility of encapsulated cell extrusion, specifically protection from
shear, through a hollow microneedle assembly, as there were very low values of hydrodynamic
stress (~ 1 Pa) associated with extrusion through their device. For our project, we will be

creating a soft sensor device for bioprocessing by redesigning the wound healing microneedle



device to induce more shear and be used as a prescreening tool for bioprocessing applications.

Table 1. Background and Inspiration Behind Project

Translation

Biomaterials

Device

Biocompatibility
Testing

Computation

2018 SD [9]

Wound healing

U87 cells, alginate,
polymethyl
methacrylate
(PMMA)

3D printing,
stereolithography
(SLA)

WST-1 Cytotoxicity
Assay [11]

N/A

1.2 Problem Statement

2020 Industrial
Grant

Industrial
bioprocessing
problem
statement
identified

N/A

N/A

N/A

Statistical Proof of
Shear

2021 SD [10]

Simulation

N/A

N/A

N/A

Fracture,
clogging,
shear
(CAD/CAM)

2022 SD

Bioprocessing of shear

Chinese Hamster
Ovary (CHO) cells,
3% alginate, PMMA

3D printing, SLA,
design change

Lactate
dehydrogenase (LDH)
cytotoxicity assay

Increased
hydrodynamic shear

The goal of our project is to design a soft biosensor device for detecting hydrodynamic shear in

microencapsulated cells prior to each scale-up step during bioprocessing.

1.3 Review of Field

1.3.1 Hollow Microneedle Arrays

Generally, microneedle types can be separated into four categories (Figure 1): solid, coated,

dissolving, and hollow [12]. Our project focuses on the use of hollow microneedles, which are

like hypodermic needles, but are shorter in length. Most research and applications of hollow

microneedle arrays involve transdermal drug delivery. The use of microneedles for transdermal



drug delivery are advantageous over traditional dermal patches, as the dermal patch cannot
deliver drugs through the top layer of the skin if they are not lipid-soluble [13]. Additionally,
microneedles have the ability to pierce through the stratum corneum and enter the desired

delivery site of the skin layers in a minimally-invasive method [14].

Solid Coated Dissolving Hollow
microneedle microneddle microneedle microneedle

stratum corneum
viable epidermis
dermis

Figure 1. Methods of transdermal drug delivery using solid, coated, dissolving, and hollow

microneedle patches [12].

For wound healing applications, it is important that shear stress is limited so that the
encapsulated cells survive and are delivered properly to the skin through the microneedle array.
This means that many microneedle array systems aim to decrease the amount of shear stress
experienced by the cells during delivery [15]. In the case of our project, we want to maximize the
shear stress experienced by encapsulated cells in order to mimic the environment of industrial

bioreactors.

1.3.2 Bioprocessing of Shear

As mentioned previously, high levels of shear stress are associated with bioprocessing. In the
bioreactor environment, cells can be damaged by high shear stress, tearing apart cells and cell
aggregates and resulting in lower cell quality and cell yield [16]. Additionally, current studies

show that there exists a lack of scalable protocols for the inoculation and harvesting phases



[17],[18]. Therefore, there is a need to develop strategies to analyze hydrodynamic stress on the

small scale so that hydrodynamic stress can be understood during the scaleup process.

1.4 Biological and Technical Components

1.4.1 Biomaterials

The purpose of cell encapsulation technologies is to trap viable and functional cells within a
semipermeable matrix [19]. There are a variety of different materials that can be used for cell
encapsulation. Common carbohydrates used for cell encapsulation include agarose, chitosan, and
alginate, while common proteins used for microencapsulation include collagen, gelatin, and
elastin [19]. Our project will utilize alginate, which is the most widely used material for the
encapsulation of living cells [20]. Alginate capsules will be created using CaCl,, which is one of

the most commonly used agents to ionically crosslink alginate [20].

Viscoelasticity is an important component of alginate hydrogels, as the physical properties of the
extracellular matrix affect cell behaviors such as cell adhesion and migration to differentiation
[21]. Recent studies have revealed ECM viscoelasticity, independent of stiffness, as a critical
physical parameter regulating cellular processes, such as cell spreading [22],[23]. These

properties are important to consider when creating alginate capsules.

Another biomaterial associated with our project is polymethyl methacrylate (PMMA). PMMA is
a transparent, lightweight thermoplastic resin that is synthesized by polymerizing methyl
methacrylate [24]. PMMA is a biocompatible material [25] and will be used when 3D printing

our soft biosensor.

1.4.2 Cells

There are a multitude of different mammalian cell lines. Our project uses Chinese Hamster
Ovary (CHO) cells, as CHO cells have become the standard mammalian host cell line and are
often used for commercial manufacturing [26]. CHO cells have been proven to be easy to
culture, have FDA-approval, and have low susceptibility to viruses [26],[27]. CHO cells also can
grow in serum-free and chemically defined media, ensuring reproducibility between different

batches of cell culture [27].



1.4.3 3D Printing

Our project utilizes stereolithography (SLA), a 3D printing process that uses a UV laser to cure
liquid photoresin by free radical polymerization into hardened plastic [28]. The process involves
a computer-controlled UV laser beam, which has been pre-programmed using CAM/CAD
software, to draw a cross-section of the 3D model and selectively harden the material with the
print being built in consecutive layers. Inverted stereolithography is the most common SLA
system, and is the system that is utilized in our lab. Inverted SLA is popular because it requires a
much smaller resin tank compared to build volume [29]. Additionally, the creation of
upside-down machines allowed stereolithography to move to the desktop, with a smaller
footprint and much lower cost [29]. Finally, SLA has a maximum resolution at 25 um [30],
making it an ideal 3D printing method to use when creating designs on the millimeter or micron

scale.

