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Efficient methods to expand stem cells ex vivo hold significant promise in many clinical
applications. For example, hematological malignancies account for nearly 10% of cancer
related deaths in the United States of America and frequently require a transplant to
successfully treat the disease. Ex vivo expanded hematopoietic stem cells (HSCs) could
help narrow treatment gaps; however, generating viable dosages of HSCs currently fall
short of expectations with difficulties in expanding HSCs and the loss of cellular
multipotency. Coculture with mesenchymal stem cells (MSCs) aims to provide the
necessary intercellular signaling to counteract monoculture deficiencies. Typically,

achieving these and other clinical goals have relied on 2D polystyrene (PS) as the



fundamental substrate for cell culture. With the emergence of 3D printing, improved
biomimicry with 3D culture models are becoming widely available. In this dissertation,
we develop a 3D PS culture substrate for adherent and non-adherent cells, working
towards a model for the bone marrow niche. To achieve this goal, the objectives of the
work were to: (1) develop a 3D printing method for PS and surface functionalization
strategy to facilitate extracellular matrix protein and MSC adhesion, (2) assess the effects
of the underlying surface functionality on osteogenic differentiation under static and
dynamic conditions, and (3) validate the culture model successfully cultures multiple cell
types with a model non-adherent cell line, demonstrating validity and translatability as a
bone marrow niche model. In converting PS from a 2D culture platform to a 3D printed
one, we take steps to increase the biomimicry of in vitro cell culture without sacrificing
fundamental PS properties (e.g. optical clarity, cost-effectiveness, disposability).
Continued development and of the model would see an efficient method for studying the

complex bone marrow niche with applications in pharmacology and cancer diagnostics.
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Chapter 1: Introduction to Stem Cells Culture and Clinical
Motivation

As of 2014, leukemia and non-Hodgkin lymphoma represent two of the top ten leading
causes of cancer-related deaths in the United States of America.! Patients suffering from
these and other hematological malignancies often undergo treatment with a transplant
based therapy, provided a satisfactorily matched donor is found. Both human
mesenchymal stem cells (hMSCs) and hematopoietic stem cells (HSCs) have clinical
applications in treating hematological cancers.”* However, these cells are scarce in
donated tissues: hMSCs are estimated to account for up to 0.01% of the cells isolated
from bone marrow* and approximately 10’ HSCs are present in a unit of umbilical cord
blood®. However, to successfully transplant these cell populations, often at least 10°
cells/kg of body weight are needed, potentially relegating traditional umbilical cord blood
or bone marrow donations to young people.®’ Additionally, these potentially life-saving
therapies often remain out of reach for patients of non-European ancestry, who may have
as low as a 1% chance of finding an ideal donor.® To achieve clinical and research
objectives, these cells may require expansion ex vivo.” Treatment of hematological
disorders could serve with an efficient means of expanding cell populations ex vivo,
potentially eliminating the need for perfectly matched donors or facilitating autologous

donation, providing access to life changing therapies to people of all ages and races.

More than 1000 active clinical trials and thousands of published papers on the tissue

engineering potential of hMSCs and HSCs demonstrates the active interest in these



populations.'® Where hMSCs can differentiate into cells across the mesoderm (e.g.
cartilage, fat, and bone)!'! and HSCs support hematopoiesis,'? together they interact
within the bone marrow niche to facilitate regenerating tissues.'* The coculture of hMSCs
and HSCs likely increases the functionality and number of HSCs by providing necessary
intercellular signaling.>!* Without the proper signaling, HSCs lose their self-renewal
characteristics, diminishing their clinical applicability.”>"!” As well, co-transplantation of
hMSCs and HSCs may aid in preventing graft versus host disease by modulating host

immune response and promoting transplant engraftment.'®

A significant need exists to
develop hMSC and HSC based therapies to combat cancer incidence. However,
expanding these populations ex vivo remains difficult, limiting their applicability as a

clinical therapy.'> Development of these and other cell based therapies necessitates an

efficient mechanism for ex vivo expansion and tissue modeling.

To better understand the intricate functioning of these, and other, cell environments,
researchers turn to tissue models. These provide a mechanism to investigate complex
biological functions without the need of live subjects. Increasing the complexity of these
culture models, such as moving from 2D to 3D, has been shown to better match results
found in vivo." In this dissertation, we propose a 3D-printed, plasma treated, polystyrene
(PS) scaffold to increase the biomimicry of this universal culture material and work
towards developing a meaningful model of the bone marrow niche. Ultimately, the goal
and continued pursuit of this project seeks to better understand the HSC-MSC
relationship with methods of controlling expansion, differentiation, and intercellular

signaling. The use of enabling technologies, like 3D printing, aim to provide better



mechanisms to research complex biological interactions and increase the clinical
relevance of discoveries.?’ As a non-adherent cell, HSCs are believed to migrate through
the bone marrow niche, but spend some time sequestered in the vicinity of hMSCs.?! A
culture method, particularly a bioreactor, which can support both actively circulating and
targeted localization of HSCs may best facilitate their long-term viability. However,
surface chemistry and shear stress on bioreactor scaffolds must be considered to prevent
adherent hMSCs undergoing unwanted phenotypic shifting (e.g. osteogenesis).?>?* This
dissertation investigates these competing mechanisms which lead to the bone marrow

niche development, leading toward a functional research model.

The improvements discussed in this dissertation seek to build on the universality of 2D
tissue culture polystyrene (TCPS) as an effective culture substrate. TCPS is widely
accepted for cell culture and adhesion to TCPS is included as a criterion for identifying
hMSCs.?* TCPS utilize a highly oxidized surface, aiding in the adhesion of cells and
proteins, to build a culture environment where a variety of cells can thrive.? (The
evolution of PS as a culture substrate is more thoroughly discussed in Chapter 2).
Investigating the impact of specific surface chemistries on adhesion morphology and
expansion of hMSCs aids in determining a means to control hMSC differentiation and

facilitate long term hMSC in vitro culture for clinical applications or to support HSCs.>!!

Building further biological relevance is gained by transforming from a 2D to a 3D
construct. (Chapter 3 details 3D printing approaches for cell culture and medical

applications). For hMSCs, a 3D printed construct need not replicate the exact bone



geometry. Various designs have been investigated, where modeling the interactions of the
numerous cells populations in the bone marrow environment and being able to observe
the interactions is the primary objective.?’ Additionally, placing these models under flow
and using computational modeling to interrogate multiple geometries rapidly can evaluate
shear stress characteristics.?”*® Bioreactors containing 3D printed, cell-laden, scaffolds
provide a means to expand clinically relevant numbers of cells by creating dense culture
volumes (growth surface area/total scaffold volume), efficiently exchanging nutrients,
and providing biomimetic shear stress.?’ ! Bioreactor technologies are widely used to
model hMSC proliferation, differentiation, and to investigate their applicability in tissue
engineering and regenerative medicine.?>*? A combination tubular perfusion bioreactor
with computationally designed, 3D printed scaffold is utilized to control flow rate and
shear stress experienced by the adherent cell population, thereby creating a self-contained
platform for cell growth.?* Utilizing this dynamic environment for a mechanically
sensitive population, like hMSCs, lends itself well to investigating cell growth
mechanisms and increasing population sizes** and directing differentiation.>> The
potential exists to revolutionize cell culture and move away from the standard 2D

approach, even fabricating geometry tailored to specific cell environments.>®

This dissertation aims to transition PS from the ubiquitous 2D culture material of the past
half century, to a more biologically relevant 3D construct, with an eye on expanding cell
populations for hematological malignancies. First, we sought to understand how the
surface properties impact the adhered proteins and ultimately the adhered cell population.

Then we looked at transforming the culture substrate from 2D, to 3D, to a 3D dynamic



culture environment. Over the course of this work, we investigated how our
functionalization method translated from 2D to 3D, to ensure no loss of desired cell
outcomes occurred when moving to 3D. Ultimately, this dissertation sought to build a
bone marrow niche model where multiple cell populations could be simultaneously
investigated and easily separated, allowing rapid and easy isolation and visualization of
the confined populations. Specifically, the aims of the work are:
1) Develop a 3D printing method for PS which preserves known 2D surface
properties
a. Characterize the surface properties of plasma treated PS and protein
interactions with the surface
b. Characterize hMSC response to the treated surfaces to demonstrate
expected interaction with the treated surfaces
c. Utilize the treatment platform to functionalize PS for 3D culture
2) Use surface functionalization strategies and 3D printing to direct hMSC response
and direct interactions with non-adherent cells
a. Develop a means to enhance osteogenic differentiation on the 3D printed
construct
b. Translate the 3D scaffold approach to a bioreactor model for h(MSC
expansion and demonstrate extended culture without osteogenic
differentiation
c. Demonstrate the viability of culture system for coculture with a model

non-adherent cell population



In this dissertation, we have successfully used 3D printing and plasma functionalization
to direct hMSC response, a step towards making 3D culture a widely accepted practice.
As well, the presented 3D culture approach easy integrates with dynamic culture. We
demonstrate the developed culture system is well suited for use with these interrelated
and complex culture influences. By moving away from 2D models, we seek to improve
the biomimicry of the culture system while using a well-studied and accepted culture
substrate to investigate hMSC response. Further development of the culture approach
could see a cost effective, self-contained expansion culture system for autologous HSC
transplant using MSCs as a feeder-cell source, working to bring needed therapeutics to
patients globally and provide realistic avenues for clinical, diagnostic, and implantable

cell populations.



Chapter 2: The Evolution of Polystyrene as a Cell Culture
Material!

This chapter discusses the development of PS as the modern universal culture substrate.
The development of the material, transition to culture, and approaches to improving the
culture material are discussed. PS has largely become the culture material of choice,
though its widespread adoption took significant time. Several methods to functionalize
the culture surface and manufacture growth substrates are surveyed. This chapter
concludes with a description of the next steps for stable PS culture surfaces and specific
means to target cells, suggesting a need to improve the culture surface whether through

targeted surface functionalization or improved biomimicry in the culture geometry.

2.1 Introduction: How PS became the Basis of in vitro Cell Culture

Polystyrene (PS) has served as the fundamental substrate for adherent animal and human
cell culture for more than 50 years.?” Due to its optical clarity, relative ease of
manufacture, and low production cost, PS has largely replaced glass for cell-based
work,?>* while glass remains the choice for imaging due to its lower refractive index.*
On the other hand, mass-production of PS through injection molding has produced a low-
cost, high-culture volume, alternative to glass which is compatible with many cell strains
and contrast agents. All these reasons have driven 2D tissue culture polystyrene (TCPS)

to become the basic platform for adherent cell culture.

i Adapted and reprinted with permission from: MJ Lerman, ] Lembong, S Muramoto, G Gillen, and JP
Fisher. The Evolution of Polystyrene as a Cell Culture Material. Tissue Engineering Part B: Reviews. 24,
2018, (359).
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Figure 2.1 Timeline summarizing major developments of PS, from the initial discovery to
custom compounded polymers. Major development of the plastic occurred during and after
World War II with the need for a consistent synthetic rubber supply. PS has played a pivotal role
in many industries, with nearly 200 years of research attributed to this single material.



PS development began in the 1830s with the discovery of styrene and the first
documented observations of polymerization (Figure 2.1).4**! Development of styrene
containing polymers continued, with major advances occurring along with the advent of
large-scale plastics processing, spurred by World War I1.414? Modern applications bridge
multiple industrial areas from cell culture to synthetic rubber, with material development
constantly on-going. Modern applications for PS harness the inherent material properties,
largely as highly recyclable injection molded or thermoformed plastic, to achieve
consumer and research goals.*>* With a second-order glass transition temperature near
the boiling point of water (95 °C - 105 °C, with some molecular weight dependence),*~
“Tthe formability of the material eases manufacturing constraints, both as a compounded
and pure material. The use of PS in bio-manufacturing and cell-based research activities
as an injection molded, embossed, cast, electrospun and, more recently, 3D printed
polymer can all be attributed to the business drive to mass-produce culture plastics and
move away from glass. However, the simple homopolymer lacks appropriate surface
chemistry for cellular recognition: phenyl groups do not readily provide anchoring points
for cells (Figure 2.2).%” This has dictated the need to modify and develop PS-based
surfaces to facilitate cell anchorage in vitro by incorporating surface functionality which

cells will bind to and grow on, a major theme of this chapter.
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Figure 2.2 The free-radical polymerization process for PS synthesis. The free-radical
incorporates into the styrene monomer and continues to increase the polymer length by breaking
the pi-pi on the vinyl group, forming a new sigma bond.
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Five decades of 2D PS spearheading in vitro cell culture approaches has built a
foundation of knowledge, understanding mechanisms to expand cells generally. This
chapter focuses on the basics of 2D culture platforms and emerging 3D PS approaches
researchers are embracing for cell culture, summarizing the mechanisms to transform PS
surfaces to facilitate cell adhesion, growth, and in vitro expansion. We discuss the liquid,
plasma, and next generation treatment methods used to alter PS surfaces to improve cell
growth and how these methods allow for the incorporation of moieties containing oxygen
and nitrogen, thereby presenting surface chemistry for cells to anchor and grow. As the
importance of 3D surfaces is becoming widely accepted, we dive into the role 3D PS
fabricated through casting, electrospinning, and 3D printing seeks to increase our
understanding of cell growth in vitro and how the complex growth platforms can better
replicate in vivo environments. As well, we present a focus on PS microbeads, and the
void they fill as a suspended-adherent growth substrate. Overall, this chapter details the

approaches garnered for PS as both a basic and targeted growth substrate.

2.2 2D PS: The Basis of in vitro Cell Culture

Fabricating mass-produced flat and finely topographically detailed 2D tissue culture
surfaces both employ the same basic technologies: casting, embossing, or molding. With
the fewest technical and equipment challenges, industrial scale injection molding has
served to fabricate parts with features traditionally at the hundreds of micron scale and
above, where improvements continue to push these boundaries.*>* Since the 1970s,
injection molded PS, followed by an oxygen plasma treatment, has remained the most
prolific method for manufacturing TCPS culture surfaces.’® However, custom in-house

injection molding equipment is generally unavailable to research groups and mass-
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produced TCPS may not possess surface characteristics of interest. This is not to say lab-
bench embossing is out of reach. Imprinting fine channels, through holes, and other
microfluidic features have been demonstrated for cell-based assays, though it may require
a fifteen-ton hydraulic press with heating plates capable of reaching 125 °C.°! Such
equipment may aide in embossing PS surfaces, but is not necessary to achieve anisotropic
surface behavior. Using a silicon template, nanoimprinting has been used to align
osteoblasts, finding that deeper grooves improved cell alignment along the channels, and
increased migration rate along 150 nm grooves by a factor of 1.46.72>° Hot embossing
has been used to create many fine features, including pillars, grooves, and microwells,
which successfully spatially segregated cells by patterning the surface chemistry and
topography.’® As well, micropattern width has been seen to influence differentiation of
human mesenchymal stem cells to vascular smooth muscle cells, where finer widths aid
in cell alignment.>” As the cells adhere to the micropattern, internal mechanical stresses
likely act to differentiate the cell, working to match features to function.>®>° However,
while sequestering the cells with microchannels may be beneficial to guide cells, the
reduction in cell spreading and change in morphology may also generate genetic
abnormalities (such as forming micronuclei),®*¢! making cell culture platforms with
relevant length scales larger than the cells still more desirable. With this quality in mind,
casting and embossing remain two of the more reproducible means to produce PS parts,
especially on the industrial scale with injection molding equipment, and remain the
method of choice for consumer and industrial parts. The major drawback to casting is the
prohibitive cost of the tooling and equipment, limiting the most practical uses to large

volume part production. On the lab bench, the lack of specialized tooling or standardized
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technique can result in poor part resolution and high cycle times. Other fabrication
methods, such as electrospinning and 3D printing, provide alternate ways to achieve
resolution that cannot be accomplished by casting and embossing with the advantage of
developing complex 3D structures. Following fabrication, PS must be surface treated to

facilitate cell adhesion. Over time, these approaches have evolved and are discussed next.

2.3 The Transformation of PS to TCPS

With respect to in vitro cell growth, biocompatible surfaces need to incite cell adhesion,
spreading, and potentially induce differential cell function, based on the application. To
facilitate cell adhesion, the PS surfaces are functionalized to introduce biologically
relevant chemistry (e.g. carbonyl, amine groups). Transforming native PS surfaces to
include chemistry other than phenyl groups can increase the hydrophilicity and surface
charge, modulating the deposition of extracellular matrix, cells, and proteins.®>%* The
complex mechanisms for cell deposition in in vitro models warrants further investigation,
potentially developing a means to develop custom growth surfaces, therefore promoting
large expansion of cells. As researchers seek to develop active linking mechanisms,
growth surfaces functionality continues to evolve, sequestering specific cell types and

using material properties to modulate adhesion.

Functionalization methods can be broadly divided into two groups: liquid phase and
plasma-based treatments. Liquid treatments provide an easy avenue to treat large surfaces
quickly, but the functionality gained is often limited to surface oxidation and often
requires highly corrosive substances. Plasma functionalization, most commonly used to

manufacture TCPS in bulk, broadens the surface chemistries achievable, but requires
13



ionizing energy to modify the surface (which can pose some safety concerns as well).
Emerging surface modification techniques provide targeted cell interaction mechanisms,
by grafting specific binding regimes such as DNA and proteins but may have long-term
stability issues and higher costs limiting their broad appeal. Discussion of each of these
techniques, along with treatment fluid choices will address mechanisms for depositing
specific chemistry, modulating contact angle, and roughening surfaces to facilitate cell

adhesion, extracellular matrix deposition, and cell expansion.

2.3.1 Surface Functionalization: Liquid Treatment

The first proposed mechanism for modifying the surface of PS to facilitate cell adhesion
was introduced in 1966 by sulfonating the surface, with subsequent neutralization with
sodium carbonate and water (Figure 2.3).%” By the mid-1970s, the mass-produced TCPS
dishes accepted today and were becoming abundant in research with much interest in
optimizing and upgrading the surfaces towards a general cell culture surface.®>%” Surface
oxidation with strong acids began and continued to be used. Sulfuric acid treatment (20%
v/v) not only aids in cell binding, but can potentially facilitate adhesion of proteins, such
as fibronectin and vitronectin.®® The deposition of these proteins can mediate cell
adhesion, spreading, and growth, primarily due to the surface receptors on cells present to
bind certain proteins and act as adhesive agents.®*® Other acids (e.g. nitric, hydrochloric)
may show these benefits as well, but may tend to degrade surfaces, reducing the optical

clarity.®®
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Sulphonating dishes and
increasing surface charge
density correlates with cell
spreading regardless of
buffering system

Modulation of surface

Plasma treated dishes chemistry and contact angle
encourage sustained growth greatly influence cell
and reduced. aggregation adhesion ch.aracteristics
Rubin first published theory to Chemically etching PS
use sulfuric acid to modify PS surfaces with sulfuric acid Transition of TCPS from 2D
surfaces for vertebrate cell increases ECM (fibronectin) to 3D achieved for cancer cell
grothh depo'sition isolation and amplification

Plasma treatment
successfully supports growth
of multiple cell types

1960 1970 1980 1990 2000 2010

Figure 2.3 A brief history of the progression of TCPS. Initial papers described significant
advances in PS as a culture material, with the basis for culture techniques largely occurring in the
1960s-1970s.
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Although working with concentrated acids may not be desirable in a laboratory setting
due to inherent safety concerns, safer liquid coatings are not preferable for creating
uniform, stable, and permanent functional changes to the growth surfaces. For example,
simulated body fluids can be used to facilitate growth of hydroxyapatite crystals on PS
surfaces, with the goal of inducing osteogenic differentiation of mesenchymal stem
cells.”’ However, the surface density can be difficult to control, and they can be easily
removed from the surface with applied force. As well, a protein coating or plasma
activated PS surface is required to deposit acidic residues and coordinate nucleation of
hydroxyapatite crystals.”! Stable functional changes to the surface thus requires
modification of surface chemistry using treatments that can enable oxidation or form
stable covalent bonds. Full liquid immersion provides a technically direct method to
introduce a number of surface chemistries (e.g. -CHs, -NH>, -SH, -OH, -COOH) by
selecting modifying liquids.”> Although this method may erode complex surfaces and
printed geometry during modification, complete internal surface coverage is ensured.
However, the use of plasma to enhance cell-adhesion surface chemistry has become the
convention for mass 2D TCPS production and remains popular in academic research.
Liquid functionalization methods may reduce the optical clarity of surfaces, where
plasma-based methods maintain translucency and provides chemical functionalization

flexibility relatively easily.