1.4.4 Bioreactors

Bioreactors are engineered systems that are used to maintain well-controlled microenvironments
that regulate cell growth, differentiation, and tissue formation [31]. Bioreactors are extremely
important in the cell-based therapy industry, as they are necessary in order to produce
standardized, reproducible cell based products for regenerative medicine applications [31].
Additionally, bioreactors are advantageous because large numbers of cells (1078 to 10"10) are
needed in order for cell-based therapies to be effective and successful [31]. This means that a
large amount of space is needed to grow the cells in a way that the standard cell culture apparatus
is not able. Because bioreactors are able to support industrial-scale, ultra-high-density cell
suspension cultures with controlled microenvironments, standardization, and uniformity of
culture conditions, these systems are important tools for the large-scale production of cell

therapies.

There are three main classes of bioreactors: cell expansion bioreactors, tissue engineering
bioreactors, and lab-on-a-chip systems [31]. In our project, we will be focusing on cell expansion
bioreactors. Cell expansion bioreactors are important because of the necessity to produce large
quantities of high quality therapeutics in the biotechnology industry [32]. There are a variety of
factors that are crucial to the scaleup process, such as mixing time, oxygen transfer, and carbon

dioxide removal [32]. Specifically, one study found that scaling up to a 5,000 L bioreactor led to



a lower oxygen transfer coefficient, longer mixing time, and lower carbon dioxide removal rate
than was seen in smaller, bench scale bioreactors [32]. It is important that these factors are taken

into consideration during the scaleup process.

Figure 2 shows the various mixing patterns that can induce hydrodynamic stress in a bioreactor
[33]. Figure 3, which shows activity in a bioreactor, shows the correlation between
hydrodynamic stress and Reynolds number [34]. As the flow velocity and mixing rigor increases,
hydrodynamic stress also increases. As a result, the goal of our project is to create a soft
biosensor that can reproduce the values in Figure 3, operating as a prescreening tool to analyze

the hydrodynamic stress before scaleup.
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Figure 2. Mixing patterns in a bioreactor [33]. N: rpm of the propeller, Qg: gas flow rate.
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Figure 3. Graph of hydrodynamic stress vs. Reynolds number [34].



1.4.5 Flow Analysis

Monitoring of cell viability requires extraneous shear stress analysis for cells that have
undergone an applied shear stress. The proportion of applied shear stress will correlate to the
viability of the cells through numerous analyses. These analyses will include the use of the
Navier-Stokes Equations, Newton’s Law of Viscosity, the Reynolds number, and Bernoulli’s

Principle.

The Navier-Stokes Equations are partial differential equations that describe the flow of

incompressible Newtonian fluids. The Navier Stokes equations are as follows:
plu*V)u =V *[- pl + K] + F [1]

pV * u = 0[2]

K = n(Vu + (Vu)) [3]

u represents fluid flow, p represents fluid pressure, p represents fluid density, and p represents
fluid dynamic viscosity. F is the volume force vector, and K = 0 for non-viscous and
incompressible flow. Equation 1 is a vector equation which represents conservation of

momentum and Equation 2 is the continuity equation which represents the conservation of mass.

Newton’s Law of Viscosity correlates the shear stress being applied and dynamic viscosity of the

cellular solution [35]. Newton’s Law of Viscosity is as follows:
d
T = ug-[4]

T represents shear stress, which is interchangeable with hydrodynamic stress for the purposes of

this project. pu represents viscosity and Z—; is the rate of shear deformation.



The Reynolds number is important because it distinguishes between laminar and turbulent flow,
explaining the relationship between velocity and associated shear. The Reynolds number is as

follows:

Re =-f%[5]

In this equation, p represents density, V represents velocity, D represents diameter, and p
represents bulk viscosity. It is important to ensure laminar flow of cells during our experiment, as
if a proper laminar flow is not kept, then the proportionality of shear stress and flow rate cannot

be correctly quantified [35].

Bernoulli’s Principle describes the relation between pressure, velocity, and density in regard to

flow. Bernoulli’s Principle is as follows:
P, +%DV12 + pgh, =P, + %Pvz2 + pgh, [6]

In this equation, P, V, and p represents the pressure, velocity, and density of the fluid,
respectively. g is acceleration due to gravity. Bernouilli’s Principle is a key component of cell
flow analysis, as Bernoulli’s Principle takes into consideration the changing cross-sectional areas
and enables a complete understanding of the flow type that cells are experiencing as well as the
pressure differences associated with changing cross-sectional areas [35]. This is especially
important to our project due to the changing cross-sectional areas associated with the

microneedle design.

1.5 Project Proposal

In order to create a soft biosensor that can be used as a prescreening tool to analyze
hydrodynamic stress before scaleup, SolidWorks will be used to redesign the wound healing
microneedle array to induce more hydrodynamic stress. This involves reducing the number of
microneedles in the array, and increasing the scale of the device in order to extrude larger

capsules.



Once the device has been fabricated using SLA, encapsulated cells will be extruded through the
soft biosensor. Cell viability will be determined by categorical scoring and by using a lactate
dehydrogenase (LDH) cytotoxicity assay. The process of extrusion and analysis of viability
create a loop system (Figure 4) which will be repeated until the cells have died. The number of
extrusion loops will then be correlated to cell viability by quantifying the hydrodynamic stress
experienced by CHO cells. Finally, we will compare the published hydrodynamic shear values in

industrial bioreactors to the shear stress measured in our experimental setup to verify our device.

| S — R

VY T
1

—

Cell Flow analysis for shear
stress and viability

Figure 4. Diagram of extrusion loop workflow.

1.6 Importance

Overall, this project is important because our soft biosensor can be used to analyze the shear
stress that microencapsulated CHO cells experience and apply this to high throughput screening
applications. There is a need for large scale production of monoclonal antibodies to treat diseases
such as cancer and Covid-19. Monoclonal antibody-based immunotherapy is a major component
of cancer therapy, as these antibodies directly target tumor cells and promote continued
anti-tumor immune responses [36]. Additionally, monoclonal antibodies such as bamlanivimab,
etesevimab, casirivimab, imdevimab, and sotrovimab are being used to treat Covid-19 infection
[37],[38],[39]. By measuring and understanding the hydrodynamic stress experienced by the
encapsulated cells before each scaleup step, therapeutics such as monoclonal antibodies can be

produced more efficiently, lowering the cost of these important drugs.



1.7 Project Aims
Our current aims for this project are the following:
1.  Translate the design of the custom hollow microneedle array from a wound healing
application to a high throughput scalable bioprocessing application.
2. Correlate the number of extrusion loops to cell viability by quantifying the hydrodynamic

shear experienced by CHO cells.
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Chapter 2: System Level

2.1 System Level Overview
The current design of the soft biosensors device is composed of two main parts: one containing

the array of hollow microneedles, and the other consisting of a fluid chamber.

2.1.1 Simulation

COMSOL Multiphysics 5.6 was used to simulate the flow through the original wound healing
microneedle array. Figure 5 shows that a very slow flow rate was needed in order for
encapsulated cells to pass through all 13 microneedles. When the flow rate is increased, the flow
is focused in the center of the array. Inducing shear involves higher flow rates, so this
information prompted the creation of a 5 microneedle array for our soft biosensor device. In this

design, the needles were enlarged and focused around the center of the array.

Therapeutic velocity
V,=1.6 e-4 m/s

Bioprocessing
Velocity
V,=1.6 e-2 m/s

Figure 5. Comparison of therapeutic velocity and bioprocessing velocity through the wound

healing microneedle array.
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Our first simulation of flow was through a microneedle array in which the enlarged microneedles
were placed inside the device. This was a precaution to ensure structural integrity and stability of
the larger microneedles, as we worried that the heat from the 3D printer would cause the exposed
microneedles to melt. In Figure 6, the hydrodynamic stress is 2 Pa, which is larger than the
previous value of 1 Pa from the wound healing design. Additionally, we can see that the surface

Reynolds Number is 35, which is in the laminar flow region.

L BEER G S (S 6-RY ~25- @ @Ie@@B T aqa-E L- ki - B FIAEBDG- @8 Qaa-@L- @Oo-@8
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Figure 7. SolidWorks representation of soft biosensor with microneedles inside device.

For our second simulation of flow, the enlarged microneedles were placed on the outside of the
device. This simulation (Figure 8) shows that the hydrodynamic stress has a maximum of 3.5 Pa,
which is larger than the values associated with our first design. Additionally, the new design has

a surface Reynolds Number of 350, which is an order of magnitude larger than the Reynold’s

12



number value from our first design. This was our most successful design, as it induced the most

shear and had the highest surface Reynolds number.
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Figure 8. Simulation of flow through new microneedle array design.

2.1.2 Soft Biosensor Design

The bottom component of the device (Figure 9) is a circular surface with a diameter of 28.5 mm
and a thickness of 4.72 mm. An array of 5 conical-shaped hollow microneedles are organized in
a circular pattern on this surface. The dimensions of the cones are: 3 mm in height, a base
diameter of 1.6 mm, and a tip diameter of 0.8 mm. These larger dimensions allow for larger
microcapsules to pass through the needle and induce more shear. Additionally, the wall thickness
was increased to 0.12 mm so that the longer microneedles were stable and secure after being 3D
printed. This design can be scaled when 3D printing, which allows for this design to
accommodate a variety of microcapsule sizes.

P
95 0.8 mm 0.12mm

/

4.72 mm
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Figure 9. SolidWorks design of microneedle and microneedle array with dimensions.

Figure 10. SolidWorks representation and 3D printed soft biosensor device.

2.2 System Level Requirements

Our system must be effective in inducing shear. This is the reason for our design change, as the
larger needles resulted in higher values of hydrodynamic shear and surface Reynold’s number,
with the needles focused in the center of the device to allow for higher flow rates. Additionally, it
is important that our device does not clog so that the encapsulated cells can be properly extruded

and analyzed.

2.2.1 Benchmarking Results

No studies so far have used a hollow microneedles system as a prescreening tool for shear
analysis. Our procedure will use lactate dehydrogenase as an indicator of shear. One study uses a
droplet based microfluidic screening platform as a way to detect lactate dehydrogenase, and in
turn shear stress [40]. This study involves using a screening assay and fluorescence to detect the
levels of lactate dehydrogenase in encapsulated cells. Another study used chambers to augment
and refine microfluidic devices to provide the opportunity to apply homogeneous shear stress to
cells [41]. This study attempts to design an in-vitro device that can be used to apply

physiologically relevant mechanical stress to a line of intestinal epithelial cells. The main

14



purpose behind their device was to induce differentiation for cells with the use of shear stress.
This study exemplifies another method for introducing shear stress to cells in order to measure
various components of cellular activity, which connects to the main objective of our project with

similarities in inducing shear stress and analyzing cells.

In terms of analyzing hydrodynamic stress, one study created an aggregate breakup system,
using contracting nozzles to convert the measured aggregate sizes into hydrodynamic stress [7].
The study found that the measured values of hydrodynamic stress agreed with literature data,
supporting the applicability of their method to characterize the maximum effective
hydrodynamic stress in complicated multiphase flow [7]. After further work, the same group
developed a loop system to evaluate the maximum operating range for stirring, based on a
maximum tolerable hydrodynamic stress in a bioreactor [8]. This study showed for the first time
a validation study for a scale-down model, with their system allowing for a better understanding
of the scaling process in bioreactors. While these studies analyze hydrodynamic stress during the
scaleup process, no other study has attempted to use a 3D printed microneedle array, a low cost

and accessible device, to analyze shear stress, making our approach a novel concept.