16



AN
N
hv
O,
- —In

OH

Figure 2.4 An example reaction demonstrating how oxygen can incorporate into
polystyrene following a plasma treatment. The high potential of the reactive oxygen ions may
break phenyl rings, or replace functional groups, changing the surface properties.

17



2.3.2 Surface Functionalization: Plasma Treatment

Plasma surface modification occurs as current is passed across a gas, creating ionized
species. Energetic ions may interact with the presented surfaces and incorporate or
provide further functionality. Modifying the source gas effectively modifies the plasma
composition and surface chemistry (Figure 2.4).”> Plasma treatment, along with reactive
ions, can produce electrons, free radicals, metastable species, UV light, and heat, all of
which can work to deposit, etch or chemically modify the surface of interest.”* The
Falcon Plastics Company accidentally discovered the benefit of plasma treating PS for
cell culture while attempting to prepare the surface for glass coating, however; it was
found that the oxygen containing plasma efficiently oxidized the surface and facilitated
cell adhesion, ultimately leading to the preparation method for TCPS still used to this
day.?® Early development of this approach looked at using glow discharge in vacuum and
evaluating its effect on a number of cell types, where it was found that the surface
treatment increased cell spreading and growth rates compared to untreated surfaces.®
Native PS surfaces are associated with early growth rate plateauing, likely due to reduced
metabolic activity for self-adhered populations.®®> Additionally, the negative surface
charge encourages non-specific surface absorption of serum proteins contained within the
media, potentially mediating cell adhesion.®> There remains a number of confounding
factors which make direct correlation of surface chemistry and cell interaction difficult,
as surface charge, surface strain, media formulation, and cell type can all influence cell
adhesion to surfaces. Even with these limitations, however; researchers have evaluated
many excitation and functionalization gas combinations that have led to successful

modification of PS surfaces.
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Table 2.1 Plasma effects on PS. Significant work has been performed to understand the link
between surface chemistry and cellular response. It is difficult to state a unifying theory for all
cell types, however; providing surface chemistry with a high degree of biomimicry (e.g. carbonyl,
carboxyl, amine) appears to improve cellular response during in vitro culture.

Plasma Surface Chemistry Cellular Impact Refs.
Air Cls 86.2% Facilitated attachment under rotary conditions | 7
Ols 12.0% of 929 Mouse Fibroblasts
Nls 1.8%
Ammonia Cls 65% Increased viability of human mesenchymal 76
(Low Pressure) | Ols 5% stem cells (122.7% increase in metabolic
Nls 9.4% activity), human dermal microvascular
endothelial cells (150.4% increase in
metabolic activity) as compared to TCPS
Acrylic Acid Cls 39.6% Similar metabolic activity as compared to 76
(Low Pressure) | Ols 31.8% TCPS
C=017.0%
Carbon Cls 70% Reduced enzymatic activity vs TCPS (86.9%) | 7
Dioxide (Low | Ols 12.3%
Pressure)
Argon (Low Not Specified Mouse Fibroblasts founds to have peak 63
Pressure) attachment density with short (<10 seconds)
treatment times, and no difference between
10-30 seconds
Acetone, Varied Hydroxyl groups do not correlate with cell 7
Methane, growth of bovine aortic endothelial cells (R?> =
Methanol, 7.6%), carbonyl groups correlate better (R2 =
Formic Acid, 57%)
and Oxygen Human umbilical veil endothelial cells found
to adhere and grow on PS only with higher
than 17.7% oxygen content, matching TCPS
Nitrogen or 91% Cls Find greatest cell attachment efficiency BCP- | 78
Ammonia 9% Ols or Nls K1 cells with both ammonia and nitrogen
(10%), Argon dopant gasses using helium plasmas. Greatest
or Helium proliferation found for nitrogen/helium and
(Balance) ammonia/argon plasma treated surfaces
Ultraviolet Ols 36% Chinese Hamster Ovary cells. See more than ”
Ozone Find washing with 80% of seeded cells attach under 3-hour
water reduced the incubation under three minutes of surface
surface oxygen. treatment, better than TCPS
Ammonia Varied High cell affinity of human fibroblasts onto 80
PS surfaces. Good amination of the surfaces
with 15-20% of the total nitrogen content
detected on the surfaces, with total amines
presented increasing with increasing plasma
intensity.
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The composition of the process gas and the plasma source configuration used to carry out
plasma modification dictate the ultimate surface chemistry (Table 2.1), with gas
combinations usually determined by the vacuum system chosen, power supply, level of
purity required, and gases obtainable. The majority of research has involved modifying
surfaces to incorporate oxygen and nitrogen containing species, with the objective of
creating surface chemistry that encourages cell adhesion, proliferation, and
functionality.”>7® Several studies have shown that increased plasma treatment time led to
a higher oxygen concentration on the surface (i.e., increased wettability),*":5? but this
alone was not a very strong determinant for cell adhesion and spreading.®® Interestingly,
hydrophilic surfaces that displayed water contact angles between 40° and 60° appear to
facilitate in vitro cell adhesion for human umbilical cord vein endothelial cells (HuVEC)
and HeLa cells,* with the incorporation of carbonyl groups demonstrating the best
adhesion characteristics.®® The breadth of process gases investigated, including a
selection of organic compounds (e.g. acetone, methane, methanol, and formic acid)
incorporated into an oxygen plasma have revealed some correlation between surface
chemistry and cell adhesion rates.”” However, the mechanism of cell adhesion is a
complex process, and variables are difficult to isolate. It is believed that the contributions
other than surface chemistry are playing important roles in in vitro cell adhesion, for
example the bulk polymer chemistry and presence of organic molecules’’ such as
extracellular matrix proteins and serum components that may be inherently present in cell

cultures.”®
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The absence of clear trends indicates numerous pathways for cell adhesion and spreading,
and the selection of chemistries incorporated on the surface (e.g. carbonyl, hydroxyl, or
carboxyl) may be necessary but insufficient for in vitro cell growth. For instance, one
mechanism may require matrix proteins to absorb first through the interaction with the
surface which in turn allows cells to anchor down.””%> One example of this phenomenon
is thought to be initiated through the binding of extracellular matrix to a plasma-
deposited amine surface, which then regulated the interaction and subsequent attachment
of human mesenchymal stem cells.”® Though the mechanism remains unclear, cells may
better recognize randomly adsorbed and often denatured proteins on plastic surfaces than
the surface chemistry provided by plasma treatment, allowing cells to modify the surfaces

and deposit their own extracellular matrix.%

An interesting effect of plasma treatment is the interaction of gas-phase ions with the PS
surface, which has been reported to influence more than just the final surface chemistry.
Plasma ion implantation and incorporation of free electrons can induce charging on the

surface,’”8

which may influence efficiency and extent of cell adhesion and spreading.
This may also influence the type of serum proteins that absorb to the surface, which may
subsequently regulate the type of cells that attach.®*” In addition to the ion interaction
with the surface, it has been demonstrated that the length of time the surface is exposed to
the plasma, as well as the power applied, can have a significant effect on the surface
chemistry and topography. For example, longer treatment times are associated with lower

contact angles and higher surface free energy due to the attachment of oxygenated

functional groups and breakdown of phenyl groups,®* which may be facilitating cell
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adhesion through enhanced oxygen or electron incorporation on the surface.®”° As well,
increasing the plasma source power tends to create more complex surface chemistry
owing to the kinetic energy available for increased bond breaking and formation.>® The
increased voltage can be accompanied by roughened the surfaces, which have been

shown to increase cell attachment, growth, and viability.”!~%3

Native PS surfaces are considered smooth (root-mean-square roughness of approximately
1.7 nm).” Plasma treatment tends to break substrate surface bonds and induce surface
roughening.”* Ultraviolet ozone exposure has been shown to leave surface pillars between
(20 - 400) nm tall,”® which can possibly influence focal adhesion location and
spreading.”> Surface wrinkling has also been observed with scanning electron microscopy
and atomic force microscopy, with surface roughness generally increasing with increased
energetic source exposure time.”* Additionally, exposing these polymer surfaces to
energetic plasmas could act to degrade the surface, depending on plasma energy and
exposure time, and could potentially impact overall mechanical properties of the surface
or bulk.”® Aside from disrupting the otherwise pristine surfaces, the potential advantages
of plasma treatment may be tempered by the longevity of treatments. Atmosphere or
water exposure has caused some prepared samples to deteriorate over time (potentially
removing up to half of the bioactive residues), necessitating sample storage under non-
reactive gasses (e.g. Argon) prior to use.”” Though the functionality on the surface is
preserved, shelf stability is necessary to appeal to a mass-production environment.
Oxygenated surfaces appear to be the exception, as samples have been shown to maintain

surface chemistry for more than a year.”’
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In cases where site-specific surface modification is required, plasma jets can be directed

k%89 or surfaces can be patterned with photoresist resin'® to

through a shadow mas
provide distinct regions for surface modification. Another approach is to use focused
plasma treatment from a dielectric barrier discharge jet, by confining the jet with glass
capillaries as small as 100 um in diameter, modifying regions up to 1.5 mm in diameter,
even when using atmospheric low-flow-rate plasma.'?! This approach effectively
localizes cell growth, which is beneficial for isolating and patterning cell populations.!%?
The area modified by the plasma beam is not limited to the size of the striking plasma jet,
as reactive species follow the gas flow profile away from the impingement point and
modify the PS surface for some distance. Given these limitations, oxygen plasma has
been used to route and pattern cell constructs, localizing cell adherence.!?*!% Further
effective means of localizing plasma treatment for cell culture requires modifying the
characteristics or geometry of the substrate. For example, treating 3D objects in a layer-

by-layer fashion or treating fully fabricated objects at the completion of fabrication could

both effectively modify complex objects and deposit custom surface chemistry.

Treating 3D objects with plasma remains a challenge. It is established that the initial
exposure to plasma treatment works to clean the surface of contaminant, while continued
exposure works to incorporate greater quantities of ionized species.'® Routing the plasma
to treat the bulk of objects can be a concern. To confine the treatment, immersion
ionization or a confinement chamber at low (< 100 Pa)!°*!% medium (~ 1 kPa),'"” and

atmospheric (~ 100 kPa) pressures’®!°1:1% have been used (Figure 2.5), reducing safety
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concerns brought with corrosive components. By controlling the atmospheric pressure,
one better controls the treatment environment, but this method requires additional
equipment. The use of a closed vacuum system does allow the introduction of corrosive
or harmful test gasses by better allowing for environmental control and dispersion of the
unreacted species. To route plasma directly into objects, custom made low-temperature
dielectric discharge setups can be assembled to allow routing of the plasma jet. Increasing
the flow rate of the inlet gas or the back pressure can help create larger plasma plumes
and aid in ionizing greater depths into 3D objects. Additionally, to create large porous
printed objects, a combination 3D printing-plasma generation system may be the best
course yet to fully modify an interconnected substrate. However, this would be

accompanied by significant safety and cost considerations.
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Figure 2.5 Major division of plasma treatment apparatuses. Left) A dielectric barrier
discharge system is described, where gas is ionized and directed towards a target substrate.
Incorporation of this approach with a 3D printing or electrospinning technique could see directed
functionalization on individual fibers within a larger construct. Right) The use of a chamber in a
glow-discharge system allows for greater pressure and gas composition control, as the reactive
species are fully contained. lonizing the entire atmosphere may better treat the target as well.
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2.3.3 Surface Functionalization: Future Methods
Passive means to facilitate cell adhesion have laid the foundation for cell culture. The
means to provide specific chemical functionality to the PS surfaces is well investigated,
and the variety of applications continues to be explored. With the range of functional
moieties possible, the next steps should look at mechanisms to target specific cell types
and means to sequester and expand these cells. The same mechanisms which
functionalize PS surfaces can be used as a base for advanced grafting techniques (such as
self-assembled monolayers!® or polymer brushes''?). Grafting of poly(N-isopropyl
acrylamide) to TCPS surfaces has successfully released adherent-culture cells, without
introducing additional enzymes, by inducing a conformational change in the polymer
brushes as the culture temperature passes below the lower critical solution temperature.!!!

1''? and neonatal rat cardimyocytes'!? tissues have

Multilayered rabbit epithelial cornea
been grown in vitro and transplanted back into their host species, maintaining cell-cell
junctions, deposited extracellular matrix, and functionality of the tissue. Plasmas
containing argon and/or oxygen have been used to aid in the grafting of additional
chemical species, such as N-vinyl-2-pyrrolidone, to improve biocompatibility, adhesion,
and proliferation of 1.929 cells.!!* By selecting modifications which target or bind
specific cells, successful coculture or filtration could be possible. DNA has been grafted
to PS surfaces using secondary amines,'!® a technique that could be translated to
antibodies as well''*118, Additionally, glucose has been sequestered to PS surfaces using
thiol-ene ‘click” chemistry,!!” a mechanism which could be further investigated for

advanced surface functionalization. These approaches open the possibility for selective

growth surfaces and localized coculture on single dishes, but the stability of such surfaces
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must be investigated to enable large scale acceptance and adoption. Plasma preparation of
surfaces can more efficiently prepare surfaces to accept patterning, without the need of
stamps,'?? extensive photolithography preparation,'?! and the ability to treat large
surfaces and 3D objects, something difficult to achieve with microcontact printing.'??
Selecting copolymers can also aide in effective cell and protein adhesion regulation.
Further exploration of ‘smart’ surfaces is warranted to enhance tunable and selective
culture techniques and to develop niches for specific cell types and interactions. Inkjet
printing has been used to sequester cells to specific locations on PS surfaces, a step
towards direct spatial patterning on proven in vitro growth surfaces.’! Combinatorial
screening of bioactive molecules printed or conjugated to surfaces could be used to
investigate complex cellular pathways by decoupling and determining how multiple
proteins impact cellular processes.!?*!2* All the chemical changes possible necessitate
taking advantage of the numerous means to create complex growth platforms, looking at
methods to mimic the body. While chemical cues are often necessary to elicit a functional
response in a tissue or target cell population, the geometry presented to the cells are often
just as important and warrant discussion as well.

2.4 Fabrication Methods of 3D PS Growth Platforms

2.4.1 Motivation for 3D Platforms
The widespread adoption of standard flat cell culture dishes over the last half century has
driven in vitro cell culture and research. TCPS dishes certainly serve their purpose, and
biologically based research would not be developing cutting-edge technologies without
them. However, transitioning culture from a 2D to 3D substrates could improve the

biomimicry, thus improving cell-cell interactions and increasing the efficiency of in vitro
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cell culture. Fabrication techniques, specifically casting, electrospinning, and 3D printing,
seek to solidify this transition (Figure 2.6). As discussed earlier, casting is often the
easiest method to produce cell scaffolding, however the production of complex 3D
microstructures is limited.’! Electrospinning can create highly porous, interconnected
objects, but they are difficult to control, produce, and manufacture reproducibly.'?® 3D
printing balances casting and electrospinning approaches, however; often requires
expensive or custom fabrication equipment to achieve research goals.'?%!?” Recently, 3D
printing technology maturation continues to decrease equipment costs and increase
flexibility of material choice.’®!?® Fabricating and functionalizing microspheres provides
a unique path for high-density adherent-cell culture in suspension, but the applications
may be limited to cell types that are able to withstand the mechanical forces in the
dynamic culture system.'? An ideal scaffold fabrication method would balance the

resolution, speed, accuracy, and cost of these approaches.
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Figure 2.6 PS fabrication approaches. Top Left) High heat and pressure can be used to mold
the material into highly structured shapes with hot embossing/injection molding approaches.
Bottom Left) Applying a high voltage potential between the mandrel and polymer-containing
syringe, electrospinning creates fine structures and repeated rotations can build dense, sizable
meshes. Right) 3D printing offers an excellent balance between fabrication control and
achievable detail, but little work has pursued PS as a 3D printing base for cell-based work.
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Transitioning TCPS from a 2D substrate to 3D, regardless of the selected fabrication
strategy, offers significant benefits. The potential exists to revolutionize cell culture: 3D

19,130-132 and

models have been shown to improve disease and pharmaceutical modeling
capitalize on dynamic culture methods, generating clinically relevant geometries and
numbers of cells.?>!3313 Transitioning culture from a 2D to a predictable 3D model
standard would drastically increase the biomimicry of in vitro culture methods. These do
come with additional challenges: ensuring sufficient nutrient exchange through the bulk
of the object (overcome with bioreactor expansion methods!*), visualizing growing cells
(overcome with utilizing a clear material, such as PS, or with a microfluidic
approach’!136137) "and efficient capture of the cells after culture and expansion (overcome
with highly permeable, porous, and interconnected scaffolds'*®!13%). Transformation of PS
to a 3D culture substrate would allow continued investigation into the influences of

geometry'* and porosity!*!

on in vitro cell growth, while utilizing a proven and versatile
growth substrate. In the following section, we survey these fabrication methods and
provide some perspective on continuing to advance PS as a universally accepted culture
surface.

2.4.2 Fabrication: Electrospinning
Electrospinning remains a lucrative fabrication method to produce finely structured cell
culture substrates. By manipulating the interactions between solvent, polymer, and
current, electrospinning can form fine polymer strands to fabricate mesh structures.
Where applied voltage and PS solution content have obvious influences, solvent choice

impacts many solution parameters dictating PS electrospinning success (i.e. dipole

moment, conductivity, boiling point, viscoelasticity, viscosity, surface tension, and
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density).'*> Solvents with high dipole moment ((5.3 — 12.7) x 10~ C*m) and moderate
conductivity ((0 — 3.7) x 10 S/m) such as 1,2-dichloroethane, dimethylformamide, ethyl
acetate, methyl ethyl ketone, and tetrahydrofuran appear to reduce the ‘bead-on-a-string’
morphology, producing uniform fibers therefore contributing to electrospinning sucess.'*?
Additionally, reducing polymer content in PS solutions generates meshes without surface
defects or beaded fibers, and increasing the conductivity of these low concentration
solution tends to stretch the polymer jet better, reducing fiber diameter by an order of
magnitude (down to several hundred nanometers).!?> In order to ultimately grow cells in
high density in these platforms, studies investigating the effect of fiber alignment on cell
attachment and morphology have been conducted on these highly packed, fine fiber as an
amenable cell culture platform. (A more complete discussion of electrospinning to create

cell scaffolding has been provided by Boudriot et al.'*®).

Cells are known to align along individual fibers, potentially due to the alignment of
polymer chains within the larger microfibers.!** PS microfiber meshes have been used to
align and grow MC3T3 cells along the fibers, where osteoconduction was observed,
therefore potentially utilizing PS scaffolds as the base for a bone scaffolding substitute.
Keratinocytes and endothelial cells appear to organize themselves three dimensionally,
layering in native epidermal-dermal structures along air-liquid interfaces, demonstrating
intercellular signaling within the electrospun scaffolds.'* In addition to polymer chain
alignment, the porosity of the mesh architecture also influences the morphology of the
adherent cells contained within the construct. Highly porous electrospun PS facilitates

human induced pluripotent stem cells to develop 3D aggregates, allowing for cell
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migration and signaling within a contained 3D object, and accelerating the shift to a
bioreactor model with minimal external manipulation for culture, reducing or eliminating
outside manipulation while maintaining pluripotency.'#® The highly porous and
interconnected nature of electrospun fibers are an appealing substrate for surface
functionalization, as they allow for relatively large (> 1 cm) scaffolds with micron and
nano-scale inner structures to be fabricated within hours and custom functionalization to
suit specific research needs.'*’ The ability to physically absorb bioactive molecules,
therapeutic agents, and modulate the surface chemistry and piezoelectric properties of
these interconnected, high surface area objects makes highly porous electrospun meshes
intriguing for tissue engineering, drug delivery, and other biomedical applications (A
more complete discussion of functionalization approaches of electrospun objects has been

written by Yoo et al.!1*®).

The development of electrospinning technologies for PS has revealed several drawbacks,
most notably the difficulty in defining and controlling fiber placement. The randomness
associated with electrospun objects and random instability in the electrospray process
reduces repeatability of experiments. Ambient humidity and PS molecular weight have
been found to influence the development of surface pores, further reducing the uniformity
of the strands and the structural integrity of the final polymer network.'* Ambient
humidity can interfere further by inducing the formation of surface winkles in the final
PS mesh, which, along with voids in the bulk of strands, can be removed through
annealing, adding additional processing steps which could harm the delicate structures

formed.'>® From our on-going work with 3D-printed PS, environmental influences, such
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as ambient humidity, appear to have little influence on fiber morphology, so long as the
base material is stored properly. The substantial influence of environmental conditions in
electrospinning necessitates highly controlled environments for the work, or significant
time investment to achieve morphologically expected scaffolds. The above reasons make
more directly controllable methods, like 3D printing, appealing, often allowing for
greater environmental flexibility and control over the fabricated object.

2.4.3 Fabrication: 3D Printing
A significant need exists to fabricate customized structures with biological relevance, and
3D printing is emerging as a leading technology to achieve these goals. Over the last
several years, various 3D printing technologies have moved within reach of even the
most casual researcher. However, PS has generated little research interest to date as a 3D
printed, cell-contacting growth material. This likely stems from the difficulty in
liquefying PS without thermally degrading PS, as the polymer structure will break-down
before transitioning fully to a true liquid from a solid.'*! Overcoming this obstacle
requires specialized equipment to extrude the semi-solid. In addition, fine fibers of PS are
mechanically weak. These limitations often limit PS’s application as a primary structural
element in 3D printed constructs, relegating PS to serve as a coating. For instance,
optically clear support materials, such as Vero Clear, can be printed to form channels
with an oxygen plasma activated PS coating.!>? This allows for both specific surface
functionalization and direct scaffold control. These methods facilitate interactions
between printable materials and cells by utilizing chemical interactions known to be
amenable to cells. However, emerging evidence demonstrates the ability to directly 3D

print PS,'>? making these grafting approaches obsolete.
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Commercially available products now exist using 3D printed, plasma treated PS to grow
and isolate cancer cell lines, with potential applications in general cell culture.!> 3D
printing provides a method to design and test culture surface geometry tailored to specific
cell environments. By utilizing computational modeling to quantify surface shear

stresses, oxygen content, and mechanical stresses,'>*18

there remain many possibilities
for in vitro cell culture with targeted biological applications (e.g. the bone marrow niche).

By coupling relevant biological regulators with large and internally complex surfaces,

one would be able to grow large numbers of cells on biomimetic objects.

The evidence is present to establish the feasibility of complex 3D printed PS parts to
become scaffolding for cells and harnessing the same surface functionalization methods
employed in 2D. 3D printed PS should become a mainstay for cell culture, allowing for
concentrated culture volumes, dynamic culture environments, and complex surface
chemistry to dictate cellular interactions for in vitro study. Unfortunately, the financial
barrier to 3D print scaffolds leads researchers to seek other methods to capitalize on
dynamic culture approaches. A highly sought approach incorporates individual beads to
encapsulate cells, either fused together generating a single larger object,! or circulating
within the culture media. Microsphere carriers provide an alternative to structured
scaffolds, allowing direct surface customization and dense cell culturing.

2.4.4 Fabrication: Microspheres
Microcarrier culture aims to suspend beads on the order of (0.01 — 1) mm in media and

maintain the culture suspension with a bioreactor.!®’ Cells can adhere to the bead surfaces
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and remain suspended to increase culture density and utilize similar advantages of other
bioreactor cultures (e.g. shear stress, oxygen content, geometry effects). These
microspheres can be fabricated directly with a microhead!®! or in solution through
dispersion polymerization, with the ability to control the particle size and molecular
weight.!®? Microspheres remain an appealing option for cell culture: the high density of
suspended carriers and scalable volumes effectively increases culture area to yield large
numbers of phenotypically expected adherent cells.!® Particularly, PS microspheres have
been successfully fabricated through the mini-emulsion process, yielding PS carriers as
small as 115 = 9 nm with both carboxylic and amine tags, to activate pro-inflammatory
responses in human macrophages.!®*The versatility of fabricated and commercially
available beads remains unparalleled. As a base growth platform, PS microspheres can be
functionalized using corona discharge or induced to carry a positive surface charge.!® As

165 g]ass, % or peptides!®’.

a core-carrier, PS microbeads can be coated to carry proteins,
PS microbeads functionalized with quantum dots and magnetic nanoparticles efficiently
facilitate capture and specific population enrichment.'®” Targeted functionalization of PS
microspheres could be used to guide cell differentiation in large scale bioreactors without
modifying the media composition, taking advantage of known chemo-responsive cell
types, as previously performed with other base materials.'®® Carboxylated PS has been
shown to create a surface with high epithelial cell attachment efficiency on static
microbeads.'® In addition, PS microbeads make excellent carriers to facilitate cellular
uptake to deliver exogenous cargo,!’!”! DNA vectors,'”? monoclonal antibodies!”* or for

localizing within tumor spheroids.!”* However, a major drawback to microcarrier culture,

can be the clustering of the cell carriers, resulting in aggregated spheroids rather than

35



distinct circulating populations, poor attachment efficiency, and the difficulty in
retrieving grown cells.!”>!7® To diminish these draw backs, additional culture steps are
necessary, such as cell suspension filtration to separate carriers from cell populations
during harvest.!”” While the flexibility of microbead culture, from modulating surface
charge to conjugating proteins through EDC chemical linking has been found to help
facilitate binding and attachment,'”® the presented limitations reduce the clinical
applicability of microbead systems.

2.5 Conclusions

PS has been thoroughly explored as a useful cell cultivation tool for decades, but the
applications of the polymer may just be starting to be harnessed. The proven cell culture
substrate shows promise for future and continued use but needs to be upgraded for the
current challenges in the 21 century. For too long, researchers have relied on basic
oxidized surfaces, where the possibility has been demonstrated to create specialized
surfaces to select distinct cell populations or phenotypes. As the understanding of cell
culture improves, so should the substrates used to grow the cells, becoming more specific

and targeting individual populations.

As cell culture transitions from 2D to 3D substrates, so too should the most basic designs
of cell culture platforms develop. A wealth of knowledge is out there, waiting to be
tapped into including basic scientific understanding of how cells attach and regulate
growth in vitro and why certain residues are more appealing to cell culture. Translating
these to applied research could look at functionalizing materials to yield specific

responses (e.g. directing differentiation of stem cells). There exists a wide range of
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possible of research questions, tackling this most basic of culture surfaces. The only

question left is: where is PS going as a culture surface?

As tissue culture continues to evolve, so should our surfaces. Whether this is through
specific chemical or recognition moieties, or 3D environments to best harness the power
of in vitro culture to mimic a cell microenvironment, treating culture surfaces to
specifically act for a given cell type provides a course for personalized medicine and
directed cell growth. TCPS provides a cost-effective means to grow a variety of cells, but
better, equally stable, materials continue to be investigated to shrug the ‘one-size-fits-all’
approach to in vitro cell culture. The optical clarity and relative cost make PS a unique
material to spearhead these efforts to customize surfaces. The presentation of phenyl
rings provides many locations to facilitate cell-focused functionalization, and the low
crystallinity of the material allows for relatively low processing temperatures. This
combination of material functionality and formability is unique for a culture substrate,
and likely holds many opportunities for advancing cell culture beyond the 50-year-old

flat, traditional culture dish.
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Chapter 3: 3D Printing in Cell Culture Systems and Medical
Applications’

This chapter discusses applications where 3D printing is being implemented to improve
human health and welfare. 3D printing holds unique opportunities with the flexibility the
technology allows with regards to material choice, scale of applications, and ability to
rapidly modify the design. These characteristics have moved rapid prototyping from the
tool-shop, to the lab bench, to a validated manufacturing approach. This chapter discusses
pharmaceutical compounding and delivery, bioreactor development, microfluidic
platforms, tissue models, imaging approaches, and surgical tool development. Cases in
specific hard and soft tissue recapitulation are also discussed. 3D printing’s impact on the
medical field and future ramifications in the medical field, from device development to
cell culture, are discussed. These various applications and recent improvements afforded
with 3D printing highlight the important role the technology plays in modern medical

research.

3.1 Introduction

3D printing has rapidly moved from an innovation novelty, to a widely accessible
desktop fabrication method. With clinical applications in mind, rapid prototyping
provides enormous flexibility and opportunity for engineers, physicians, and researchers
to work collaboratively and rapidly solve medical problems. Currently, there are more

than 20 active or recruiting clinical trials involving a 3D-printed component, ranging

ii Adapted and reprinted with permission from: MJ Lerman, J Lembong, G Gillen, and JP Fisher. 3D
Printing in Cell Culture Systems and Medical Applications. Applied Physics Reviews. 5, 2018, (041109).
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from metal bone implants, atrial fibrillation assistant devices, pulse oximeters, and sleep
apnea masks.!” This clinical work is proving fruitful, as many 3D printing-based
technologies have received FDA clearance.'® However, these devices remain primarily
acellular. (For a discussion of cellular based bioprinting, see Cui et al.'®!"). 3D printing
has wide appeal clinically to rapidly observe, design, and fix defects in a single day. The
flexibility in acceptable designs and materials without sacrificing resolution or fabrication
time has pushed clinically based research to embrace the technologies. In this chapter, we
look at various 3D printing approaches (Table 3.1) for pharmaceutical delivery,
fabrication of acellular scaffolds, bioreactor systems, medical model devices, and organ-

on-a-chip systems with practical applications in the clinic.
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Table 3.1 Summary of 3D printing technologies utilized in clinical applications.
Technologies are grouped by type with general resolution, material compatibility, print rate,
material costs, typical part sizes and part costs. Specific references for technologies are listed.

Note: Resolution, print rate, and costs are approximate and do not consider equipment purchase

costs, which can be significant and manufacturer dependent.

Method

Resolution

Material
Compatibility

Print
Rate

Material
Cost

Part Size

Refs.

Extrusion:

1) Fused Deposition
Modeling

2) Extrusion
Modeling

50 pm—1
mm

Materials must be
extrudable as a
semisolid melt or
filament wire to
melt directly at
extrusion tip. This
is generally
limited to
thermoplastics,
but can include
epoxies,
composite
materials, metals,
cell-laden gels,
and hydrogels,
depending on the
printer.

0.1 mm/s
- 100
mmy/s
extrusion
rate

>20
$/kg

10 mm?
—50 cm®

182

Energy Projection:
1) Digital Light
Processing (DLP)

2) Stereolithography
3) Two-Photon
Polymerization

200 nm —
100 pm

Materials must be
crosslink-able
liquids.
Crosslinking is
typically initiated
by ultraviolet or
visible light
sources for DLP
and
stereolithography
and infrared lasers
for two-photon
polymerization.
Often only
proprietary
materials can be
used with specific
printers.
Frequently these
printers are used
to generate fine
featured parts.

1 min. —
10 min.
per layer

>500
$/kg

100 pm?
—10cm?

183,184

Selective Melting:
1) Laser Sintering
2) Electron Beam
Melting

3) Powder Bed
Fusion

100 pm —
500 pm

Ideal for high
melting
temperature
materials,
including metals

1 min. —
10 min.
per layer

>50
$/kg

185,186
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3.2 Pharmaceutical Delivery with 3D Printing

3D printing has shown promise as means of delivering therapeutics with controlled,
patient-specific dosages by compounding polymer filaments with medications, and
varying both loading quantity and total mass of the tablet.'®” Research into 3D-printed
tablets has shown that drug release profiles can be controlled and designed to deliver
active pharmaceutical ingredients (APIs) to intended therapeutic locations.!318% A
number of medications have been compounded directly mechanically or absorbed into
desktop extrusion 3D printing (e.g., Fab@home, MakerBot Replicator 2) filaments with
material bases of hydroxypropyl methylcellulose, poly(acrylic acid), poly(vinyl alcohol),
poly(lactic acid) (PLA), and/or Eudragit EPO. APIs include guaifensin,'*

191

aminosalicylate,'®! nitrofurantoin,'®? and theophylline!**!**. Customizing the filament
y phy g

formulation based on degradation mechanism, miscibility, and carrier geometry has been

194-197

shown to improve compounding, extrusion, and release behavior, and is easily

explored using these extrusion 3D printing systems. Multiphase dosing,'”® multiple

198 show

simultaneous drug combinations,'®® and 3D-printed non-degradable casings
promise for medications administered together frequently or of varying dose to maintain
therapeutic effect by fabricating API carriers to meet individual patient needs.
Importantly, APIs appear to remain in their intended therapeutic form following
printing.!®?> With the prevailing evidence and extensive testing, the Food and Drug
Administration (FDA) approved the first oral prescription therapy using 3D printing
technology in 2015, where the APIs are added directly onto a powder bed to create

patient-specific dose.!”*?% With Aprecia’s ZipDose technology, a pharmaceutical

containing layer is laid flat, then set with a binding liquid to control shape of the drug;
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dosing is controlled by repeating this process to the desired number of layers.?
Continuing this work would realize additional therapies beyond epilepsy treatment.
Applications of controlled pharmaceutical delivery are not limited to ingestible tablets
and pills. Using extrudable materials, such as ethylene vinyl acetate, poly caprolactone
(PCL), and PLA on a MakerBot Replicator 2, custom drug-releasing polymers can
provide pharmaceutical dosing and prevent biofilm formation on custom intrauterine

201,202 and potentially catheters®®. Rapid prototyping of functionalized polymers

implants
could lead to novel devices like coronary stent, gastric, and neurological implants where
both technical design requirements and drug eluting or antimicrobial properties remain
pertinent. The relatively little amount of time where an API-loaded filament is exposed to
high heat, as compared to traditional injection molding techniques, likely contributes to
the API’s intended therapeutic effects following printing. 3D printing’s greatest

engineering impact remains in rapid modification of designs to address niche clinical

issues, rather than mass produced components.

3.3 3D Printing Applications in Fabrication of Bioreactors and Alternative Culture

Systems

Applying 3D printing to fabrication of culture systems may offer a more realistic
biomimetic environment for cells, resulting in physiologically relevant cell
phenotypes.?®* 3D printing is particularly useful for such cell culture applications due to
the capability to achieve geometries that are otherwise difficult to fabricate using
conventional techniques (e.g., casting, electrospinning, etc). This technique can produce
features with sizes that are relevant to cells, where parameters such as porosity, substrate

roughness, and curvature can be tuned. Ultimately, the effect of these parameters on
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cellular behavior (growth, cell alignment, differentiation, etc.), are investigated in these
3D culture platforms. The key to applying this technique for cell culture platforms relies
on fabricating a geometry that provides the correct mechanical cues?*>2% (e.g., through
perfusion flow that is guided by the geometry), and consequently the chemical cues,?’’
that are needed for proper cellular signaling, specific tissue growth and development, and
through cell-substrate interactions. The capability to fabricate application-specific
geometries using 3D printing, which consequently dictates the substrate’s mechanical
properties and cell-cell organization, drives the development of culture platforms that can

mimic various tissues.

Flat culture dishes, specifically tissue culture polystyrene, have been the foundation of
biologically-based research, as it supports efficient cell expansion. As various biomedical
fields grow, vigorous research efforts related to tissue / organ development and disease
modeling emerge, and therefore so does the need for a cell culture platform that provides
biomimicry, which flat culture dishes fail to provide. Transitioning culture from 2D to 3D
substrates could improve the biomimicry, thus improving cell-cell interactions and
increasing the efficiency of in vitro cell culture, and have driven greater interest in
complex topology and material choices for extended and directed cell growth.2%. For this
application, 3D printing has been used to fabricate complex geometries with specific
architecture, interconnected geometries, and microporous surfaces to facilitate tailored
cell responses. Initial design of these cell culture platforms should utilize computational
modeling to design the scaffold, in which one can study the fluid dynamics and

understand the mechanical force transmission, therefore predicting the forces acting on
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the cells once these acellular constructs are seeded with cells. Successful integration of
modeling and part design can yield scaffolds for cell culture which balance mechanical
integrity with porous structures facilitating nutrient exchange and cell infiltration, and

may direct cell behavior.?2!!

3D printing allows for great flexibility in compounding multiple components to 3D —
printing chemically complex homogenous materials unavailable in traditional
manufacturing environments. This includes combinations of porogens, polymers, metals,
and ceramics used to mimic the mechanical and/or chemical properties of native tissues,
and creating complex, interconnected, topography.?'?2!* Incorporating these chemically
and topologically complex constructs into dynamic culture techniques generally improves
cellular infiltration and media exchange, therefore better replicating the native
environment.’! Crucial aspects of cell culture applications within 3D-printed scaffolds
include cell expansion and migration, attempting to improve construct models to evaluate
cell function ex vivo.?'* With all scaffolds, design approaches which verify study
requirements ensures anticipated cellular outcomes are achieved and research objectives
are met, such as fluid flow dynamics, mechanical force transmission, elasticity, porosity,
etc.?!> Without this design feedback, ultimate study results remain hard to support and

justify.

The recapitulation of tissue models achieved through three-dimensionality, aided by 3D
printing, typically provides an environment that better sustains cell proliferation and

differentiation. These 3D-printed cell culture systems are often substitutes for existing
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commercial culture platforms, providing a more cost-effective, well-tailored solution for
specific interests, and are therefore customizable for optimized specific tissue

applications. One popular platform for cell culture is bioreactors for dynamic culture,

216-218 219-222

which has been shown to enhance cell seeding efficiency, proliferation, and
differentiation of various cell types.>**?>723 For example, dynamic culture of human
mesenchymal stem cells (MSCs) in a tubular perfusion bioreactor containing 3D-printed
(with Eshell 300 as the resin on an EnvisionTEC Perfactory 4) vascular networks for an
in vitro engineered bone tissue was found to increase the cell viability by 50 % in the
core of the construct compared to the static culture.!*® Through 3D printing,
interpenetrating networks with various geometrical parameters (porosity, pore-to-pore
distance) can be fabricated. Investigation of the effect of these parameters on the cellular
response and mass transport within the tissue can be performed.?*! Such porous networks
provide three-dimensionality to tissue models, allow nutrient diffusion and cell migration
throughout the printed construct, and provide a high surface area per volume ratio for cell
attachment and growth, increasing media efficiency. Additionally, the digital light

processing (DLP) system selected balances both feature size, part size, and fabrication

time / cost for this vascular application.

More recently, a 3D-printed miniaturized, modular spinning bioreactor was developed
and used to generate forebrain-specific organoids from human induced pluripotent stem
cells (iPSCs).?*? The design utilizes computer-aided design (CAD) and 3D printing to
optimize designs that sustain organoids of varying sizes in suspension under moderate

spinning speed and prevent aggregation. The bioreactor was 3D-printed using the Fortus
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400mc printer (Stratasys), with the ULTEM 9085 heat-resistant plastic as the printing
resin. The use of this bioreactor was shown to enhance cell viability and promote
maintenance of the stem cell niche in the organoid compared to static cultures. Existing
culture dish-based cerebral organoid models have limited applicability since they poorly
mimic key features of the human brain development. Specifically, culture dish-based
models contain progenitors that show morphological characteristics of outer radial glia
cells, but not a well-developed outer sub-ventricular zone. The design of this culture
platform, as enabled by 3D printing, allows custom, optimized design for the creation and
maintenance of tissue models that resemble critical aspects of human cortical
development in an affordable, high-throughout, and reproducible organoid platform. In
addition to the enhanced biomimicry and functionality of the organoid, the custom
bioreactor design also improves upon currently available spinning bioreactors, whose
scalability is inhibited by the large required incubator space, frequent media exchanges,

and large sample-to-sample variability.?*?

Continued bioreactor system development seeks to scale up cell culture for large-scale
clinical applications. For various clinical applications, large-scale production of cells is
necessary to meet the dosage requirements. It is important to first understand scope of the
clinical target and then work backwards to develop smaller scale culture platforms where
studies can be done to investigate cellular mechanisms and scalable processes can be
optimized at a much lower cost. This view has pushed research to scale-down. Integrating

3D printing presents a unique avenue to demonstrate small scale feasibility and perform
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extensive investigation using a much smaller footprint and working volume prior to

migration to production scale or clinical applications.

3.4 3D Printing of Droplet-Based Microfluidic Devices for Cell Encapsulation

The capability to spatially and temporally control cell growth and stimuli through
substrate geometry and fluid transport, while simultaneously providing a platform for cell
imaging, image-based analysis, and further biochemical analysis of single cells in tissues,
makes microfluidics popular for biological applications.?** However, conventional
poly(dimethyl siloxane) (PDMS) -on-glass microfluidic device fabrication starts with a
complicated, time-consuming soft lithography process requiring expensive equipment in
a cleanroom facility.** This is followed by the assembly, which requires access to
plasma treatment equipment.?** Alternatively, recent advances in 3D printing
technologies support single-step and rapid fabrication of highly complex microfluidic
devices, while reducing costs associated with institutional infrastructure, equipment, and
physical space.?** Consequently, microfluidics are becoming widely accessible with the

increasing availability of high-precision 3D printing.