2.2.2 Functional Analysis
Our soft biosensor needs to execute the following functions:
e Allow for extrusion of 3 mm capsules
e Withstand multiple cycles of encapsulated cell extrusion

e Induce values of hydrodynamic shear that can be quantified

2.3 Team and Project Management

Our team is composed of two student members and our advisor. We maintained regular
communication since the founding of our group and project, scheduling weekly meetings to
discuss progress and next steps. All documents, such as literature search, photos, written work,
and data analysis were uploaded to our shared Google Drive folder. Both group members are

trained in Solidworks trained to work with mammalian cells.

15



2.3.1 Timeline

Table 2. 2021-2022 Project Timeline.

Fall 2021

Winter 2022

Spring 2022

e Literature research

e Define our problem

e Establish

roles/execution plan

e Begin capsule fabrication

e Finalize device design

e Make functioning
prototype

e Begin cell encapsulation
and viability testing

e Complete testing

e Create Senior Design
Presentation

e Write final thesis

2.3.2 Risks and Mitigation

A risk in our approach involves shrinkage occurring during 3D printing, as resin can shrink upon

polymerization [42]. Because our soft biosensor consists of a top and bottom part that are glued

together, shrinkage prevents the parts from fitting together properly. This can be mitigated by

adjusting the dimensions of the bottom component and reprinting the part, as the design is

flexible and can be edited in SolidWorks.

16




Chapter 3: Subsystems Levels

Bioprocessing
development constraint

300 um - 3 mm
Design microneedle and Optimize capsule size:
array using CAD/CAM to fit atomization or drop

bioprocessing constraint method

l

Reassess encapsulation -
process

CHO cells

[y

l

Extrude encapsulated cells
through new microneedle and
array design

Verify hydrodynamic
shear values using
CAD/CAM

Perform LDH
cytotoxicity test

Are the encapsulated
cells viable?

Figure 11. Subsystems flow chart.

3.1 Materials

In order to properly complete our project we needed an extensive list of materials. Our materials
for this project include: Alginic Acid Sodium Salt from Brown Algae, Sodium Chloride, and
Calcium Chloride Dihydrate were all obtained from Sigma Aldrich. Our Lactate Dehydrogenase
(LDH) Cytotoxicity Assay was obtained from Thermo Fisher Scientific. The CHO cells,
NE-1000 Channel Programmable Syringe Pump, coaxial needles, and sterile filters were all

provided to us by the Santa Clara University Bioengineering Department.

3.2 Methods

3.2.1 Computation

Through computation, we were able to simulate and construct our adjustable and specified
microneedle to fit the dimensions needed for properly experienced shear stress. Simulations were
performed using COMSOL Multiphysics 5.6. These simulations mimicked flow rates through
the microneedle, which allowed for the detection of proper and equal flow through each of the
microneedles in our design, as well as a preview of the shear stress experienced by the material
flowing through the microneedle at any given flow rate. Construction of the microneedle was
done using SolidWorks. SolidWorks enabled a manipulative format for constructing the

microneedle, allowing our microneedle to be flexible and easily adjusted.
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3.2.2 Steam Sterilization

When working with cells, all of the materials used need to be properly sterilized to prevent any
type of contamination during experimentation. In order to properly sterilize all of the materials,
we used an autoclave. An autoclave is a machine that uses high temperatures and pressure to kill
microorganisms and spores. The materials undergoing the sterilization included the alginate
polymer, syringes, needles and solutions. Once autoclaved, the materials were safe to use for

experimentation with the CHO cells.

3.2.3 Alginate Polymerization

The encapsulation of the CHO cells in the 3% alginate solution could only occur if the alginate is
properly polymerized. In order to polymerize the alginate, we dropped the capsules into a 1.5%
CaCl, solution. The CaCl, solution ionically interacted with the alginate, polymerizing it during
the encapsulation process. Without this step, the capsules would not be able to take the spherical
shape we needed in order to perform further analysis for cellular viability. Figure 12, below,
shows how the CaCl, interacted with the alginate to polymerize it during the encapsulation

process.

Figure 12. The polymerization of alginate through ionic interaction with the 1.5% CaCl,

solution.
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3.2.4 Light Microscopy

Light microscopy was used in parallel with the cytotoxicity assay as a way to visualize the CHO
cells as they underwent encapsulation and viability testing. The specific microscope we used was
the Leica DMI6000 B light microscope. Microscopy ensured the quality of our capsules in
regard to shape and size, as well as the viability of the cells in terms of cell count and cell size. In

addition, the microscope was capable of capturing images of our capsules and cells.

Figure 13. Leica DMI6000 B light microscope.

3.2.5 LDH Cytotoxicity Assay

This assay allows for measurement of cellular viability through an indirect measurement of
extracellular LDH [43]. Extracellular LDH has been proven to be an adequate evaluation of
cellular viability because the presence of extracellular LDH indicates a disruption in the
membrane of the cell [44]. The direct measurement done by the assay is to measure the amount
of red formazan formed. Red formazan is coupled with the LDH reaction, so the amount of red

formazan directly correlates to the amount of extracellular LDH present.
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Figure 14 shows the mechanism behind the cytotoxicity assay. Initially pyruvate reacts with
LDH forming lactate and NAD"[45]. The NAD" then reacts with a different enzyme, diaphorase,
which reacts with the tetrazolium salt to form red formazan, the molecule that can be analyzed

through absorbance in spectrophotometry.

5 Pyruvate
- o)‘\n/
0}

NADH

Diaphorase

LDH NAD+ 7—> Red Formazan

Tetrozanium Salt

o Lactate

_O)H/
OH

Figure 14. LDH cytotoxicity assay mechanism.