One of the uses of 3D printing technology for the development of cell culture systems is
the fabrication of microfluidic devices for high-throughput fabrication of hydrogel
scaffold droplets for cell encapsulation. A microfluidic chip incorporating a coaxial flow
device for co-extrusion has been fabricated using a DLP 3D-printer (Asiga pico27 with
Asiga platclear resin) to generate an extracellular matrix (ECM)-coated, hollow, sub-
millimeter alginate capsules to encapsulate cells.>> The device enabled the creation of an

enclosed microenvironment within each sphere, which mimics the basal membrane of the
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cellular niche. Human neural stem cells derived from human induced pluripotent stem
cells can be cultured and differentiated into neurons. A Lego-like modular 3D-printed
microfluidic device has also been developed and used to encapsulate dental pulp stem
cells within alginate droplets.?*® The devices were produced using fused filament
fabrication in an Ultimaker 2 printer, with clear PLA as the printing material, resulting in
a rapidly manufactured, low cost, transparent device that can be utilized for cell imaging.
Furthermore, combination of 3D printing methods can be applied to construct a low-cost
microfluidic chip for long-term 3D cell culture and growth; this application combines a
stereolithography-based desktop 3D printer and an industrial 3D printer based on polyjet
technology.?*’ In addition to 3D cell encapsulation, this platform’s capabilities also
include spatial patterning within gelatin methacryloyl (GelMA) hydrogels, as well as

complex, predictable, and controllable fluid flow patterns inside the 3D channel.

Similarly, generation of multicellular spheroids has been demonstrated inside a
microfluidic device fabricated with a Object260 Connex printer with VeroClear-RGD810
resin and with a commercial stereolithography-based contract manufacturer (Proto Labs)
using a polycarbonate based resin.?*® The internal device geometry immobilized the
spheroids, and gravity-driven flow perfused the cell-containing circuit. Viability and
functionality of patient-derived parental and metastatic oral squamous cell carcinoma
tumor and liver cell (HepG2) spheroids were maintained, presenting a simple device with
possible applications in investigations of drug efficacy, metabolism, and toxicity.?*®

Enabled by 3D printing approaches, the capability for fabricating geometrically-defined

micro-tissue models containing single cells and spheroids have allowed researchers to
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develop model cellular systems to study mechanistic interactions with their
microenvironment, giving rise to understanding of various physiological processes and

disease mechanisms

3.5 3D Printing of Culture Platforms for Cell/Tissue Models and Mechanistic Cellular

Studies

In addition to the capability of fabricating microenvironments that mimic physiological
tissues, the versatility of 3D printing in creating large, complex shapes also enable the
development of culture constructs that capture interactions of multiple tissues. While
previous two sections focus on the use of 3D printing for dynamic culture systems
(bioreactor, microfluidic devices), this section emphasizes on utilizing 3D printing to
mimic specific biological features of tissues to capture cellular function and physiology
inside a culture platform. These features allow for the study of diseases related to that
particular tissue. For example, a dual-chamber bioreactor setup was fabricated and fitted
into a microfluidic base as a representative model of the interactions between cartilage
and the subchondral bone.?*’ The bioreactor chamber and parts were fabricated using a
stereolithography apparatus (EnvisionTec), with Eshell 300, a printing-material system
capable of generating fine features with a non-cytotoxic resin. The geometry allows
insertion of a biphasic osteochondral construct made from GelMA-encapsulated MSCs
into the bioreactor chamber, which consequently exposes the chondral and osseous sides
of the construct to chondrogenic and osteogenic medium, respectively. Such interaction
between tissues in a controlled bioreactor environment provides a path to investigating
the osteochondral tissue physiology, and possible pathogenic mechanisms of relevant

diseases in the system such as osteoarthritis.
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The use of 3D printing for cell culture platforms also enables development of
miniaturized systems due to the high achievable resolution of various printers. For
example, stereolithography-based printers have typically achieved a high spatial
resolution, giving structures with dimensions of less than 10 pm,*** while
microsterolithography systems incorporating two-photon polymerization have been
reported to improve the spatial resolution of printed scaffolds down to <1 pm.?*! The fine
features observed with this fabrication method enables mechanistic studies of cells in
tissues. For example, in addition to mimicking the key features of human cortical
development, the brain-region-specific organoids were also employed to model Zika
virus exposure, where decreased neuronal cell-layer volume, resembling microcephaly,
was observed.?*? Similarly, a 3D-printed fluidic microscale bioreactor has been
developed for characterization of gastrointestinal epithelial cell physiology.?** The fluidic
bioreactor was 3D-printed using the Object30 Pro extrusion-based printer with
VeroClear-RGD810 (Stratasys), where it houses a porous villous scaffold that mimics the
topography of the small intestine in vitro. This 3D platform provides both accurately-
sized villus topography and fluid flow to improve the study of intestinal absorption, drug
delivery, and barrier function. Mimicking the structure-function relationship extends
across the body. For example, a 3D-printed placental model has been developed, where
spiral artery geometry was successfully fabricated using an extrusion based EnvisionTEC
Bioplotter with GelMA. With the incorporation of bioactive factors contained in placental
ECM, this 3D-printed model was then used to study cellular migration in the

development of preeclampsia, by placing growth factor loaded resin precisely.?*> When
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the length scale of the fabricated models mimics relevant physiological dimensions,
mechanistic studies can be performed on the cellular level, e.g. investigation of the
impact of surface topography and fluid flow dynamics on cell growth, proliferation, and
organ cell function.?*? Additional biomimicry is possible by combining manufacturing
methods. For example, combining electrospinning and 3D printing has produced
tympanic membrane analogues which successfully align fibers and facilitate cell growth,
a promising start towards an implant and functional replacement of native tissue.>**
Further investigation, such as sound transmission or in vivo implantation would further
demonstrate feasibility. Continued development of these and other 3D-printed medical
technologies are likely to increase the understanding of cell behavior and interactions as

test devices improve biomimicry.

3.6 3D Printing of Cell Imaging Platforms

While the use of 3D printing for culture systems is typically geared towards mimicry of
tissues and enhanced cellular functions, other popular applications of 3D-printed culture
platforms include cell/tissue imaging. For example, a 3D-printed, modular perfusion
culture system was fabricated using the Object 260 Connex extrusion-based printer
(Stratasys) and then integrated with miniature peristaltic pumps for live-cell imaging
assays of easily incorporated microfabricated scaffolds.?* Due to the modular design,
possible studies with this platform included investigating the cellular response to
chemical stimulants down to the single cell level using fluorescence imaging in long-term
perfusion cultures. Another example of the use of 3D printing in cell-based imaging
applications is the UniverSlide, a 3D-printed microscopy chamber for multidimensional

imaging.?*® The frame of the UniverSlide is fabricated using the Micro Plus
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stereolithography 3D printer (EnvisionTEC) and is meant for use in a long-term imaging
experiments due to the chamber’s controlled environment, compatibility with
commercially available microscope stage holders, and possible perfusion. Due to the
incorporation of a transparent agarose pads with imprinted microwells as the base, the
platform is ideal for cell trapping and subsequently 3D visualization and tracking.
Though it remains possible to image cells within 3D-printed constructs without
sectioning, such as with confocal or fluorescence laminar optical tomography,>*’

designing test objects from the start remains the easiest method to observe cellular

interactions and mechanistic changes.?

3.7 3D Printing for Organ-on-Chips Applications

3D printing is being used to create tissue models and artificial organs inside microfluidic
devices with the goal of providing the complexity, function, and physiological responses
of real organs. The field of organ-on-a-chip engineering has integrated 3D printing
technology by assembling tissues containing cells, ECMs, and other biomaterials with
precisely controlled spatial distribution, creating organ models with 3D specific cellular
arrangement within a microfluidic chip. The incorporation of other mechanical and
electrical components into organ-on-a-chip systems is simplified in fully 3D-printed
systems, enabling automated mass production and facilitating commercialization.>*3 The
ease and high-resolution of 3D printing for organ-on-a-chip applications provides a
promising alternative to animal studies and conventional cell culture for investigating
various biomedical research questions.?*’ Review articles have been written where
summary and advances in organs-on-a-chip technologies for tissue engineering

applications are provided.?>* > In this section, we will focus on recent developments that
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specifically utilize 3D printing for fabricating functional organ-like models and molds for

use inside microfluidic devices.

Combining precise geometrical features possible with 3D printing, well-defined flow
patterns, and imaging capabilities of microfluidic devices, a perfusion microfluidic
platform has been developed to simulate the blood-brain barrier (BBB) environment. The
BBB model is composed of a porous membrane where brain microvascular endothelial
cells and rat primary astrocytes are cultured on each side of the membrane.?’ The
modular chamber consists of sterilized parts fabricated using an Objet 30Pro printer with
VeroClear (Stratasys) assembled with a cell insert accommodating two cell monolayers
forming a complete closed-loop perfusion system. Characterization of the in vitro model
reveals a high-fidelity solution to studying the BBB biology due to the fluid residence
time, perfusion rates, permeability coefficients of model drugs (caffeine, cimetidine, and
doxorubicin), and trans-endothelial electrical resistance (barrier integrity) that mimic in
vivo values. Such functionality means the BBB-on-a-chip could effectively screen
candidate drugs targeting the brain, overcoming the limitations of typical BBB transwell
culture, where controlled biochemical gradients are difficult to achieve in the large static

fluid volume.

Similar to the BBB-on-a-chip model, cocultures relevant to other disease models are
constantly being developed and optimized to capture biological interactions forming
disease mechanisms. A 3D bone-on-a-chip model made of PDMS has been developed,

consisting of cell growth chamber and a media reservoir that are separated by a
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membrane to investigate metastasis of breast cancer cells to host bone marrow.?>* The
PDMS chambers were fabricated by casting over a 3D-printed (Rostock MAX V2
Desktop 3D-Printer) mold, resulting in a transparent growth chamber that allows for easy
and frequent monitoring of the breast cancer model. Growth and phenotypic maturation
of mineralized collagenous bone tissue was observed simply by modifying the
geometrical features of the membrane and the culture chamber, optimizing for nutrient
and waste transport and providing appropriate concentration of bone matrix building
proteins. Through 3D-printing, fabrication of this bone-on-a-chip geometrical design was
enabled, allowing maximized cancer cell interaction with bone matrix of a concentrated
surface area in a high-throughput experimental fashion. This serves as a reliable in vitro
model that captures the complexity of the native bone environment and mimics in vivo
processes, thus eliminating the need to obtain bone metastasis samples from human
patients, which has been one of the major limitations in studying breast cancer bone

colonization.

A 3D printing approach for a perfused liver organoid model on a chip has been
demonstrated where the model entails the sinusoidal structure of the liver lobule as
enabled by 3D printing (Cellbricks Bioprinter), with gelatin and poly(ethylene glycol)
(PEG)-based bioinks.?>* Characterization of HepaRG (a human hepatoma cell line) and
human stellate cells cultured for two weeks within the liver organoid-on-a-chip revealed
higher expression of albumin and CYP3A4 proteins in 3D-printed tissues compared to
monolayer culture. Hepatocyte functionality was shown through tight junction formation

and stable overall metabolism by glucose, lactate, lactate dehydrogenase, and liver-
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specific bile transporter multidrug resistance-associated protein 2 levels. This liver-on-a-
chip model serves as an alternative platform for complex 3D liver model development, as
opposed to 2D models, which are not as physiologically relevant, or the gold standard 3D
spheroid culture, which are limited by diffusion of nutrient and oxygen. Utilizing 3D-
printing capabilities, the geometry of the developed liver-on-a-chip can be tuned to
ensure adequate nutritional supply within larger tissue models, therefore providing a new

avenue to perform mechanistic studies in liver tissue engineering.

The organ-on-a-chip field exhibits an increasing demand to integrate other systems (e.g.,
electrochemical components, sensors and actuators, and imaging systems) to fully capture
the functionality of the organ in interest. Particularly, as 3D printing requires a CAD
model to produce shapes, incorporating scanning/imaging techniques into the fabrication
of organ models are often applied. In fabrication of a 3D model of arterial thrombosis,
computed tomography angiography scans were acquired, constructed, and processed into
a printable 3D model.?>> The molds for microfluidic chips containing miniaturized
healthy and stenotic vascular structures were fabricated using a Perfactory 3
stereolithography 3D printer with PIC100 resin with the resolution set as low as 25 um.
Taking advantage of the printers resolution limits, artery models within a microfluidic
device successfully recapitulated vessel environments: confluent coating of the vessels
with human umbilical vein endothelial cells, flow of human whole blood at
physiologically relevant shear stresses, and thrombosis induced at and downstream of the
stenotic region were observed.?>> Mimicry of shape, cellular environment, and functional

response of this 3D-printed organ-on-a-chip model emphasizes the superiority of 3D
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printing over typical microfluidic fabrication employing 2D soft lithography. Traditional
microfluidic fabrication is limited to generating two-dimensional microstructures or 3D
structures with very limited thickness. These design limitations coupled to the multiple
complicated and time-consuming fabrication steps highlight the advantages of 3D
printings. Structured-light scanning has been used to capture 3D topographical data of
whole organs to generate a 3D-printed microfluidic device that directly interfaces with
porcine kidney as a non-invasive platform to isolate and profile biomarkers from whole
organs in real time.?>® The functionality of this conformal microfluidic device was shown
by the transfer of relevant metabolic and pathophysiological biomarkers from the cortex
of the kidney to the microfluidic device while fluid flow is present in the microchannel.
The use of this device could potentially overcome the limitations of whole-organ studies
simply by facilitating transport of relevant markers of the corresponding organ to a much

smaller platform and the subsequent analysis.

Highly complex organs require complex in vitro models, often incorporating high
numbers of inputs and outputs within the corresponding organ-on-a-chip system. By
integrating 3D printing, templating, sensors, and system automation, a 16-channel
microfluidic perfusion chamber has been developed for investigating endocrine tissues
and secretions.?” This device is capable of precise temporal manipulation of nutrient
inputs and hormone outputs, shown by the measurement of real-time fatty acid uptake by
adipose tissue exposed to a temporal mimic of post-prandial insulin and glucose observed
by fluorescence imaging. The demonstrated flexibility of the listed platforms suggests

feasible use of 3D-printed microfluidics as building blocks for an integrated, modular
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organ-on-a-chip microfluidic devices. Further validation of these models could lead to
broadly accepted use, becoming the new gold-standard for studies investigating

mechanistic interactions of cell populations.

3.8 3D Printing for Orthopedic, Dental, and Craniofacial Applications

Orthopedic reconstruction with 3D printing technologies has garnered the greatest
interest, likely due to the relative ease in manufacturing stiff materials and replicating the
rigid structures. Materials range from stereolithographically cured poly(propylene
fumarate),?*8 to sintered ceramic-polymer blends.>> By matching material choices,
fabrication systems, and patient defects, 3D printing technologies can serve to improve
patient outcomes. For bone implants, the use of materials and structures which induce
bone regeneration and cellular infiltration present a viable path for custom implants. The
resorption, integration and osteoconduction of bioceramics such as brushite and monetite,
have survived 12 weeks in goats having undergone decortication of the lumbar transverse
process, with significant bone formation seen in intramuscular implants.?%° Metal

)261

coatings (e.g., with niobium)~®" or select stable polymers (e.g., poly(ether ether

ketone))?%?

can improve porosity, osteointegration, and differentiation with surrounding
tissue. With these stable materials capable of and inducing de novo bone regeneration, it
remains critical to choose material systems which facilitate expected fabrication and can
support cell growth, even if serving as sacrificial material.>*> Combining biphasic
calcium and zirconia in an extrudable paste has successfully been used to fabricate
biomimetic objects which induce differentiation.?®* Greater complexity to these implants

can be achieved with extrusion 3D printing approaches. Interweaving multiple materials

together, such as a BMP-2 containing collagen solution in between PCL/poly(lactic-co-
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glycolic acid)/B-tricalcium phosphate fibers becomes possible with custom extrusion 3D-
printers.?®® Directly compounding PLA and hydroxyapatite filaments for fused deposition
modeling allows direct integration with commercial fused deposition modeling systems
(i.e. 3DPRN LAB 3D).2% 3D printing materials containing bioactive components has
resulted in greater bone regeneration over multiple months as compared to non-bioactive
implants.?®> Mimicking calcified bone with bioactive scaffolds has worked to guide MSC
osteogenic differentiation in otherwise difficult regions where traditional implants may
not succeed, such as the anterior cruciate ligament.?” Including additional coatings, such
as dopamine, can be added to induce osteogenesis and angiogenesis, regulating cell

behavior towards a functional implant.?%®

Total reconstruction of the knee looks within reach; aligning collagen fibers with 3D-
printed acrylonitrile butadiene styrene (ABS) fibers forces cells to align in hopes of
encouraging tendogenesis.?®® A 3D-printed poly(carbonate urethane) — ultra-high
molecular weight poly(ethylene) meniscus fabricated with a Lulzbot TAZ 6 extrusion
printer shows some promise as a replacement device with appropriate wear properties
demonstrated, with further investigation needed.?’”® Continued developments of these
technologies may yield custom 3D-printed total knee replacements in the near future. A
3D-printed casing made of MED610 on an Objet Connex 3D printer (Stratasys) held
alginate beads loaded with MSCs have successfully been cultured in the shape of a
human femur, showing potential to regenerate large bone sections.!** Integrating a
vascular network and rigid structure would increase the clinical relevance of such an

implant, ultimately moving towards a load-bearing bone-regenerating implant. Varying
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t>’! and fiber oritentation?’? in 3D-printed objects could lead to

the hydroxyapatite conten
zoned-structured objects where integration between tissues could help improve implant
acceptance by mimicking the non-uniformity seen in biologic interfaces. These
orthopedic structures benefit from the patient specificity available with 3D printing. 3D-
printed structures tend to either maintain the structural stability demanded in orthopedic
implants or tissue engineered approaches to induce active osteogenesis and
osseointegration of the surrounding tissue. Further work to marry the mechanical and
biological aspects of bone implants is warranted.

Dental implants and craniofacial repair lend itself readily to 3D printing, with the
complex topology and need for cosmetically appealing repair schemes. Particularly in
craniofacial injury, cosmetic restoration can greatly improve psychosocial abilities, but
relies heavily on the surgeon’s skill.?”* 3D printing could provide a way to rapidly and
accurately repair these cosmetic issues and relieve strain on the surgeon. With accurate

representation of anatomic details with relative dimensional differences less than 3 %,

275 and biocompatibility,>’® 3D-printed titanium implants show

mechanical stability,
promise for custom dental repairs and implants.?”’ Proper material and design selections
aid in osseointegration and new bone formation, particularly by considering specific
patient needs and anatomy of the implant site.?’® In instances of severe head trauma, a
two-part technique has been proposed, where a custom mold is fabricated and filled with
poly(methyl methacrylate), pressed into large defect areas and completely sterilized prior
to surgery.?”” Whether as a guide for bridging-plates to pack with autograft**’ or a

directly printed and sintered implant,?8! osseointegration aided by a highly porous,

custom-material scaffold is achievable with 3D printing technologies. With the breadth of
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applications and methods still under evaluation, one can easily imagine a time where 3D-
printed implants are available, and not just in extreme clinical instances. Rapidly
analyzing the implant area with radiography, simulating the mechanical loading of the
3D-printed implant digitally to confirm integrity, performing the surgery, and following-
up with the patients lays a logical framework for point-of-use implant fabrication,
verification, and implantation.?®> Continued development and validation with patients
could see wide adoption of custom bone implants, seen to decrease operational time,
additional fixtures needed, and complications observed.?®? Layering techniques also
allow for replication of human anatomy unachievable through traditional manufacturing,
including the use of phase changing substrates.?®* Where orthopedic and dental
applications are developed near a point of clinical relevance, soft tissues remain
challenging. The complexity of native tissues has led to numerous approaches in efforts

to recapitulate native tissues.