3.2.6 Statistical Analysis

The resulting absorbances from the cytotoxicity assays gave quantitative data for the viabilities
of the cells. In order to analyze these values through a statistical analysis, we used a two sample
correlated t-test on VassarStats [46]. Detecting any significant differences of the absorbance

values between the three day testing period of the cytotoxicity assay was done using equations 7,

8,9,10and 11.
ns d — (2 d)’
S — n n
d '\/ o [7]

d = X, —X, [8]
X, is the first dataset

X, is the second dataset
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i=%- % o
4

=7 [10]

df =n — 1[11]

These equations allowed us a way to analyze p-values between absorbance from the three day

testing period, securing our conclusion of significant differences in cellular viability.
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Chapter 4: System Tests, Integration and Results

4.1 Experimental Procedures

4.1.1 Alginate Preparation
The hydrogel system is made up of brown algae mixed with 0.9% sodium chloride (NaCl) to
make a 3% alginate solution. This solution would take 24 hours to make, needing constant

mixture from a magnetic spinner between 400 - 500 rpm.

4.1.2 Cell Preparation
Cell preparation is needed to remove CHO cells from the culture plate so they can be added to

alginate. The below protocol is for 100 mm plates.

Solutions used: cell media (DMEM + 1% FBS), Trypsin, PBS
Notice: Any materials that enter the hood will be sprayed with 70% EtOH. This includes cell

plates, pipettes, solutions, hands, etc.

Warm the cell media, trypsin, and PBS in a 37°C water bath for 10 minutes.
Aspirate cell media from the plate.

Add 2 mL of trypsin to the plate. Incubate at 37°C for 5 minutes.

L bdh o=

Return plate to the hood. Add 5 mL cell media to the plate. Pipette up and down to ensure

all cells are removed from the plate.

5. Transfer contents of plate to a 15 mL conical centrifuge tube using a serological pipette
and pipette controller.

6. Centrifuge at 3000 RPM for 1 minute.

7. Aspirate and resuspend pellet in 0.5 mL PBS.

4.1.3 Polyelectrolyte Complexation
Cell encapsulation includes encapsulating CHO cells in spherical 3% Brown Algae capsules.
This process begins with the addition of the 500 mL pellet to 3 mL of the alginate, mixing this

solution for 10 minutes. The alginate and CHO cell solution are then added to a 3 mL syringe
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with a coaxial needle (Figure 15). The filled syringe and needle are secured to an NE-1000
Channel Programmable Syringe Pump, which allows for constant flow of the alginate and CHO
cell solution through the syringe and coaxial needle. The syringe pump was set to run at a liquid
flow rate of 1.0 mL/min. In addition to the pump, an air source would be connected to the
coaxial needle, creating an air flow rate of 2.0 mL/min. The air source served as a way to cut the
alginate inside of the needle allowing for the spherical capsules to form. As the alginate and
CHO cell solutions moved through the needle, capsules were dropped into a 1.5% Calcium
Chloride (CaCl,) solution, where they sat for 20 minutes to crosslink. A standard needle was

used to create 3 mm capsules (Figure 16).

Figure 15. Coaxial needle used to create 1 mm alginate capsules.

Figure 16. Standard needle used to create 3 mm alginate capsules.
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4.1.4 LDH Cytotoxicity Assay

In order to perform the cytotoxicity assay, one capsule filled with cells was placed into each of 3
wells of a 96-well plate. PBS was added to 3 different wells as a negative control condition. The
premade reaction mixture from the assay kit is added to the 6 wells, then the capsules and
negative control incubate at 37 °C for 15 minutes. After 15 minutes, a stop solution from the
assay kit is added to each well to halt any further LDH reactions. After the stop solution was
added, the 96-well plate is placed into a spectrophotometer to record the absorbance values
between 490 nm and 680 nm. Absorbance values quantified the amount of extracellular LDH

present, which could then be used to determine the viability of the cells.

4.1.5 3D Printing

SLA was used to fabricate the soft biosensor device. The device was printed at 2x scale of the
original file to accommodate the extrusion of larger capsules. After the part was 3D printed, it
was washed in alcohol for 10 minutes, rinsed in DI water for 30 minutes, and UV cured for 5

minutes, but there is still room for this protocol to be optimized.

4.1.6 Compression Testing
Compression testing was completed to determine the mechanical strength of the 3mm capsules. 4
different conditions were tested:

1. Alginate capsules in saline at room temperature

2. Alginate capsules in saline at 37 °C

3. Alginate capsules in cell media at room temperature

4

. Alginate capsules in cell media at 37 °C

Compression tests were performed using the BioMomentum Mach-1 Mechanical Testing
System. First, the Find Contact function was used to position the 12.2mm diameter flat indenter.

The conditions used are listed below:
Contact Criteria, gf: 1.500000

Stage Velocity, mm/s: 0.2000
Stage Limit, mm: 10.0000
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Stage Repositioning: Stop Criteria + Offset
Offset, mm: 0.2000

Then, the Move Relative function was used to compress the capsules by 1.0 mm (33%) at a

velocity of 0.5 mm/s. Microsoft Excel was used to analyze the compression data.
4.2 Results and Discussion

4.2.1 Printing Quality

Various dimension tests were performed to obtain the correct measurements so that our
microneedles can withstand extrusion. Our original microneedle design had the same wall
thickness as the 2018 design [9], an outer diameter D = 1.75 mm, and an inner diameter d = 0.70
mm. Figure 17a shows this design after 3D printing. These needles were extremely weak and
flimsy, collapsing because the original wall thickness could not support the microneedles after

3D printing.

Therefore, we continued to redesign the microneedle until we found two dimensions that would
be able to withstand the process of being 3D printed. Figure 17b has a wall thickness of 0.10
mm, D =1.63 mm, and d = 0.60 mm. Figure 17c has a wall thickness of 0.12 mm, D = 1.6 mm,
and d = 0.80 mm. Figure 17c is the final design, as the larger tip opening allows for larger

capsules to be extruded and can induce more shear as compared to the design seen in Figure 17b.

(a) (b)
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Figure 17a, b, c. Dimension tests of microneedle array. (a) Original wall thickness, outer
diameter D = 1.75 mm, inner diameter d = 0.70 mm. (b) 0.10 mm wall thickness, D = 1.63 mm,
d = 0.60 mm. (¢) 0.12 mm wall thickness, D = 1.6 mm, d = 0.80 mm.

Table 3. Summary of Microneedle Revisions.

Design Needle Height | Needle Needle Base Needle Tip
Thickness Diameter Diameter
1 3 mm Original 1.75 mm 0.70 mm
2 3 mm 0.10 mm 1.63 mm 0.60 mm
3 3 mm 0.12 mm 1.60 mm 0.80 mm
4.2.2 Cell Encapsulation

Figure 18 is a 1 mm alginate capsule with CHO cells. This capsule is more ideal for the previous

wound healing application, therefore we redesigned the capsule itself to be much bigger at 3 mm

in diameter (Figure 19). This larger size is much better for the high throughput bioprocessing

application, as the larger size increases the hydrodynamic stress experienced during extrusion,

more properly mimicking activity in industrial bioreactors.

Figure 18. ~1 mm alginate microcapsules with cells. Image taken at 10x magnification.
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2.5x

Figure 19. ~3 mm alginate empty microcapsules. Image taken at 2.5x magnification.

4.2.3 100% Confluency Experiments

In this experiment, the cell culture plate was 60% confluent prior to cell encapsulation.

4.2.3.1 Categorical Scoring of Viability

We assessed cell viability over a 3 day period. Cell viability can be categorically assessed by
observing the increase or decrease in spheroid moieties throughout the capsule. Beginning on
Day 0, Figure 20a shows alginate capsules containing the cells on the day of encapsulation.
Figure 20b shows the capsules 1 day after encapsulation. The capsule has increased in size
because of the absorption of cell media. The cells have also increased in size, meaning they are
alive and maintaining cellular function. This trend continues on Day 2 (Figure 20c), as the
capsules have increased in size and the cells multiplied within the capsule. However, on Day 3
(Figure 20d), there is a decrease in the number of spheroid moieties in the capsule, indicating cell
death. Additionally, the color of the image changes, which was caused by the yellowing of
media, another indicator that the cells have died. We believe the cells died due to a lack of

nutrients that was caused by too much cell growth in the capsule.
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Figures 20a, b, c, d. Viability of encapsulated cells over 3 days (100% confluency). All images
taken at 10x magnification. (a) Encapsulated cells on Day 0 (day of encapsulation). (b)
Encapsulated cells on Day 1. (¢) Encapsulated cells on Day 2. (d) Encapsulated cells on Day 3.

4.2.3.2 Cytotoxicity Assay

Cell viability is also determined using a cytotoxicity assay. Figure 21 shows LDH activity over
the 3 day period. When looking at the average absorbance values, samples 2 and 3, as well as 1
and 3 have shown to be significantly different, resulting in a p-value of less than 0.001 from a
t-test on VassarStats [46]. This indicated an increase in cell death on the third day as compared to
the first and second days. This was in line with our results determined by visualizing our

samples.

28



p <0.001

p < 0.001 |

025 — |
0.20 -
0.15 -
0.10 -

0.05 —

Average Absorbance 490-680 n(nm)

Day

Figure 21. Average LDH activity over a 3 day period (100% confluency).

4.2.4 60% Confluency Experiments

After the encapsulated cells died on Day 3 of our previous cytotoxicity test, we performed
another cytotoxicity test on encapsulated cells over a 3 day period. In this experiment, the cell
culture plate was 60% confluent prior to cell encapsulation. We hoped that a less confluent plate

would allow for cell survival up to Day 3.

4.2.4.1 Categorical Scoring of Viability

Beginning on Day 0, Figure 22a shows alginate capsules containing the cells on the day of
encapsulation. Figure 22b shows the capsules 1 Day after encapsulation. The capsule has
increased in size because of the absorption of cell media. The cells have also increased in size,
meaning they are alive and maintaining cellular function. This trend continues on Day 2 (Figure
22c¢), as the capsules have increased in size and the cells multiplied within the capsule. On Day 3
(Figure 22d), showed a lack of spheroid moieties demonstrating a decrease in viability for the
encapsulated cells . However, visually analyzing cell viability is more difficult with larger

capsules, as the larger diameter makes it difficult to view inside the capsule.
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Figures 22a, b, c, d. Viability of encapsulated cells over 3 days (60% confluency). All images
taken at 2.5x magnification. (a) Encapsulated cells on Day 0 (day of encapsulation). (b)
Encapsulated cells on Day 1. (¢) Encapsulated cells on Day 2. (d) Encapsulated cells on Day 3.

4.2.4.2 Cytotoxicity Testing

A second test on cell viability was also performed for a 3 day period, similar to the previous one.
However, in this test, the cell culture plate was 60% confluent prior to cell encapsulation. In this
cytotoxicity test, we again found a significant difference between the absorbance values on days
1 and 3 as well as Days 2 and 3 (Figure 23). The p-values between these days were both p <
0.05. The significance difference was calculated using the same t-test on VassarStats as
previously mentioned. We expected the cells to die after dividing and increasing in size in the
alginate capsules, lessening the amount of nutrients available, however, we hoped the less

confluent plate would have survived through Day 3.
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Figure 23. Average LDH activity over a 3 day period (60% confluency).