3.9 3D Printing to Recapitulate Vascularized and Soft Tissues

Vascular implants and soft tissues present unique challenges, whereby combining
strength, flexibility, and cellular compatibility have led to the use of materials which
degrade and are replaced by native tissue overtime. A simple, non-degradable approach
to mimic an externally visible soft tissue (i.e. non-functional ear) uses radiographs of
human anatomy to develop desktop 3D-printed (3DTouch) ABS molds for a two-part cast
silicone part.?®® Parts fabricated in this manner were approximately 1/10™ the cost of a
similar 3D-printed and handmade replacement devices of similarly low functionality,
providing a visually appealing device restoring cosmetic function.?®> Building

complexity, sacrificial layers can be used to hold the shape, where multicomponent inks
60



can directly place cells or localize bioactivity to direct seeded cell populations.?®® A basic
example of this involves a selective laser sintered (EOS P100) PCL carrier seeded with a
collagen gel laden with chondrocytes which was successfully implanted as model ears
and noses in pigs.?®” However, pairing the specificity of materials and application
certainly remains pivotal, where proper material selection encourages neo-tissue
formation. A silk bioink formulated with gelatin and glycerol and fabricated with a
custom bio-printer was shown to degrade over 3 months, with cellular infiltration and
collagen replacing the subcutaneously implanted material in murine models.?*® Keratin
patches maintain sufficient structural integrity and cytocompatibility to facilitate cell
growth, and has great potential as a DLP (EnvisionTEC) fabricated dermal patch or skin
regeneration tool.?®” A Gelatin-GelMA system has successfully been used to repair
tympanic membranes in a chinchilla model, where loading the 3D-printed (EnvisionTEC
Bioplotter) bioink with epidermal growth factor was seen to improve healing numbers
and cell invasion.?”® Using a highly flexible, multiple material extruding printer allowed
for the complex model to be fabricated, without the need of post assembly processes
other than removing support material. Poly(ethylene glycol) (PEG) diacrylate — alginate
co-hydrogels with calcium and UV crosslinking have been proposed to increase the
toughness and recovery of hydrogel networks by forming a double crosslinking network,
increasing the applicability of otherwise unstable hydrogels within the clinic.>’' Another
approach to strengthen 3D-printed hydrogel fibers, without degrading the overall shape or
individual fiber, involves a ‘guest-host’ network with adamantane and -cyclodextrin
functionality on hyaluronic acid.?*> The hydrogel rapidly deforms and reforms

noncovalent reversible bonds as one hydrogel is extruded into the other and can support
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further chemical modification to further improve the bioactivity or functionality.??

However, the difficulty for these large soft tissues remains in encouraging vascularization

to prevent necrosis within the bulk.

To avoid this pitfall, channeling or printing lumens appear as a reasonable approach to
improve the diffusivity of the bulk implant and formed neotissue to facilitate nutrient
transport.'* Printing a filament network using a modified RepRap Mendel 3D printer to
define vascular lumens with a carbohydrate glass, casting a cell containing ECM, and
dissolving the network filaments has showed sustained metabolic function of primary rat
hepatocytes.?”* Typically, suppressed function would be exhibited in a bulk gel without
network and the alignment of endothelial cells along the open lumens within the bulk
demonstrates vascular formation.?”® Drawing these individual filaments to define the
location of the vasculature becomes significantly easier when using an extrusion based
3D printing system. Similar work with combinations of GeIMA and Pluronic F127%°* and

gelatin and collagen®>2%

show the ability to print vascular networks directly, allowing
perfusion of the circuit, improved expression of functional mRNA markers over static
culture, and cell budding. The challenge remains in creating these kinds of open networks

which support complex shapes and networks,?’’

and can translate to a wide range of
clinical applications: translation from the lab to the clinic remains extremely challenging.
Engineering vasculature poses the greatest clinical need in tissue engineering, as without

adequate vascularization, any large cell-containing implant will fail from insufficient

nutrient exchange.
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In addition, vascular issues remain of immense importance with heart disease remaining
the leading cause of death in the United States, according to the CDC.?>*® Engineered
vessels could provide a viable path to help combat this ailment, and other vascular
problems, by replacing diseased or damaged vessels with functional, anatomy-matched
implants. To help address this, a pericardium-PEG 3D-printed (EnvisionTEC Perfactory
4) hydrogels have been shown to have sufficient strength to form the aortic arch, and
reduce inflammatory signaling.?® Aortic valves from PEG — alginate hydrogels have
been also shown to support cell growth and reform tissue, as observed within porcine
tissue models.** A 3D-printed (EnvisionTEC Perfactory 4) poly(propylene fumarate)
vascular graft remained patent for up to 6 months in a mouse model, with initial
mechanical properties comparable to the native replacement tissue.>’! For both of these
applications, the highly liquidus resin would not have been well suited for an extrusion or
sintering based printing. The appeal remains that 3D-printed object can easily replace
individual physiology by imaging the defect ahead of the surgery. With promising results
seen in animal models, continued work would translate these technologies to human
clinical use. Engineered vessels have worked as interim solutions for hemodialysis
patients with failing shunts until a transplant organ was available.’? 3D printing provides
a unique pairing of complex geometry with soft resorbable materials and appears to be a
viable strategy to solve vascular challenges without permanent implants or xenogratfts,
which cannot remodel as the patient ages and carry concerns of host immune response,

infection, and rejection. 39330
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3.10 3D Printing in Surgery

Several 3D printing applications have moved from development to the clinic. Starting
with training physicians, on demand, 3D-printed, anatomic models are becoming more
available and increasingly accurate, becoming emphasized in medical school curriculums
over anatomic dissection.’*® Using anatomically colored analogues helps alleviate ethical
concerns and reduces stress on cadaveric supplies, storage, and medical school financial
burden.’*” 3D-printed anatomies generated from CT images are sufficiently accurate
(with less than 2 % dimensional variation) to serve as suitable replacements for cadavers

for both large (arm) and small (inner ear) anatomies.>"’

Training on combinations of 3D-printed models and cadaveric anatomy can be beneficial
for both medical students and practicing physicians. Surgical planning for complex
procedures has been revolutionized with 3D printing. Where projected 2D images may be
sufficient for simple procedures, instances exist where a 3D model better serves
clinicians in determining the most appropriate course of treatment. From complex neck
aneurisms,’*® to pediatric cerebrovascular lesions,*” and complex spine surgeries,*'° 3D
printing improves visualization and tactile manipulation of the defects prior to surgery,
improving assessments and, reducing surgical time (by approximately 12 % based on
matched operations®*®). These guides and tools serve the patients well; 3D-printed fixing
aids and packing tools have been shown to improve surgical intervention success.*!’ 3D
printed devices (Cube 2) have been used to plan the filling of soft tissue voids and design
skin grafts, aiming to restore stability to a wound site.>!! Outside the operating theater,

forensic models of bone fractures, vessels, and soft tissues for presentation in courtrooms
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and classrooms have begun to gain interest, where color choices are used to draw

attention to regions of interest.>!?

Certainly, the greatest area of interest for 3D printing related to medical applications
remains fabrication of medical devices and implants. With the FDA approval of software
to convert radiographs to usable formats for 3D printing, medical device manufacture has
begun.’!® As of 2017, the distribution of 510k cleared medical devices is 75 %
orthopedic, 13 % surgical, 6 % dental, and the remaining for other applications.’'*
However, the great appeal of 3D printing remains the extreme flexibility. FDA approval
limits the scope of individual technologies, for good reason, to specific areas of
treatment. This does ultimately hamstring the technology and may be why 3D-printed
devices remain most prevalent in the research realm and extreme clinical situations. Even
with the rigors associated with FDA approval, the benefits of bringing patient-tailored
devices to market should exceed the costs of narrowed applications. A likely niche that
meets these requirements is on-demand surgical tools, which have already been shown to
have sufficient mechanical integrity to compete with traditional stainless steel tools at
1/10'" the cost.?!> Manufacturing surgical tools within a sterile environment would negate
the need for secondary sterilization and help to provide rapid access to surgical tools in

the developing world.>!®

3.11 Conclusions

3D printing has rapidly moved from a fabrication novelty to a ubiquitous manufacturing
technique for biomedical applications. Though there remain many challenges for general

acceptance, such as validation and repeatability, milestones within the 3D printing
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revolution have been reached. A future where medical technology manufacturers’ work
closely with additive manufacturing centers and hospitals to answer various biomedical
questions and solve numerous clinical problems that are otherwise difficult to decipher.
As an acellular technique, 3D-printed implants and scaffolds show promise to increase
the biomimicry of culture surfaces, creating specific objects for targeted problems. As a
technique to study single cells, large cell populations, and organoids, 3D printing is
unparalleled in its proven flexibility to investigate cell interactions across size scales.
Overall, continued investigation into 3D printing technology and applications will only

see improvements in clinical and research objectives.
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Chapter 4: Development of Surface Functionalization Strategies

for 3D-Printed Polystyrene Constructs'!

4.1 Introduction

Linking together surface chemistry, material properties, and biological response provides
a viable path to translating 2D in vitro culture surfaces to 3D scaffolds. This builds in
vitro surfaces to mimic tissue niches through protein adhesion, cell patterning, and
guiding differentiation to sequester cells and generate functional tissues.*'®*!” However,
the applications of 3D-printed PS as a cell-contacting growth surface have been
limited.?'® The combination of 3D printing and surface chemical modification provides
the potential for a highly tunable process to select culture environments for select cell
types. Directed surface modification has been shown to influence human mesenchymal
stem cell (hMSC) differentiation, but further exploration would fully develop the link
between surface chemical cues and cell phenotype.*!® Fibronectin and integrins have been
seen to associate preferentially with carbonyl and amine containing surfaces.*?° Surface
wettability influences the adhesive force between proteins and the substrate, resulting in
conformational changes at the interface*?! which can be sensed by adhered cells and
influences spreading and proliferation.!?® Building surface properties to selectively elicit
and pattern protein adhesion provides a viable path to engineering cell-material

interactions.3??3%4

i Adapted and reprinted with permission from: MJ Lerman, S Muramoto, N Arumugasaamy, M Van
Order, ] Lembong, AG Gerald, G Gillen, and JP Fisher. Development of Surface Functionalization
Strategies for 3D-Printed Polystyrene. Journal of Biomedical Materials Research Part B: Applied
Biomaterials. 2019, (1)
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The main objective presented in this chapter explores engineering surface chemistry for
3D-printed PS scaffolds to target hMSC expansion. First, we sought to establish the
surface characteristics generated by our plasma system. Next, we determined the link
between surface properties and protein adhesion. Then, we investigated hMSC spreading,
growth, and ECM expression on the surfaces and ultimately show the concept translates
to a 3D model. We demonstrate that carbonyls on moderately hydrophilic surfaces help to
promote hMSC proliferation and phenotype maintenance, likely through associated
surface ECM proteins expressed by the cells and deposited from media. These strategies
present a viable 3D PS scaffold capable of supporting hMSC expansion with wide

applicability.

4.2 Materials and Methods

4.2.1 2D Substrate Preparation

Silicon wafers were wiped clean with ethanol (EtOH), sonicated for 5 min in acetone,
then methanol, and dried with nitrogen. 10 % (w/w) PS (> 50,000 molecular weight
atactic flakes, Polysciences, Inc., Warrington, PA)/Toluene was spun cast at 314.2 rad/s
(3000 RPM) for 40 s with a spin coater. These samples were used for surface
characterization. For cell and protein analyses, cover glass slides were wiped clean with

EtOH and coated 10 % PS solution following the same spin casting method.

4.2.2 Surface Activation

A low temperature plasma activated samples by creating a dielectric barrier discharge

(DBD) in a 4 mm ID glass capillary tube attached to a 20 kHz AC high voltage source
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(Fig. 1A). Ultrapure helium was used as a discharge gas with acetonitrile vapor or oxygen
added at a concentration of 2.5% (v/v). Ignition frequency was visually tuned with the
lowest power selected achieving uniform and consistent plasma ignition and to avoid
thermal damage to surfaces (0.14 kV to 0.34 kV). Samples were translated under the
plasma jet with servo motors. For 3D-printed objects, each side was exposed to plasma
treatment. Sample characterization and use in cell studies were generally performed at
least a day after treatments, with samples generated at the same time generally used in

subsequent studies.

4.2.3 Goniometer wettability measurements (water contact angle)

2 pL of deionized water was dispensed onto leveled samples with an inverted syringe
pump. A video camera recorded the pendant droplet touching and stabilizing on the
surface. The baseline water-surface interface was determined and contact angle measured

on at least 3 drops.

4.2.4 X-ray photoelectron spectroscopy (XPS)

Quantitative XPS measurements determined elemental compositions with a survey scan
(0 eV to 1100 eV), a pass energy of 160 eV, and resolution of 1.0 eV. The binding
stoichiometry was determined from high-resolution scans with a pass energy of 40 eV
and resolution of 0.1 eV and deconvolving the peak into its components based on overall
shape. A Gaussian-Lorentzian distribution was used for peak fitting, with a full width at
half maximum constraint of approximately 1.7 eV on 6 spectra per sample. Charging was

accounted for by a low energy electron flood-gun with a filament current of 1.8A and
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charge bias of 2.5V. Differential charging on the surface was not suspected based on a

lack of significant peak broadening.

4.2.5 Total protein determination

Samples were covered in fetal bovine serum (FBS) for 1 hour at 37 °C, then rinsed with
phosphate-buftfered saline (PBS), placed on ice, and covered with cold
radioimmunoprecipiration assay (RIPA) buffer for 5 min. Isolated protein was
centrifuged at 14,000 g for 15 min at 4 °C. The supernatant was tested on 3 samples in
technical triplicate with a Pierce BCA Protein Assay following standard microplate

procedures.

4.2.6 Polyacrylamide gel electrophoresis protein separation and Coomassie

staining
Protein was isolated following the methods explained above with Halt Protease Inhibitor
(ThermoFisher, Waltham, MA) added to RIPA, including a 1:100 FBS:RIPA control.
Mini-Protean TGX (Bio-Rad, Hercules, CA) gels were loaded with Laemmli buffer and
samples, as described.?” Gels were run for 45 min at 120 V in 1X Tris-Glycine buffer
and fixed in 5 % acetic acid, 45 % deionized distilled water (ddH>O, >18.2 MQ
resistivity), and 50 % methanol for 30 min. Gels were washed 3 times for 5-min in

ddH>O with protein bands visualized and imaged with Coomassie blue.

4.2.7 Proteomics through mass spectrometry (MS)

Protein was isolated through electrophoresis, as described. Gel lanes were separated, cut

into 10 equal pieces, digested with sequencing grade trypsin, and peptides extracted with
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acetonitrile-formic acid buffer.*?* Liquid-Chromatography (LC)-MS/MS was performed
using a nano-LC system (Easy nLC1000) connected to Q Exactive mass spectrometer
(ThermoFisher). Peptides were eluted at 300 nL/min using a series of linear gradients of
acetonitrile in 0.1 % formic acid. Data sets were searched against UniProt human
database using MaxQuant software (version 1.5.5.1).326 Groups with peptide counts less
than the total number of test groups (6), non-species, or obvious contaminants were

eliminated.

4.2.8 Cell culture practices

hMSCs (RoosterBio, Frederick, MD) were thawed and expanded in Dulbecco’s Modified
Eagle Medium with 10 % fetal bovine serum, MEM non-essential amino acids 0.1
mmol/L, and penicillin (100 U/mL) - streptomycin (100 pg/mL) (growth media). 90 %
confluent hMSCs were washed with pH 7.4 PBS and lifted with 0.25 % trypsin-EDTA
and neutralized with growth media. Passage 2-4 hMSCs were used during experiments,
with cells treated as passage 1 upon receipt. 50,000 hMSCs per at least 20 minute UV
sterilized sample were used unless noted. Cell counting was accomplished using the

Trypan Blue exclusion method with a hemocytometer.

4.2.9 Confocal imaging and image processing
Cells were lifted as described and resuspended in the media of interest (growth media or
RoosterBio High-Performance Basal Media (No Serum Media). hMSCs were seeded
onto surfaces and grown overnight. Cytochalasin-D treated hMSCs had their media
replaced with growth media containing 10 umol/L cytochalasin-D for 1 hour prior to

fixing 23?732 Samples were chemically fixed using 4 % formaldehyde and 1 % sucrose
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solution and permeabilized with a 300 mmol/L sucrose, 50 mmol/L sodium chloride, 6
mmol/L magnesium chloride, 20 mmol/L HEPES, and 0.5 % Triton-X-100 solution.
Actin was stained with 2.5 % AlexaFluor 594 Phalloidin in PBS, counterstained
diamidino-2-phenylindole (DAPI) or VectaSheild (Vector Labs, Burlingame, CA). A
confocal microscope (SP5 X, Leica Microsystems, Buffalo Grove, IL) captured Z-stack
images, which were processed with a MATLAB (MathWorks, Natick, MA) program.
The program read in image files from the specified directory, and separated the image
stacks into individual image locations (i.e. groups of individual z-stacks). Small debris
and background fluorescence were eliminated with size and intensity exclusion
thresholds. For each image stack, the average spread area was calculated by dividing the
total area covered by phalloidin (red channel) by the number of detected nuclei (blue

channel). Running this process for each stack was used to generate statistics (Appendix).

4.2.10 Flow cytometry

hMSCs were seeded as described and grown for 6 days, with media replaced on the 3™
day. Cells were lifted with StemPro Accutase (ThermoFisher), diluted with an equal
volume of growth media, and resuspended in 1 % FBS in PBS (flow buffer). To stain, a
PE Negative Cocktail (CD45, CD34, CD11b, CD19, and HLA-DR) and Positive Cocktail
(FITC CD90, PerCP-Cy 5.5 CD105, and APC CD73) from a Human MSC Analysis kit
(BD Biosciences, Franklin Lakes, NJ) was used, following manufacturer’s
recommendations. hMSC Isotype controls were run and UltraComp eBeads
(ThermoFisher) single color controls were used for compensation. Data collection was
performed on a FACS Canto II (BD Biosciences) and analysis performed with Cytobank

Community software (Cytobank Inc. Santa Clara, CA).
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4.2.11 DNA quantification

Cells were dissociated from 3 samples with Trypsin and 0.25 % EDTA and resuspended
in PBS. DNA was isolated following the procedures for DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany) and quantified in technical triplicate using a Quant-iT
PicoGreen (ThermoFisher) kit, following the manufacture’s protocol. Fluorescence
measurements were read on a M5 SpectraMax plate reader (Molecular Devices, San Jose,

CA) with an excitation wavelength of 490 nm and emission read at 538 nm.

4.2.12 RT-PCR

RNA was isolated with a Trizol phase separation technique. Samples were covered with
Trizol, gently mixed and transferred to a microcentrifuge tube. Chloroform was added
and vigorously mixed. Phase layers were separated by centrifugation at 12,000 g for 15
min at 4 °C, with the aqueous phase transferred. 70 % EtOH was added to 35 % of the
final volume. Samples were transferred to an RNeasy mini column (Qiagen). Complete
RNA isolation followed kit instructions. cDNA conversion was completed using a High
Capacity cDNA Archive Kit (ThermoFisher) following manufacturers procedures. A
AACT gene expression assay was completed, comparing genes of interest to GAPDH
(endogenous control). A 7900HT RT-PCR system (Applied Biosystems, Foster City, CA)
cycled samples: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 sec at 95 °C, and 1 min

at 60 °C.

4.2.13 3D scaffold fabrication

A 3D Bioplotter (EnvisionTEC GmbH, Gladbeck, Germany) fabricated scaffolds. A

sugar-glass support material (EnvisionTEC GmbH) was heated to 150 °C and extruded
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through a 0.3 mm ID needle tip at 70 - 80 kPa at 10 - 30 mm/s. The PS was melted at 155
°C and extruded through a 0.4 mm ID needle tip at 900 kPa at 3 — 5 mm/s. The build
surface was maintained at 60 °C. The extrusion temperature of the PS is below the
thermal decomposition temperature of the material (around 163 °C'>!) to avoid
degradation of the material. At the completion of prints, the support was removed with
ddH»O0, scaffolds washed overnight in ddH»O, cleaned in 100 % EtOH for 30 min, and air
dried. With these washing procedures, we believe the support material was solubilized

following printing and not present during later cell studies.

4.2.14 Scanning electron microscopy (SEM)

A FEI Quanta 200 FEG-ESEM (Hillsboro, OR) was used to image PS scaffolds under
high vacuum at 5.0 keV. Samples were coated with Au-Pd prior to imaging to reduce

charging artifacts.

4.2.15 Gel permeation chromatography (GPC)

The molecular weight of printed and stock PS was determined by GPC (Waters Alliance
Separations Module €2695, Waters 2414 Refractive Index Detector, and Waters HSPgel

columns in series (HR MB-L and HR 3.0 columns, 6.0 mm ID x 15 cm, Waters, Milford,
MA). Three samples of each were dissolved in tetrahydrofuran with molecular weight

(g/mol) determined against polystyrene standards in at least technical duplicate.