4.2.5 Compression Testing

Figures 24a, b, ¢, and d show the stress vs. strain graph of alginate capsules in saline at room
temperature, alginate capsules in saline 37 °C, alginate capsules in cell media at room
temperature, and alginate capsules in cell media at 37 °C, respectively. The elastic region of the

stress vs. strain curve is defined by Hooke’s Law:

6 = Ee[l12]

The capsules in saline at room temperature have the highest Young’s Modulus of 13.333 kPa.
The capsules in cell media at 37 °C have the lowest Young’s Modulus of 3.500 kPa. Because our
capsules contain cells, they are placed in cell media at 37 °C for the cells to stay alive. This
condition creates the softest capsules, which is important to note because the capsules must stay
intact during extrusion. However, studies show that the average Young’s modulus for 3 mm
alginate beads ranged between 25-35 kPa [47]. In this way, this test must be repeated in order to

determine the magnitude of the Young’s Modulus.
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Figures 24a, b, ¢, d. Stress strain curves of alginate capsules in saline or cell media at room

temperature (25 °C) or 37 °C. (a) Alginate capsules in saline at room temperature. (b) Alginate

capsules in saline 37 °C. (¢) Alginate capsules in cell media at room temperature. (d) Alginate

capsules in cell media at 37 °C.

Table 4. Young’s Modulus of Alginate Capsules.

Esline, 25 °c 13.333 kPa
Esaline, 37°c 8.333 kPa
Ephysiologicat, 25 o 8.000 kPa
Ephysiotogical, 37 °C 3.500 kPa
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Chapter 5: Cost Analysis

Table 5. Materials List and Costs.

Category Materials Vendor Price
Encapsulation | Needles (custom x2) [ N/A Provided by SoE
Encapsulation | Syringe Pump New Era Pump Provided by SoE
Systems
Encapsulation | 3 mL BD BD $22.59
Luer-Lok™ Syringe
sterile, single use
Encapsulation | Algae, Sodium Sigma Aldrich Provided by SoE
Chloride, Calcium
Chloride
Cell Culture CHO Cell line and Department of Provided by BioE
cell culture materials | Bioengineering department (Zhang lab)
Viability LDH Cytotoxicity Thermo Fisher $441
Assay Kit
Viability 96 Well Non-treated | CELLTREAT $178.06
Plate with Lid,
Individual, Sterile
General 100 um Sterile Cell | Thermo Fisher Provided by SoE
Materials Filters Strainers (2
boxes)
General Micropipette Tips United Scientific $58.55
Materials Supplies
General Sodium Sigma Aldrich $52.99
Materials carboxymethyl
cellulose
Shipping N/A N/A $240.71
TOTAL $993.90

Our Project stayed within the budget of $1,000.
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Table 6. Cost of Device.

Item Cost
3D Printed Soft Biosensor $12
Syringes $1.13
TOTAL $13.13
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Chapter 6: Professional Issues and Constraints

6.1 Economic

From an economical standpoint, our project’s purpose is to lessen the economic burden of the
current industry bioreactors. If our system successfully maximizes cellular viability while the
CHO cells undergo hydrodynamic shear stress, then there is potential for our system to be
scaled-up to mimic large-scale bioreactors. Today, current bioreactors have been proven to cause
cells to undergo an abundance of hydrodynamic shear stress causing a large amount of the cells
within the bioreactors to undergo apoptosis or necrosis [48][49]. This is a huge waste of the
biomaterials within the bioreactor, which accounts for the economic burden of current
bioreactors. Our project offers the potential to lessen this burden and allow for an increase in
biomaterial within bioreactors which then increases the amount of medical treatments

manufactured for the population.

6.2 Health and Safety

Public health and safety needs to be a primary concern, especially when working with factors
that can enable an increase of supply for varying medical treatments. This is even more
important considering how COVID-19 has impacted the world, prompting the rapid production
of large quantities of monoclonal antibodies to treat this epidemic. Monoclonal antibodies are
also a significant aspect of cancer treatment. Therefore, we see that our project takes into
consideration the importance of health and safety for the greater population throughout the

world.

6.3 Manufacturability

The potential manufacturability of our project can prove to have some problems, just due to the
prototypical aspects of our project at this stage. The system of the project would need to be
further developed in order for manufacturability to increase. The system that we created is still
within its early stages with regard to 3D printing, the process of cellular encapsulation and
extrusion and viability testing through the cytotoxicity assay. As these aspects of the project are
optimized our project would move more toward an increased ability of being manufactured at a

large-scale.
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6.4 Environmental Impact

As previously mentioned, the bioreactors seen today in the industry illustrate an abundance of
hydrodynamic stress to cells, which increase the amount of apoptosis and necrosis of these cells.
This results in a large amount of biological waste throughout the industry. This biological waste
can have adverse effects on the environment because of the disposing of this waste. Lessening
the amount of biological waste seen around the industry is a part of our project that would
provide a positive impact to the environment. Another aspect of the project that contributes to the
environment would be the water soluble chemistry related to the project. The disposal of the
materials used in our project, such as sodium alginate, can be done through water solubility [50],

having another positive impact on the environment.

6.5 Usability

Our microneedle system has been designed in a way that allows flexibility for varying
applications. The microneedle design through the SolidWorks computation is readily available
for changes in structures and design. Throughout our project we were able to manipulate the
structures, widths, array layout, and heights of the microneedles at our discretion as we ran into
various problems. However, this aspect is not only for troubleshooting, it also serves to add
flexibility to the design of the microneedles associated with our system. This opens the door for
other types of analysis in our system, including compression, cell-adhesion, temperature and pH

analyses.
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Chapter 7: Summary and Conclusions

7.1 Summary

The main objective of our project is to mimic the conditions experienced by industrial
bioreactors by using a microneedle array system to create a soft biosensor. This device allows for
the detection of shear stress experienced by cells within industrial bioreactors, and in doing this,
we can maximize cellular viability for the cells experiencing the shear stress. Maximizing
cellular viability in these high shear stress environments can have tremendous impact on the
bioindustry by saving biomaterial used in bioreactors and increasing the production of various

medical treatments such as cellular treatments, or monoclonal antibody production.