4.2.16 Differential scanning calorimetry (DSC)

The glass transition temperature was determined by measuring the thermal energy change
as a function of temperature change with a TA DSC Q100 (TA Instruments, New Castle,

DE). Three approximately 10 mg samples of printed and stock PS were sealed in
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hermetic aluminum pans. Samples were rapidly equilibrated at 160 °C and kept
isothermal for 5 min. The temperature was ramped at 10 °C per min to —20 °C and back

to 160 °C and heat flow recorded.

4.2.17 Statistical analysis

Statistical significance was determined through a one-way two-sided ANOVA at the 95%
confidence interval using the Games-Howell comparison method in Minitab 18 (Minitab,

Inc. State College, PA) unless noted.

4.3 Results

4.3.1 Surface characterization of 2D treated surfaces

In this work, we sought to develop a surface modification method which facilitates hMSC
adhesion and growth on custom PS scaffolds. This work was performed on 2D surfaces
to validate our method. Wettability analysis (Figure 4.1 B, C) shows that treated surfaces
experience a significant increase in wettability as compared to the no treatment (NT)
control (92.3°). 2.5 % oxygen (O2) and 2.5 % acetonitrile (ACN) plasmas reduced contact
angles to 54.6° and 26.4° respectively, while TCPS surfaces maintained a native contact
angle of 50.0° (p < 0.05). With contact angle measurements performed at least a day
following treatment, we suspect contact angles would have stabilized by the time
measurements were taken. Further surface characterization, accomplished through XPS,
confirmed the NT surface as primarily carbon containing, with moderate oxygen and
little nitrogen content observed in TCPS (Figure 4.1 D). Nitrogen incorporation in O2 and
He surfaces were similar (p < 0.05). Total oxygen incorporation was similar in TCPS,

100 % helium plasma (He), and O; plasma treated samples, followed by ACN. ACN
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treated samples had much greater nitrogen incorporation (p < 0.05). Specific bonding
stoichiometry indicate that oxygen present in He and O, treated surfaces contained both
single-bonded oxygen and carbonyl groups (Figure 4.1 E, Table 4.1). The carbonyl
content of He and O» treated surfaces exceeded, though not statistically different, the
quantities present in TCPS (p > 0.05). ACN treated surfaces contained the greatest
quantity of single and double bonded oxygen, as well as potential surface amines groups

and malononitrile (p < 0.05).
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Figure 4.1 Characterization of DBD treated surfaces. A) Diagram of the DBD system with
plasma flowing over the sample. B) Example contact angle images of the NT, O, and ACN
treated surfaces. C) Quantified contact angles. Activating the surfaces with He, O», and ACN
reduced contact angles. Groups with different letters indicate statistical difference (p < 0.05), data
is shown as mean =+ standard deviation, n = 5. D) Survey XPS data shows surface oxygen and
nitrogen presence on the DBD treated surfaces and TCPS and nitrogen on the DBD treated
surfaces. Nitrogen presence in the DBD surfaces is likely a by-product of plasma treatment in
ambient atmosphere. The greatest nitrogen presence was seen on the ACN treated surfaces.
Oxygen and nitrogen presence were accompanied by a reduction in carbon. E) High-Resolution
DBD treated surfaces showed single bonded oxygen, and carbonyl groups. TCPS showed both
single bonded oxygen and carbonyl groups. NT surfaces remained purely carbon. Nitrogen
presence on the ACN treated surfaces were primarily bound to carbon as imine groups, with 13 %
of nitrogen on the surface was present as malononitrile. XPS Data is shown as mean + standard
deviation, 6 scans per sample, single sample for NT, ACN, TCPS, two samples for He, O..
Groups with different letters indicate statistical difference, asterisk indicates identical values
(Tukey multiple comparison, p < 0.05).
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Table 4.1 XPS compositional analysis. The survey scan shows the elemental distribution of the
surface in percent atomic composition, while the high-resolution scan shows the chemical states
for the elements carbon and nitrogen. Data is shown as mean + standard deviation. *Imine (R=N-
R) where R is aromatic, **Malononitrile (N=C-CH2-C=N)

Survey Scan High Resolution Scan

285.3 286.4 287.6 397.9 402.4
O1s Cls N 1s

C-C C-0 C=0 N-R* Malo**
NT 0+1 99 +1 - 100 - - - -
ACN 8+1 63+1 290+ 1 27+ 1 5242 2442 89+7 11+7
TCPS 12+1 88+1 0+1 84 +1 13£1 3+1 - -
(0)) 11+1 89+1 1+1 82+2 12+4 6+5 - -
He 10+1 89+1 1+1 85+2 8+2 7+2 - -
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4.3.2 Characterization of adhered surface protein

The contact angle decreased relative to initial values following serum exposure, and was
statistically similar across all surfaces, except for ACN treated surfaces (Figure 4.2 A).
ACN treated surfaces were observed to have an increase in contact angle. All contact
angle changes were statistically different from initial values (two sample t-test, p < 0.001
for all test surfaces at the 95 % confidence interval). A Pierce BCA analysis revealed O
treated samples were the only group to contain a statistically greater quantity of adhered
protein relative to the NT control, but no different from the other surfaces (p < 0.05,
Figure 4.2 B). Coomassie staining confirmed the adhered protein quantities similarities,
where the darker bands of the O2 and TCPS treated samples indicate greater protein
presence (Figure 4.2 C). Additionally, darker high-molecular weight bands appear
present in these samples. To better quantify protein differences, mass spectrometry was
performed on the PAGE gel separated proteins. The proteins have been grouped by
family type and the top 10 protein families present ranked (Figure 4.3). Based on peptide
counts (e.g., instances of matching protein fragments), O treated surfaces tend to
associate better with 1) proteins generally, attracting more and a wider variety and 2)
greater relative amounts of ECM proteins (23.1 % of Oz, 19.7 % of TCPS, 14.8 % of NT,
11.5 % of He, 10.8 % of FBS, and 5.1 % of ACN). Specifically, collagen family proteins
were only found to be a top 10 present protein by peptide count in the Oz (#6, 3.6 %)
surfaces and TCPS surfaces (#10, 3.0 %). These both represent a greater fraction than in

the diluted FBS control (#10, 2.6 %).
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Figure 4.2 Protein effects on DBD treated surfaces. A) Quantified contact angles across the
surfaces following serum exposure Contact angles were reduced for all surfaces except on ACN
treated surfaces. This indicates increased surface wettability and surface energy following
exposure to serum. Groups with different letters indicate statistical difference (p < 0.05), data is
shown as mean + standard deviation, n = 5 except TCPS n =4, ACN n = 3. B) Total protein
content following coating. O, surfaces showed statistically greater protein adhesion than the NT
surface, but no different from any other surface. Data is shown as mean + standard deviation, n =
3. C) Coomassie stained gel. Visually, the O, surface band appears darker than the NT surface
across the whole lane. Similar bands are observed across all treatment samples and the source
serum.
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Figure 4.3 Adhered protein composition on DBD treated surfaces. A) Table showing the top
ten proteins present by peptide count, grouped by identified protein family. ECM proteins are
called out separately and represent percent of total peptides counted. Collagen was only present in
the top ten for FBS, TCPS, and O, indicating a possible correlation between carbonyls on
surfaces and ECM protein association. Conversely, ACN surfaces had the lowest percentage of
ECM proteins present. B) Graphical representation of the percentages of counted peptides. Colors
in figures match those in the table for each group.
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4.3.3 Cellular interaction with surfaces

Surfaces containing the highest quantities of carbonyl-groups tended to facilitate the
greatest spreading (Figure 4.4). Protein containing media and coating the surfaces with
media increased cell spreading, while the use of a serum-free media and an actin inhibitor
(cytochalasin-D) reduced cell spreading. NT surfaces tended to prevent cellular
spreading, where cells remained rounded. Quantified hMSC phenotype (Table 4.2) shows
that the cells generally expressed (>95 %) of the positive markers and lacked expression
of negative markers (83 to 90 %). O treated samples exhibited the highest amount of
phenotypically expected hMSCs. To contrast this, He treated samples, with lower
wettability and similar oxygen content, exhibited higher ratios of hMSCs expressing the
differentiation markers in the Negative Cocktail Mix. The ACN treated surfaces showed

decreases in the positive and negative markers.
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Figure 4.4 Average spread area of hMSCs on treated surfaces in various media. The data
indicates that proteins tend to associate with the carbonyl containing surfaces, facilitating cell
spreading through an actin-related mechanism. Surfaces pre-coated with serum generally had
greater spread areas, where media lacking protein showed less spread cells. The addition of
cytochalasin-D, an actin inhibitor, to the media prior to imaging generally reduced spread area of
the hMSCs. Note: ANOVA was performed over the whole dataset, groups with different letters
indicate statistical difference (p < 0.05), is shown as mean + standard deviation, n = 16 except NT
cytochalasin-D treatment, n = 15.
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Table 4.2 hMSC phenotype assessment through flow cytometry. Carbonyl containing surfaces
tended to have greater percentages of hMSCs displaying expected surface markers, where ACN
treated surfaces tended to have reduce the percentage of expected phenotype hMSCs.

Condition % CD90(+) % CD73(+) % CD105(+) % Negative (-)

TCPS 94.8 95.5 96.1 83.3
NT 97.9 97.3 95.3 84.0
He 99.4 98.4 98.3 74.3
02 94.1 97.2 95.6 89.9
ACN 74.4 73.2 80.5 58.5
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4.3.4 Cellular response to 2D surfaces

DNA quantification showed significantly higher growth (DNA fold change) after 6 days
(Figure 4.5 A). The He and O treated surfaces showed the greatest increase in DNA,
followed by treatment with ACN (p < 0.05). PCR showed similar collagen I (Figure 4.5
B) and fibronectin (Figure 4.5 C) mRNA expression of hMSCs attached to the plasma
treated samples and TCPS over the course of 6 days. Expression levels were significantly
greater than on the NT surface (collagen I, expression on the NT surface was
inconclusive, p <0.05). As well, CD29 (Figure 4.5 D) expression was significantly
greater from hMSCs on the treated surfaces relative to the NT surfaces (except for He,

where expression was inconclusive p < 0.05).

85



b4
m

DMA Fold Change Collagen |
4 1
AT A
538 [ i S 0.8
g ] B
525 206
= 2 2
° £ o Cos
w15 I <! I
| [
= I 02
" os i I
; 0 [ |
D3 D6 D3 D6
BTCPS mNT mHe =02 mACN =TCPS mNT sHe =02 mACN
c D
Fibronectin CD29
1 1
508 508
@ 2
@ [+
écl_s EM
w i
0.4 0.4
2 3
€ 0.2 i 02
A
" 1 A I
0 0
D3 D6 D3 D6
=TCPS =NT ®mHe =02 mACM ®TCPS ®NT ®He =02 mACHN

Figure 4.5 hMSC growth and ECM marker expression on DBD treated surfaces. A)
Normalized DNA content to each DO value. The He and O, surfaces showed the greatest DNA
content fold change, followed by ACN, TCPS, and NT surfaces. This indicates surface activation
successfully facilitated hMSC proliferation. Data is shown as mean + standard deviation, n = 3.
B) mRNA expression of collagen 1. All surfaces showed detectable expression except for the NT
surface. C) mRNA expression of fibronectin. All surfaces showed greater expression than the NT
surface on day 6. D) mRNA expression of CD29. All surfaces showed detectable expression
except for the He surface. Statistically greater expression was seen on TCPS, O, and ACN
surfaces compared to the NT surface at day 6. For AACT mRNA expression, depressed
expression on the NT surface at day 6 may indicate reduced ability to modify the surrounding
environment and express ECM proteins, likely related to the underlying protein content directed
by the surface chemistry. Note: Groups with different letters indicate statistical difference (p <
0.05) for ANOVA was performed on each time point. For figures B, C, and D data is in technical
triplicate and displayed as mean + standard deviation.
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4.3.5 Translation of results to 3D model

To explore the applicability of this method on 3D-printed PS, we developed a method for
extrusion deposition modeling of polystyrene without thermally degrading the polymer
(Figure 4.6 A). Scaffolds with 90° (Figure 4.6 B) 60° (Figure 4.6 C), and 85.5° (Figure
4.6 D) rotations between individual layers were printed. SEM imaging of the 90°
matching demonstrates open internal pore structure (Figure 4.6 E). When the 85.5°
surface was treated with the Oz plasma, hMSCs adhered and spread within the scaffolds.
At 3 days, hMSCs were observed to bridge fibers (Figure 4.6 F) and remained spread on
fibers with expected morphology after 6 days (Figure 4.6 G). hMSC seeded at 5,000
cells/cm? continued to expand in static culture up to 7 days (two sample t-test p value
between NT and O> scaffolds = 0.011, Figure 4.6 H). No differences in glass transition
temperature (two sample t-test, p = 0.212, Figure 4.6 1), high or low fraction molecular
weights (two sample t-test, p = 0.825, 0.210, Figure 4.6 J, K), or molecular weight area
fractions (two sample t-test p = 0.905, Table 4.3) were observed between the printed and
stock material, indicating our method did not thermally degrade the material during

extrusion.
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Figure 4.6 3D printing method supports flexible fabrication and hMSC growth. A) 3D
printing method schematic: card stock is placed onto the temperature controlled base plate with
the support material printed on top. The extrusion head is then replaced with PS extruded onto the
support material. 3D-printed PS scaffolds with layer offset angles of B) 90°, C) 60°, and D)
85.5°. E) A SEM image of the 90° inner geometry of the PS scaffold. F) A single hMSC is seen
bridging two PS fibers in an 85.5° scaffold at 3 days. Green lines indicate the edges of the PS
fibers, DNA is stained blue with DAPI, and F-actin is stained red with phalloidin. G) hMSCs on
an 85.5° scaffold display expected morphology on a O, treated scaffold at 6 days. The image is a
projected z-stack over the curved surface of a single PS fiber. DNA is stained blue with DAPI and
F-actin is stained red with phalloidin. H) DNA Fold change from day 0 after seven days of
growth. hMSCs initially seeded at 5,000 cells/cm?. Trends indicate that the 85.5° scaffold O,
scaffold supports hMSC growth throughout the scaffold and warrants further development. (p =
0.011, data shown as mean + standard deviation, n = 3). Matching batches of source (stock) and
extruded (printed) material were evaluated for the occurrence of degradation during printing. I)
Differential scanning calorimetry determined no difference (p = 0.212) in the glass transition
temperature (n = 3). J) High molecular weight fraction and K) Low molecular weight fraction of
stock and printed polystyrene as determined by gel permeation chromatography. (n = 3) samples
were run against a standard curve to determine molecular weight. No difference was found
between high (p = 0.825) and low (p = 0.210) fractions of the stock or printed material.

88



Table 4.3 Area fractions molecular weight peaks. No difference between the relative quantity
in each group was observed (p = 0.905).

Stock (%) Printed (%)
High Fraction 33.5+0.2 33.5+0.5
Low Fraction 66.5+0.2 66.5+0.5
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4.4 Discussion

Our first goal was to decouple the 3D geometry and surface chemistry by understanding
the wetting and chemical properties generated by the DBD plasma treatment. The He test
group was included as a process control with Oz and ACN surfaces intended to increase
wettability and incorporate carbonyl and amine groups respectively. NT samples set a
baseline for the DBD groups and TCPS provided a comparison to standard culture
surfaces. Targeting contact angles within the 40° to 60° range have been shown to best
promote cell adhesion, independent of surface chemistry.®* TCPS, He, and O, surfaces
achieved this target range and ACN and NT surfaces were outside this range. As well, the
differences in contact angle between the He and O: treated surfaces may be attributable
different, subtle (10s of nm) structures on each®>!%® or differences in surface charge*%*3!,

Qualitative SEM imaging of a treated and untreated surfaces did not reveal differences in

the surface roughness.

Previous work suggests that carbonyl incorporation on surfaces tends to correlate
positively with cell growth’” and surface wettability influences protein conformation®*2,
The moderate oxygen and low nitrogen content in TCPS is consistent with the
manufacturing process: a corona discharge plasma in an oxygen rich environment.?> O,
and He chemical similarity likely due to the experimental DBD system depositing
reactive species from the ambient atmosphere. Deposited malononitrile on ACN
substrates was likely a by-product of plasma polymerization of the monomer as well as
degradation of the vaporized acetonitrile in the energetic plasma discharge. Malononitrile

is thought to inhibit metabolic rate of mammalian cells and form thiocyanate in tissues,**
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causing detrimental effects on seeded cells. The developed custom DBD system promotes
surface changes, controlled by changing the input gasses, and effectively modifies the PS

targets with reactive ionized species.

Having established surface chemical differences between the groups, we next
investigated how these surface properties impacted protein adhesion. It is well established
that proteins will tend to adhere on surfaces, regardless of underlying composition
through nonspecific adsorption.®” However, protein conformational differences, types of
bound proteins, and relative concentrations may differ due to surface chemistry.>** The
interaction between the surface chemistry, wettability, and proteins likely dictates
preferences towards individual protein adhesion types and conformation.**> By
engineering surfaces to attract or repel proteins of interest, targeted cell expansion and
niche generation may be possible. The first step to realizing differences in our treated
surfaces included repeating wettability measurements on serum-coated surfaces. We
found the surface wettability significantly increased on all surfaces, except the ACN
surfaces. These data indicate that the adhered proteins may undergo a conformational
change depending on the surface chemistry, as seen previously.*?!33* Total protein
quantification, PAGE gel separation, and MS analysis support differences in total protein
content and composition. As with all protein interacting surfaces, the Vroman Effect is
certainly in play.**® We sought to investigate how hMSCs will begin to interact with the
surface. It has been previously observed that at an hour, approximately 10 % of seeded
cells will begin to attach to TCPS,**’ beginning to spread on the surfaces**%. As well, this

time is near the peak (areal mass) of attached protein, forming a uniform layer, and cells
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may sense this attached protein as a single uniform structure.** The protein layer is fully
formed, though it may change over time, with higher molecular weight material generally
replacing lower weight material.>*° Particular proteins of interest contain the peptide
sequence arginine-glycine-aspartic acid (RGD), help to promote cell adhesion through
integrin proteins.>*! ECM proteins, such as collagen, contain the RGD sequence and have
been shown to influence proliferation and osteoblastic differentiation of hMSCs through
cellular pathway activation and mechanical substrate deformation.>*>34> Determining the
surface proteins informs ultimate hMSC response. Other than collagen, the remaining
proteins mentioned in the table are not known to have definitively beneficial cell
adhesion affects. Kininogen and apolipoprotein have been observed to inhibit cell
adhesion processes.**®*7 ITIH proteins work to stabilize hyaluronic acid.>*®
Glycoproteins play a role in cell-cell interactions, but not ECM interactions directly.34%>
Serum albumin works to inhibit endothelial apoptosis.**! The serpin superfamily inhibit
enzymes, such as those in the coagulation cascade.*>? Macroglobulin and antiproteinases
act in the foreign body response.*>**> Serotransferrin, vitamin D-binding protein,
hemoglobin, and fetoprotein are all linked to carrying metabolites.*>>3% Collagen stands
apart from this group, as the only ECM component protein. Improved protein adhesion
on the carbonyl containing surfaces could be due to their electronegativity relative to
single bonded oxygen, encouraging hydrogen bond formation associating with
proteins.®> Conversely, ACN treated surfaces appear to resist protein adhesion,
specifically ECM proteins, which may be linked to the extremely high surface

360

wettability*®® or surface chemistry and likely acidic surface environment.>®!
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Protein adhesion differences were compared against hMSC spread area, a measure of
surface attractiveness, binding, and phenotype. Quantified cell spreading suggest the
carbonyl groups on surfaces with contact angles between 50° — 55° act with proteins
either in the media or during a coating to facilitate attachment, potentially through an
amenable conformational preference or increased presence of ECM proteins.**? Surfaces
lacking these traits may lack the native biological residues necessary for optimal protein
adhesion and cell anchorage, attachment, and spreading. All the treated surfaces should
allow hMSC:s to initially attach and grow, and that the carbonyls on surfaces are likely
coordinating with proteins to encourage the cell attachment and spreading. For example,
more ECM proteins were observed on O» surfaces and these had higher spreading as
compared to He and NT surfaces. Both the use of a serum free media and treating the
cells with an actin inhibitor (cytochalasin-D) reduced cell spread area as compared to
both growth media conditions. This correlation indicates cell spreading is influenced by
an actin-mediated mechanism with the underlying surface proteins, guided by the
underlying surface properties. Though the cells likely do not sense the chemistry directly,
the coordination of surface chemistry and protein adhesion certainly facilitates cell
adhesion, patterning, and growth.”®*%? The underlying surface properties can be used to

influence hMSC adhesion characteristics by modulating underlying adhered protein.

hMSCs stemness was evaluated with flow cytometry with a set of positive and negative
multipotency markers. Moderately hydrophilic surfaces (TCPS, O2) supported a high
fraction of phenotypically expected cells, suggesting some interaction between the

underlying surface chemistry, adhered protein, and differentiation potential. The adhered
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hMSCs on these surfaces were found to align with previously set guidelines of surface
marker expression.’®® In contrast, the ACN surface showed decreased positive and

increased negative markers, indicating a reduction in multipotency.