To begin our project, we first needed to develop a microneedle design that allowed for an
adequate amount of experienced shear stress for the cells being extruded. We used SolidWorks to
develop this design from the previously established custom microneedle system of the 2018
Senior Design Project “Three-Dimensional (3D) Printed Microneedles for Microencapsulated
Cell Extrusion.” Our design changes included increasing the size of the microneedles in terms of
height, diameter, and thickness. We also change the array arrangement of the needles on the part
from a 13 needle design to a 5 needle design. These changes allowed for an increase in shear
stress to the cells being extruded, which is exactly what we needed to maximize cellular viability
in the presence of shear stress. We were able to ensure the increased shear stress experienced
during extrusion from the microneedle by simulating flow through a microneedle in COMSOL

5.6.

The next step for our project was polyelectrolyte complexation. This included encapsulating the
CHO cells into a 3% alginate solution using an NE-1000 Channel Programmable Syringe Pump.
This entire process required complete sterilization in order to prevent any type of contamination
for the CHO cells. Sterilization was done by autoclaving each of the materials that would come
into contact with the cells, including the alginate polymer, syringes, needles, glassware and
solutions. Once the materials were properly sterilized, the cells were prepared using various
techniques involving trypsinization and centrifugation. The cells were then added to 3 mL of

alginate solution and mixed for 10 minutes. Once entirely mixed, the alginate solution would be
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added to a 3 mL syringe connected to a coaxial needle, and the syringe would be placed in the
syringe pump. The pump would then continually pump the alginate out of the syringe at a
constant flow rate, allowing for spherical capsules to be formed. Cell filled alginate capsules
were dropped from the syringe into a 1.5% CaCl, solution. The CaCl, solution polymerized the
alginate, causing the capsules to gain robustness and sturdiness to maintain their spherical

shapes.

Once the cells were encapsulated into alginate, we would begin our testing process of the cellular
viability of the cells within the alginate. Upon encapsulation, light microscopy was used to
visualize the cells. After 1, 2 and 3 days a cytotoxicity assay was performed to test the viability
of the cells. Light microscopy allowed for the visualization of the cells and capsules to ensure the
capsules were the correct size and shape, and that the cells were alive, dividing and growing.
However, visualization was a quality check, whereas the cytotoxicity assay offered a more
concrete quantity check by numerically evaluating the viability of the cells through absorbance
values using a spectrophotometer. After the 3 day cytotoxicity assay analysis, the cells were
properly disposed of through a series of bleaching and disposing into biohazardous waste

containers.

7.2 Conclusion

In conclusion, we were able to successfully build the foundation of a prescreening system that
enables further analysis of the effects of shear stress experienced by cells in industrial
bioreactors. We developed a new microneedle structure, encapsulated cells in alginate, and tested
the viability of the encapsulated cells. The microneedle design that we developed through 3D
printing allowed for extensive analysis of the shear stress experienced by the encapsulated CHO
cells when undergoing extrusion through the microneedle. This was proven through simulations
done with COMSOL 5.6, showing the shear stress to be increased 3.5 times more than the
previous microneedle design as well as an increase in the Reynolds number to 350. CHO cells
were encapsulated in 3% algainte to create 3 mm capsules for extrusion through the soft
biosensor, a size we found to adequately induce the proper amount of shear stress through an
extrusion. The previous capsules were sized in the 1 mm range, and these were too small for our

newer, and larger microneedle. A LDH cytotoxicity assay was used to analyze the viability of the
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cells over a 3 day period following encapsulation. The results showed cell death to occur on day
3 with a p <0.001 confidence (100% confluency) and p < 0.05 (60% confluency). Visualization
of the encapsulated cells through light microscopy coincided with our cytotoxicity assay results
with categorical analysis of the viability of the cells during this 3 day testing period. Finally,
compression testing was performed on the 3 mm capsules to test their mechanical strength. The
capsules Young’s Modulus was found to be 2.7342 kPa. Overall, our device has the ability to
induce shear stress with potential scalable opportunities, allowing for flexibility and

manipulation for future work.

7.3 Future Work

Looking into the future, there can be many different approaches to optimizing our soft biosensor
device. The varying methods have yet to be completely optimized, as cellular encapsulation and
extrusion can be further developed into a more efficient and manufacturable system. Also, the
3D printing of the microneedle can also be optimized for large-scale production. Although our
system has been developed to specifically analyze hydrodynamic shear stress, there are other
potential applications that can be considered for analysis. For example, our project has the
potential to expand to the analysis of compression, cell-adhesion, temperature and pH. Each of
which have contributing factors to the usability of industrial bioreactors for development of
varying medical treatments, including cellular treatments, antibody treatments and
pharmaceutical treatments. We hope the future of our project dives into these potential
applications in addition to a complete optimization of hydrodynamic shear stress experienced

within bioreactors.
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Chapter 9: Appendix

9.1 Cytotoxicity Assay Ladder

Before using the LDH cytotoxicity assay to test the viability of our encapsulated cells, we
performed a ladder to practice using the assay (and determine the optimum cell count for the
assay?). Figure 25 shows the setup of our experiment. The top row is the ladder, with the cell
concentration decreasing from left well to right well. The middle row is a negative control
(PBS), and the bottom row is the positive control (provided by the assay kit). Analyzing the
absorbance values (Figure 26) shows us that the well with the highest concentration of cells have

the most cell death, which is expected.

Figure 25. Cytotoxicity assay ladder setup. Top row: Ladder (concentration of cells from right
well to left well: ladder (300 uL, 150 uL, 75 uL, 35 uL). Middle row: Negative control.

Bottom row: Positive control.
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Figure 26. Plot of absorbance vs. cell count (to be replicated).
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