The next objective was to evaluate growth and ECM protein expression of hMSCs grown
on the test surfaces. Cumulative results suggest that adding oxygen to the plasma tended
to improve hMSC surface interactions, where treatment with ACN tended to diminish
these. The hMSCs expanded significantly more on the treated surfaces vs. the untreated
(p <0.05) and continued to express collagen I, fibronectin, and CD29. Collagen I and
fibronectin are two representative ECM matrix proteins.*®* CD29 (Integrin B1), in part,
helps to regulate hMSC ECM adhesion, migration, and focal adhesion kinase pathway
activation.*®>3% The diminishing presence of ECM production suggests the cells may
lack the ability to modify the surrounding environment on the NT surface.*®’ This may be
caused by the underlying protein layer directed by the surface treatment. The carbonyl

containing surfaces tended to allow continued matrix production over the time studied.

The final goal was to evaluate the translatability of our 2D findings to a 3D model,
working towards bringing PS from a 2D surface to 3D scaffold with directed
functionalization. The 2D work details the importance of the O treatment and was tested
in 3D as a proof-of-concept. The method is capable of producing a wide range of
geometries and heights with open internal architecture without thermally degrading the
polymer. The high fraction of the low molecular weight of the low molecular weight

component contained within the PS could be acting as a plasticizer to both reduce the
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measured glass transition temperatures and aid in extrusion.>¢®*%° Additionally, this low
molecular weight fraction is likely concentrated near the surface of fibers, based on the
entropic forces creating a gradient of concentrations to minimize the free energy during
solidification.>’® hMSCs were observed to spread and interact with the scaffold, utilizing
both the polymer filaments and filling in the void spaces between the fibers. We suspect
these cellular interactions were occurring throughout the entirety of the scaffolds. The
trends indicate that the plasma treatment improved growth. O treated scaffolds
demonstrate a method to transform PS to a 3D culture surface which hMSCs attach and
grow with future work seeking to investigate this further. Extrusion 3D-printed PS
scaffolds have previously isolated and expanded lymphoma cancer cells, with the
scaffold isolating the cells of interest'>* and PS punched scaffold have expanded hMSCs

318 Continued customization of PS scaffolds would define

in a perfusion bioreactor
surface chemistry, geometry, and flow properties for individual cell populations. Further

work seeks to understand how hMSCs sense these 3D culture platforms, and the

influences on directed differentiation, leading to highly specialized PS bioreactors.

4.5 Conclusions

We propose a set of criteria to transform PS from a 2D to 3D culture surface.
Incorporating carbonyls on surfaces with water contact angles between 50° — 55° tended
to facilitate ECM protein and hMSC adhesion, produce greater numbers of cells, and a
greater fraction of phenotypically expected cells. The data suggests that protein-cell
coordination at the surface was influenced by the underlying surface properties, where
the high electronegativity of the carbonyl bonds and moderate wettability likely improves

hMSC response to adhered proteins. Extremely wetting surface detracted from these
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findings. A surface containing approximately 6 % carbonyl groups on an O; treated
polystyrene base with water contact angle between 50° — 55° would serve well as a
growth substrate in 3D. Transitioning PS from a 2D to 3D culture surface would allow
for culture systems utilizing flow, complex geometry, and densified culture, better
replicating the in vivo environment and potential to generate clinically-relevant

population sizes for transplantation and research.
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Chapter 5: 3D Printed Polystyrene Supports Mesenchymal Stem

Cell Osteogenic Differentiation and Proliferation

5.1 Introduction

Understanding how cells interact, modify, and react to the culture environment is
essential in tissue engineering and regenerative medicine applications. The complex
interplay between substrate properties, adhered proteins, and stem cells is crucial to
achieving populations with expected differentiation capacity.>’! PS culture surfaces
grafted with poly(allylamine) have been shown to support hMSC adhesion and
chondrogenesis, a phenomenon not seen with poly(acrylic acid) grafted surfaces.*’?
Carboxylic acid modified surfaces have been shown to enhance chondrogenic

72319373 and amines have been shown to enhance calcification and

differentiation
osteogenic marker expression.>’#*”> Calcium phosphate substrates have been used to
induce osteogenic differentiation.’® Positively charged modified poly(acrylic acid)
surfaces have been found to increase hMSC proliferation and support osteogenic
differentiation.’”” These surface chemical modifications continue to be transitioned from
2D substrates to 3D (hydrogels), showing continuing trends in modulating cell
differentiation.’”® Linking chemical influences to 3D culture systems serves the research

community by mimicking the natural environment of adherent cell culture and provides a

tool to investigate hMSC processes under flow to better replicate niche processes.

Along this rational, we sought to develop a plasma treated, 3D printed PS scaffold and

bioreactor system for hMSC culture. Particularly, we sought to understand how surface

97



treatment influences growth and osteogenic differentiation. To accomplish this goal, we
first characterized the effect of our surface treatment on PS. Next, we sought to
understand growth and osteogenic differentiation with and without induction media in 2D
and 3D culture conditions. Finally, we wanted to understand the performance of our
scaffold within a perfusion bioreactor. Overall, this study focused on the impact of
surface treatment on hMSC expansion and differentiation working towards a

multicellular bioreactor system to model the bone marrow niche.

5.2 Materials and methods

5.2.1 3D scaffold fabrication

A 3D Bioplotter (EnvisionTEC GmbH, Gladbeck, Germany) was used to fabricate
scaffolds as described.’” Briefly, a sugar-glass support material (EnvisionTEC GmbH)
was printed and used as a support substrate with PS (>50,000 MW atactic flakes,
Polysciences, Inc., Warrington, PA) extruded to fabricate 15 mm diameter scaffolds of 5
layers with a center-to-center fiber distance of 1 mm extruded at 155 °C through a 0.4
mm ID needle tip, at 900 kPa, at 3 — 5 mm/s. Each layer in the scaffold was set at an 85.5
° offset to the previous layer, creating a structure which did not repeat over the scaffold
height. At the completion of prints, support material was solubilized with ddH>O cleaned

in 100% ethanol (EtOH) for 30 minutes and air dried.

5.2.2 Surface activation through plasma treatment

Test samples were activated using a Femto Diener Electronic vacuum plasma system
(Ebhausen, Germany) (typically below 150 Pa). The entire chamber was filled with test

gases Oxygen (O2, Roberts Oxygen, Gaithersburg, MD) and Ammonia (NH3, Matheson,
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Bernards Township, NJ) added at 10 SCCM and system power set to 80 W. These
settings were chosen as they were found to produce consistent plasma activation and
chamber filling. The chamber was evacuated and flooded two times before activating
plasmas. 6-well non-treated (NT) dishes were used for 2D experiments and 3D-printed
scaffolds for 3D experiments. Samples were sterilized under UV light for at least 20
minutes prior to use in cell studies. Experiments were performed generally at least the

following day. Samples generated at the same time were used for subsequent studies.

5.2.3 Surface characterization through water contact angle

Water contact angle was measured using Drop Shape Analysis (First Ten Angstroms, Inc.
Portsmouth, VA) on approximately 3 pL drops of deionized water dispensed from a
vertically mounted syringe. The pendant droplet was lowered to touch the surface and
detach from the syringe, viewed through a high-resolution camera (Zoom 6000 Lens
System, Navitar, Rochester, NY). Drops stabilized and contact angle measured. Five

measurements were taken of each surface.

5.2.4 Chemical surface property assessment through x-ray photoelectron

spectroscopy (XPS)

Quantitative spectroscopic measurements using a Kratos Axis Ultra delay-line detector
(Kratos Analytical LtD, Manchester, United Kingdom) used in hybrid mode with a
monochromatic Al Kal, 2 X-ray source (hv = 1486.6 ¢V) determined sample elemental
distribution and bonding stoichiometry with survey scans (0 eV to 1100 eV, resolution of
1 eV) and high-resolution scans (pass energy of 40 eV, resolution of 0.1 eV). A

Gaussian-Lorentzian distribution with a full width at half maximum constraint of
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approximately 1.7 eV was used for peak fitting with 3 spectra per sample. Charging was
accounted for by a low energy electron flood-gun with a filament current of 1.8A and
charge bias of 2.5V. Differential charging on the surface was not suspected based on a
lack of significant peak broadening. Binding chemistry was identified by deconvolving

peaks into components based on the overall peak shape.

5.2.5 Structural characteristics of 3D-printed constructs though microcomputed

tomography (uCT)
Samples were scanned by uCT (Skyscan 1272, Bruker, Kontich, Belgium) in order to
generate 3D models of the printed constructs following established protocols.?’!-380:381
Briefly, three samples were imaged using 180° rotation at 40 kV and 220 mA. A
resolution of 8 pum/pixel was used with an Al 0.25 mm filter. Raw images were
reconstructed, sliced, and analyzed using NRecon and CTAn software packages (Bruker,
Billerica, MA). Data was then imported into LabView (National Instruments, Austin,

TX) with 10 different longitudinal slices used to measure the maximum feret diameter,

Waddel disk diameter, and spacing of fibers (n > 13/scaffold).

5.2.6 Cell culture

hMSCs (RoosterBio, Frederick, MD) were expanded in RoosterNourish media
(RoosterBio). Cells were maintained in a humidified 37 °C incubator with 5% CO.. To
seed studies, culture flasks were washed with pH 7.4 PBS and lifted with 0.25% trypsin-
EDTA (ThermoFisher, Watham, MA) and neutralized with media. Passage 2 - 5 hMSCs
were used and treated as passage 1 upon receipt. Cells were passed into Dulbecco’s

Modified Eagle Medium with 10% fetal bovine serum, MEM non-essential amino acids
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0.1 mmol/L, and penicillin (100 U/mL) — streptomycin (100 pg/mL) (growth media,
ThermoFisher) at the start of cell studies. This media was used as the growth media for
all studies. Osteogenic media contained 1 mmol/L sodium pyruvate (ThermoFisher), 100
nmol/L dexamethasone, 50 pg/mL ascorbic acid 2-phosphate, and 10 mmol/L B-
glycerophosephate (Sigma-Aldrich, St. Louis, MO), as described.*®? Cells were seeded at
5,000 cells/cm? for 4 hours and then sufficient growth media added to cover samples.
Cell counting accomplished using the Trypan Blue (Sigma-Aldrich) exclusion method
with a hemocytometer. Media was changed at each time-point for 10-day studies, with

induction media added at day 1, as appropriate, and twice per week for 3-week studies.

5.2.7 DNA quantification

Cells were dissociated from 3 samples with Trypsin and 0.25% EDTA. Samples were
rinsed with PBS and added to lifted cell suspension. Cells were pelleted and resuspended
in PBS with DNA isolated following the procedures for DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany). Isolated DNA was mixed with the diluted dye in technical
triplicate and compared to a standard DNA ladder, following protocols for Quant-iT
PicoGreen (ThermoFisher). Fluorescence measurements were read on a M5 SpectraMax
plate reader (Molecular Devices, San Jose, CA) with an excitation wavelength of 490 nm

and emission read at 538 nm.

5.2.8 RT-PCR

Sample RNA was isolated using Trizol (ThermoFisher) phase separation techniques.
Briefly, 3 samples were washed with a single volume of Trizol solution and gently mixed

to generate a pooled sample. Trizol solution was transferred to microcentrifuge tubes,
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chloroform added, and vigorously mixed. The mixture was centrifuged at 12,000g for 15
minutes at 4°C with the aqueous (top) phase removed. 70% EtOH was added to account
for 35% of the total solution volume and transferred to an RNeasy mini column (Qiagen,
Hilden, Germany). Complete RNA isolation followed kit instructions. cDNA conversion
was completed using a High Capacity cDNA Archive Kit (ThermoFisher) following
manufacturer’s procedures. AACT gene expression was completed in technical triplicate,
comparing Tagman probes for genes of interest (RUNX2, ALP, and OPN) to GAPDH
(endogenous control) with Universal Master Mix (ThermoFisher). A 7900HT RT-PCR
system (Applied Biosystems, Foster City, CA) cycled reaction vessels as follows: 2
minutes at 50°C, 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C, and 1 minute at

60°C. NT Day 1 growth media samples were used for normalization.

5.2.9 Alizarin Red S (ARS) staining, imaging, and solubilized stain quantification

At least two samples were washed with Hank’s buffered salt solution (Sigma-Aldrich),
fixed with 4% buffered formaldehyde 1% sucrose solution for 15 minutes, and rinsed 3
times with PBS. Calcification was stained with 40 mM pH 4.1 ARS (Sigma-Aldrich) as
previously described.*®*34 Briefly, samples were washed 4 times with PBS and imaged
(Nikon, Tokyo, Japan). A 30-minute room temperature 10 % (v/v) acetic acid incubation
solubilized stain. Samples were mechanically detached and supernatant transferred to
microcentrifuge tubes (3D scaffolds transferred as well), vortexed, and overlaid with
mineral oil. Samples were heated at 85 °C for 10 minutes, cooled on ice, mineral oil
removed, and centrifuged at 15,000 g for 15 minutes. The supernatant was transferred

and neutralized with 10 % (v/v) ammonium hydroxide with absorbance at 405 nm
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determined in technical triplicate on a plate reader (M5 SpectraMax, Molecular Devices).

Absorbance was normalized to NT growth media samples.

5.2.10 Bioreactor fabrication and assembly

Bioreactor chambers were designed in SolidWorks (Dassault Systemes, Velizy-
Villacoublay, France) with STL files exported, aligned, and support structures generated
(Magics, Materialise, Leuven, Belgium), and fabricated with Eshell 300 on a Perfactory 4
DSP printer (EnvisionTEC) following manufacturer’s procedures. Excess resin was
removed from objects by soaking in 99% isopropyl alcohol (IPA) for approximately 5
minutes, rinsing with IPA, and blowing the objects dry with air. This process was
repeated until resin was completely removed. Support structures were removed and
chambers fully cured with up to 2000 flashes of broad-spectrum UV light (Otoflash,
EnvisionTEC). Chambers were cleaned in 100 % EtOH for 30 minutes and sterilized
under UV light in fresh 100% EtOH for 20 minutes, and rehydrated as described.*®

Chambers were stored in fresh sterile PBS at 4 °C until use and cleaned between uses.

14-gauge pump tubing was connected to cut 1/8” ID platinum-cured silicone tubing by
1/16” x 1/8” Kynar connectors and fed into 2-hole #5 stoppers (Cole-Parmer, Vernon
Hills, IL). Open connections to the media reservoir and bioreactor chamber were covered
in aluminum foil. 125 mL Erlenmeyer flasks were used as media reservoirs. S0A
durometer silicone sheet of 0.5 mm thickness (Small Parts) was cut using an Epilog laser
fusion M2 laser engraver to make gaskets. Stainless steel hardware (#10 flat washers,
#10-24 0.5-inch machine screws, and #10-24 washers) were used to seal chambers. These

components were autoclaved. Following overnight static cell seeding, as described, 3
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scaffolds containing seeded cells were placed in each chamber, sealed closed with
gaskets and hardware, and attached to Erlenmeyer flasks filled with 50 mL of growth
media. A Masterflex L/S digital drive multichannel pump (Cole-Parmer) set at 3.4
mL/min was used to drive flow within a cell incubator. Flow rate was determined by
simulating the bioreactor assembly in SolidWorks Flow Simulation to determine a shear
stress approximately an order of magnitude lower than typically used to induce
osteogenic differentiation (1.5 mPa surface shear stress).’!*%¢ At media changes, media
was removed from the flasks and fresh 50 mL was added. At each time point, chambers

were disassembled, and scaffolds processed as described.

5.2.11 Confocal imaging

10 day samples were washed with Hank’s buffered salt solution (Sigma-Aldrich), fixed
with 4% buffered formaldehyde 1% sucrose solution for 15 minutes, and washed 3 times
with PBS. Permeabilization was performed for 5 minutes with a 300 mmol/L sucrose, 50
mmol/L sodium chloride, 6 mmol/L magnesium chloride, 20 mmol/L HEPES, and 0.5 %
Triton-X-100 solution. Actin was stained with 2.5 % AlexaFluor 594 phalloidin
(ThermoFisher) in PBS and counterstained with 1 pg/mL diamidino-2-phenylindole
(DAPI). A SP5 X Leica Microsystems confocal microscope (Buffalo Grove, IL) captured

Z-stacks. Imagel] projected images along the imaging axis and generated 3D renderings.

5.2.12 Statistical analysis

Statistical significance was determined through a one-way two-sided ANOVA at the 95%
confidence interval (p < 0.05) using the Games-Howell comparison method in Minitab 18

(Minitab, Inc., State College, PA). Data is presented as mean + standard deviation.

104



5.3 Results

5.3.1 Ammonia plasma treatment successfully aminated surfaces

We sought to define surface properties which translate from 2D to 3D in creating culture
environment amenable for h(MSC growth with tunable osteogenic response. We found
that the plasma treatment saturation (i.e. no further chemical modification) occurred after
5 minutes for O2 and NH3 (Figure 5.1 A, B). This plasma treatment exposure was used
for all remaining experiments. The greatest increase in total oxygen was observed on the
O- treated surface and the greatest increase in nitrogen on the NHj treated surface (p <
0.05, Figure 5.1 C). High Resolution XPS spectra revealed that nitrogen species on the
NH3 treated surfaces were predominantly amines (Figure 5.1 D). Limited oxidation was
present on the native NT surfaces, but the surface treatment increased both the total
oxidation (p < 0.05) and complexity of oxygen species present (Figure 5.1 D) The
increase in surface oxygen indicates the O» and NHj3 treatments increased the total
quantity of carbonyl and carboxylate groups, though not statistically different based on
measured bonding stoichiometry (p > 0.05) (Figure 5.1 D). The largest quantity of
carboxylate groups was observed with the O treated surfaces, though not statistically
different (p > 0.05, Figure 5.1 D). This was also accompanied by a significant decrease in
water contact angle for both surface treatments, consistent with increased surface energy

through plasma surface activation (p < 0.05, Figure 5.1 E).
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Figure 5.1 Characterization of surface treatment. A) Oxygen atomic percentage (at%) vs. time
for the two treated surfaces, as determined by XPS. B) Nitrogen at% vs. time for the two treated
surfaces, as determined by XPS. From A, B it is observed that the oxygen and nitrogen content
remain relatively constant after 5 minutes, indicating surface saturation. C) Survey XPS data
detailing atomic species on the 5-minute treated surfaces. The NT surface contained little base
oxidation, where plasma treatment increased both oxygen and nitrogen content. D) High-
resolution XPS data, detailing the binding stoichiometry of present carbon and nitrogen species.
Many oxygen species are observed on the O, and NHj3 surfaces, with amines incorporated into the
NH; surface. XPS data are shown as mean =+ standard deviation, 3 scans per sample. E) Static
water contact angle for the treated surfaces. Significant reduction in the contact angle is observed
after treatment, with the lowest contact angle observed on the O, surface. Groups with different
letters indicate statistical difference (p < 0.05), data is shown as mean =+ standard deviation, n = 5.

106



5.3.2 Surface amines encouraged growth and osteogenic differentiation in 2D

cultures

Over the course of 10 days, it was observed that the NHj treated surface promoted hMSC
growth as compared to the O treated surface and the NT surface (Figure 5.2 A). Early
osteogenic markers (RUNX2 and ALP) were generally down-regulated over the 22-day
study until the final time point. At the 22-day time point, RUNX2 had the highest
expression on the O treated surface, followed by the NH3, and NT surfaces (p < 0.05,
Figure 5.2 B). The greatest and only up-regulation of ALP expression was observed on
the NHj3 treated surface at the 22-day time point, followed by Oz, and NT surfaces (p <
0.05, Figure 5.2 C). OPN saw increasing expression only on the NT and O; treated
surface, but no statistical differences at the final time point were found (p < 0.05, Figure
5.2 D). After 22 days, ARS staining was performed and semi-quantitatively assessed. It
was found that there were no statistical differences between these surfaces (p < 0.05,

Figure 5.2 E) with little characteristic bright red staining present (Figure 5.2 F).
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Figure 5.2 hMSC response in 2D without osteogenic media. A) Total DNA content on 2D
treated surfaces. NH3 has significantly higher DNA after 10 days of growth as compared to NT
and O, surfaces. Data shown as mean + standard deviation, n = 3. B) mRNA expression of
RUNX2. Surfaces showed down regulation until the 22-day time-point. C) mRNA expression of
ALP. Surfaces showed down regulation until the 22-day time-point. D) mRNA expression of
OPN. Surfaces showed down regulation until the 22-day time-point, but was not statistically
significant. E) Relative ARS absorbance as normalized to the NT surface in growth media (n = 3:
NT, O,, n =2: NHs). Little relative differences in calcification were observed, and confirmed F)
with representative images. Note: A-D, the abbreviation ‘D’ as in D1 refers to day 1, A-E, groups
with different letters indicate statistical difference (p < 0.05) at each time-point, data displayed as
mean =+ standard deviation. For figures B, C, and D data is in technical triplicate. F) i-iii tiled
images taken at 2x and stitched with the scale bar = 5 mm. iv — vi images taken at 10x with scale
bar =200 um.
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When osteogenic media was used, characteristic differentiation traits were observed.
Peaking was observed at the 8 day and 15-day time points for RUNX2 on the NH3
surfaces and continually increasing expression on the O; surfaces (Figure 5.3 A). This
peaking behavior at 8 to 15 days was also observed on all test surfaces with ALP (Figure
5.3 B). Higher expression of ALP was seen on the NT and O, surfaces, and down-
regulation observed at the 22-day time point for the NH3 surfaces (p < 0.05). OPN
expression generally increased on the NT and NH3 over the time course, with the greatest
peak seen on the NHj3 surface after 22 days (p < 0.05, Figure 5.3 C). Characteristic red
staining was observed with ARS, with significantly more solubilized stain present on the

O surfaces (p < 0.05, Figure 5.3 D, E).
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Figure 5.3 hMSC response in 2D with osteogenic media. A) mRNA expression of RUNX2.
Surfaces showed up-regulation, with earlier, greater expression on NT and O, surfaces. B) mRNA
expression of ALP. Surfaces showed up-regulation, with earlier, greater expression on NT and O,
surfaces and characteristic peaking at the middle time-pints on all. C) mRNA expression of OPN.
NH; surfaces showed up-regulation at the 22 day time-point. D) Relative ARS absorbance as
normalized to the NT surface in growth media (n = 3). Significantly more calcification was
observed on the O, and NHj3 surfaces as compared to the NT. The high degree of calcification
was confirmed E) with representative images. Note: A-D, the abbreviation ‘D’ as in D1 refers to
day 1, A-D, groups with different letters indicate statistical difference (p < 0.05) at each time-
point, data displayed as mean + standard deviation. For figures A, B, and C data is in technical
triplicate. E) i-iii tiled images taken at 2x and stitched with the scale bar = 5 mm. iv — vi images
taken at 10x with scale bar = 200 pm.
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5.3.3 Effect of surface amination is conserved when translated from 2D to 3D

culture

Having established our treatment method facilitated hMSC expansion and osteogenic
differentiation in 2D, we then investigated using short (5 layer, approximate 10.5 cm?
surface area) scaffolds. Fabricated scaffolds were found to have open internal geometry
and the fabricated structures were very near the intended design (Figure 5.5). Under static
conditions, we saw the O2 and NH3 treated scaffolds had consistent growth over the time-
course (Figure 5.4 A). NHj treated scaffolds outperformed the O; treated scaffolds as
measured through total DNA content, though not statistically greater, with consistently
increasing growth (p > 0.05, Figure 5.4 A). The NT scaffolds appeared to have
inconsistent, discontinuous growth (Figure 5.4 A). Characteristic hMSC spreading on and
between the fibers on the treated scaffolds was observed, similar to that seen on flat
TCPS (Figure 5.6 A, C, D). Spreading was seen over the complex 3D surface on the NH3
treated scaffold through 3D rendering. On the NT scaffolds, more cellular crowding was
observed and overlaid cells were observed through a 3D rendering of the images (Figure
5.6 B). Similar to the 2D surfaces without osteogenic media, down-regulation of RUNX2
was observed across the time course, with the NT scaffold having greater expression than
NH3 during the 8 and 15 day time points (p < 0.05, Figure 5.4 B). ALP was consistently
down-regulated during the time-course Figure 5.4 C). OPN expression did not see
consistent increasing expression (Figure 5.4 D). Quantified solubilized ARS stain showed
statistically greater calcification on the NH3 and O; treated scaffolds and was confirmed

visually (p < 0.05, Figure 5.4 E, F).
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Figure 5.4 hMSC response in 3D without osteogenic media. A) Total DNA content on 3D
treated scaffolds. NH3 has significantly higher DNA after 7 days of growth as compared to NT
and O, surfaces. Data shown as mean + standard deviation, n = 3. B) mRNA expression of
RUNX2. Scaffolds showed down-regulation during the time course, with the highest levels
generally on the NT scaffolds. C) mRNA expression of ALP. Scaffolds consistently showed
down-regulation, trending to decrease over time. D) mRNA expression of OPN. Scaffolds
generally showed down-regulation during the study. Note: 1 NT, 2 NH3, and 3 O, 8 day replicates
failed to amplify and were not included in analysis. E) Relative ARS absorbance as normalized to
the NT surface in growth media (n = 3). Slightly higher calcification was observed on the NH3
and O, surfaces, confirmed to have little overall stain with F) representative images. Note: A-D,
the abbreviation ‘D’ as in D1 refers to day 1, A-E, groups with different letters indicate statistical
difference (p < 0.05) at each time-point, data displayed as mean + standard deviation. For figures
B, C, and D data is in technical triplicate. F) i-iii tiled images taken at 2x and stitched with the
scale bar = 5 mm.
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A Dimension (Target, ym) Average * Standard Deviation (um)

Max Feret Diameter (400) 604 + 43
Waddel Disk Diameter (400) 503 + 21
Fiber Spacing (600) 448 + 33
E c Max Feret Diameter

Waddel Disk
Diameter

Printed fiber

3 mm

Figure 5.5 Scaffold dimensional characterization. A) Tabulated measured dimensions within 3
scaffolds. The printing parameters produced relatively consistent 5-layer scaffolds, with slightly
higher overall dimensions observed for each. This indicates the fibers may be slightly pressed and
oversized, giving rise to not perfectly circular fibers, but the overall consistency of the shapes
indicates reproducibility of the employed method. B) Internal shape can be observed in the cut
view of a reconstructed image of a 5 mm tall scaffold, with the scale bar =3 mm. C) Diagram
explaining each of the measured fiber dimensions. The fiber spacing is the measured space
between fibers.
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Figure 5.6 Confocal z-stack maximum projections on the treated scaffolds under static
culture for 10 days. A) Tissue culture polystyrene (TCPS) is included to compare morphology.
B) Highly crowded hMSCs are observed on the NT fiber surface. C) Expected spreading is
occurring on and around the fibers on the NHs scaffolds. D) Some bridging between fibers and
spreading on the fiber surface in the scaffold is observed. Cells appear to be bridging a gap
between individual fibers, utilizing the 3D space. The green lines indicate the edge. Scale bar =
50 um, F-actin is stained red, nuclei are stained blue.
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When osteogenic media was used to direct differentiation, the seeded hMSCs began to
undergo osteogenic differentiation. Upregulation of RUNX2 was observed, with
characteristic peaking at days 8 and 15 (Figure 5.7 A). The greatest expression was seen
on the NHj treated scaffolds, followed by the O and NT scaffolds (p < 0.05, Figure 5.7
A). Similar trends were seen with ALP expression. NHj3 treated scaffolds had earlier,
greater expression than NT or O; scaffolds (Figure 5.7 B). The late osteogenic marker
OPN showed the greatest expression at the final time-point in the NT treated scaffolds (p
<0.05, Figure 5.7 C). Solubilized ARS stain showed no significant differences between
the treatments at three weeks (Figure 5.7 D). Areas of red calcification were observed on

the scaffolds (Figure 5.7 E).
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Figure 5.7 hMSC response in 3D with osteogenic media. A) mRNA expression of RUNX2.
Scaffolds showed up-regulation with the addition of osteogenic media, with the highest, earliest
expression seen on the NH3 scaffolds. B) mRNA expression of ALP. Scaffolds consistently
showed up-regulation with the addition of osteogenic media, with the earliest expression seen on
the NH3 scaffolds. C) mRNA expression of OPN. Scaffolds only showed significant up-
regulation on the NT surface at the day 22 time point. Note: 3 NT, 2 NH3, and 3 O, 8 day and 1
NH; 15-day replicate failed to amplify and were not included in analysis. D) Relative ARS
absorbance as normalized to the NT scaffold in growth media (n = 3). Slightly higher
calcification was observed on the NH3 and O, scaffolds, but not statistically significant. Areas of
higher stain can be observed on the O, scaffold in E) representative images. Note: A-D, the
abbreviation ‘D’ as in D1 refers to day 1, A-D, groups with different letters indicate statistical
difference (p < 0.05) at each time-point, data displayed as mean + standard deviation. For figures
A, B, and C data is in technical triplicate. E) i-iii tiled images taken at 2x and stitched with the
scale bar = 5 mm.
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5.3.4 Surface amination supported expansion without differentiation in 3D culture

under flow

Moving our scaffolds into the bioreactor (Figure 5.8) resulted in consistent growth over at
least seven days, with the NH3 treated scaffolds containing the most DNA at day 3 and
day 7 time points (p < 0.05, Figure 5.9 A). NT and O treated scaffolds did not appear to
support continued growth while under dynamic culture. Unintended differentiation did
not appear to occur on the treated surfaces as well. RUNX2 expression decreased over
time, as in 2D and 3D, with the NT scaffold showing the greatest relative expression (p <
0.05, Figure 5.9 B). ALP expression remained down-regulated across all time-points and
treatments (Figure 5.9 C). Interestingly, even without any chemical signaling to undergo
differentiation, the NT treated surfaces experienced significantly greater, continually
increasing OPN up-regulation when exposed to flow (Figure 5.9 D). OPN expression was
seen on the NH3 and O; scaffolds as well, with an expression peaking at day 8 and no
statistical difference between the two groups (p < 0.05, Figure 5.9 D). NHj3 scaffolds were
seen to have relatively higher ARS stain after 22 days (p < 0.05, Figure 5.9 E), but little

total calcification observed with all groups (Figure 5.9 F).
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Figure 5.8 Bioreactor design and shear stress determination. A) A diagram of the bioreactor
assembly. Fluid is pumped antiparallel to gravity to remove air and provides consistent flow
through the assembly. The entire pump and fluid line is placed inside a cell culture incubator. B)
Verification of the design with drawn scaffolds shows the average shear stress across the 3
scaffolds to be 1.5 + 0.06 mPa at 3.4 mL/min. The top view of the central scaffold is shown with
a heat map of the surface shear stress showing uniform shear distribution throughout the object.
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Figure 5.9 hMSC response in 3D dynamic culture. A) Total DNA content on 3D dynamic
treated scaffolds. NH; has significantly higher DNA after 3 and 7 days of dynamic growth as
compared to NT and O, surfaces. Data shown as mean =+ standard deviation, n = 3, O, Day 1 two
scaffolds cells were combined and subsequently split prior to DNA extraction and analysis. B)
mRNA expression of RUNX2. Scaffolds showed down-regulation during the time course, with
the highest levels generally on the NT scaffolds. C) mRNA expression of ALP. Scaffolds
consistently showed down-regulation. D) mRNA expression of OPN. The NT scaffolds showed
significant up-regulation during the study, with NHs and O, showing modest upregulation as well.
E) Relative ARS absorbance as normalized to the NT scaffold in growth media (n = 3). Higher
calcification was observed on the NHj3 scaffolds, confirmed to have little overall stain with F)
representative images. Note: A-D, the abbreviation ‘D’ as in D1 refers to day 1, A-E, groups with
different letters indicate statistical difference (p < 0.05) at each time-point, data displayed as
mean =+ standard deviation. For figures B, C, and D data is in technical triplicate. F) i-iii tiled
images taken at 2x and stitched with the scale bar = 5 mm.
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5.4 Discussion

Establishing how hMSCs respond to osteogenic stresses helps to define surface properties
and underlying culture influences to develop our bone marrow niche model. A short (5
minute) exposure to the energetic vacuum plasma was sufficient to modify the 2D and 3D
test substrates. The drastic reduction in surface carbon content (p < 0.05) is consistent
with an extensively modified surface and a greater proportion of functional groups
detected, which work in tandem with proteins to facilitate cell adhesion and
spreading.’?>*%7 The incorporation of different surface groups and properties affect
protein adhesion through electrostatic and polar interactions seeking to minimize surface
free energy.®-*%%3% The minor quantity of surface oxygen in the NT surface appeared as
a few different species, but their relative total presence (i.e. greater oxidation, p < 0.05)
was much greater with the plasma treatments. The incorporation of oxygen and nitrogen
outside of the intended treatment (e.g. oxygen in the NHj treatment) likely comes from
reacting with the ambient air. The treatment did produce a surface with nitrogen primarily
bound as amines, resulting in two distinct surface types for investigation. As well, we
observed the O2 treated surfaces had higher surface energy (lower water contact angle, p
< 0.05). Previous work has shown that surface contact angles between 40 ° — 60 ° best
facilitate cell adhesion.®* The NHj treated surfaces were closest to this range. It is
possible that unwanted protein spreading / denaturation could occur based on the water

contact angle,*!

ultimately influencing hMSCs adhesion to the protein layer.
Interestingly, we observe a correlation between surface carboxylate content and water

contact angle. These differences in the surface properties were observed to influence

hMSC response. We suspect this is the underlying reason for the differences in cell

120



growth and proliferation. By controlling the surface properties, we sought to direct

hMSCs growth and differentiation.

Our selected scaffold geometry sought to gain inspiration from trabecular bone geometry
while creating a scaffold which could be reliably printed. Trabecular bone has a highly
porous (9 % — 26 % bone volume/tissue volume) structure with trabecular thickness
between 120 pm — 219 um and trabecular spacing between 667 pm— 712 pm.*° The
design with 400 um fibers and 600 um spacing and without a repeating layer structure
over the scaffold height allows for fluid flow to penetrate throughout the scaffold without
narrowing the flow to individual channels as would be seen in a highly structured pattern.
To verify functionality of the printed construct, we first investigated hMSC growth on
our printed structures. Consistent across the static culture conditions (2D, 3D), aminated
surfaces best supported hMSC growth without unintended osteogenic differentiation.
Similar results have been previously observed.’® This leads towards the development of
targeted hMSC PS scaffolds for hMSC growth. The improved hMSC response on the
NH3 treated surfaces and scaffolds is attributable to a combination of positive surface
charge, moderate surface energy, and decreased surface carbon content all leading to
appropriate protein conformation at the surface.**!°® These same properties were not
found with the NT and O, treatments. Inconsistencies in NT hMSC growth on the 3D
surface may be a result of poor distribution through the scaffolds, as the poorly wetting
surface prevented media from fully coating the internal structure during seeding, resulting
in cell crowding at the surface. We observed that the seeding media was rapidly drawn

into plasma activated scaffolds where the NT scaffolds saw the seeding media sit on top
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and more slowly be drawn in during seeding. This also suggests the bulk of the objects
were activated and allowed hMSC:s to interact, adhere, and grow throughout. The O
treated scaffolds supported modest growth and spreading along and between fibers, with
similar surface treatment, oxygen content, and oxygen species, and as commercial
TCPS.”73%7 Doubling times for of bone marrow derived hMSCs have been observed to be
as high as 2.5 days and higher for h(MSCs from other sources.>*® In this study, the hMSCs
doubled approximately every 3 to 4 days. To ensure our treatments produced culture
platforms for hMSCs to expand and not undergoing unintended osteogenic
differentiation, we surveyed a two early and two late osteogenic markers. Studies were
taken out to 3 weeks as these are typical time lengths when these osteogenic markers
should be expressed. Without osteoinduction media, osteogenic markers surveyed
remained primarily down-regulated, consistently so on the NHj treated 3D-printed
scaffolds. In 2D, the hMSC population began to express osteogenic markers at day 22
where this was lacking in 3D. The gained biomimicry from the 3D platform is suspected
to help maintain the population here.?** The compliment of 3D geometry and underlying
chemistry directing the underlying protein layer, on our PS surfaces and scaffolds was

sufficient to expand hMSCs without osteogenic differentiation.

When aiming to develop bone marrow niche models, it remains prudent to understand
how the underlying surface chemistry may work to influence an adhered hMSC
population. Likewise, we intended to understand how our scaffolds influence osteogenic

231,399

differentiation. Geometry of scaffolds can influence hMSC fate, with the research

goals remaining to reduce spontaneous osteogenic differentiation. Based on our work,
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this was not observed, but did observe increased relative expression of osteogenic
markers in 3D as compared to 2D, indicating the geometry could be aiding in osteogenic
progression without causing it. When osteogenic media was included in culture, earlier
peaking of early osteogenic markers on NH3 surfaces was observed and is consistent with
previous results.’”>37* We found that the addition of induction media initiated osteogenic
differentiation on all surfaces, with expression enhanced by surface amines and consistent
across 2D and 3D. Surface amination resulted in earlier and greater expression of
RUNX2 and ALP. RUNX2 has been theorized as a master regulator, and marker for
osteogenic differentiation.**%**! ALP expression during osteogenic differentiation
typically peaks, and then expression should decrease as later osteogenic markers begin to
express and mineralized matrix is deposited.**> These early markers typically peak after 1
to 2 weeks of culture.??*% The shifted differentiation timeline, particularly in 3D, of NT
and O indicates that hMSCs adhered to this surface treatment may react more slowly to
the chemical osteoinduction signaling present in the media. This theory is supported with
the NH3 2D surface expressing significantly more OPN than either of the other surfaces.
Significant calcification is visually observed in 2D and moderate calcification observed
in 3D. Calcification and OPN expression will typically increase with osteogenic
differentiation.’® Improved seeding efficiency in 3D would likely improve total
calcification. Interestingly, increasing OPN expression is observed on the NT 3D
scaffold, indicating the lack of surface chemistry scaffolds may be supporting the later
stages of osteoblastic differentiation. Cumulatively these data show the NH3 treated
surfaces and scaffolds supported directed osteogenic differentiation. Osteogenic

commitment was not observed solely based on surface chemistry. This indicates a
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potential interaction exists between the soluble chemistry in the induction media and

underlying surface chemistry interact to help direct differentiation.

Following directed differentiation, we investigated our scaffold construct under dynamic
culture. The bioreactor design was expected to encourage growth without differentiation,
as the estimated shear stress is an order of magnitude below typical values used to induce
osteogenesis.’!**¢ With the flow rate of 3.4 mL/min, we aimed to develop a bioreactor
where flow would aid nutrient and oxygen exchange without spontaneous osteogenic
differentiation and lead to long-term growth of contained hMSCs. By establishing this
model, we aim to developing PS scaffolds for consistent and predictable expansion in the
bioreactor which leads to the use of a widely accepted and studied culture substrate as the
basis for investigating the mechanosensitive nature of hMSCs.??>*** Building this model
lends the future possibility of coculture and using the adherent hMSC population to direct
a non-adherent population, as is the current approach in hematopoietic stem cell (HSC)
expansion.*®> Developing the bioreactor culture for hMSCs initially allows us to build to
a bioreactor bone marrow niche mimic for coculturing HSCs and hMSCs for future
clinical applications. However, the NT scaffold and the O> scaffold did not support
consistent hMSC expansion in the bioreactor. We suspect the dynamic culture
environment have worked to shear adhered proteins or cells, where the NH3 treatment
aided in keeping adhered proteins and cells on the scaffolds. Using this hierarchical
building structure, changing surface properties to vary protein adhesion, and direct hMSC
behavior, appears to be a viable strategy when transitioning PS from a 2D to dynamic 3D

culture substrate. The bioreactor system developed with the NHj3 treated scaffolds was
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capable of expanding hMSCs without unintended osteogenic differentiation, as
demonstrated by the consistent down-regulation of early osteogenic markers. This trend
was observed across treatments. The higher relative calcification measured is likely due
to the low number of cells present on the NT surface, as is confirmed visually, reducing
the total amount of stain available to solubilize. Interestingly, OPN expression increased
exponentially on the NT scaffolds inside the bioreactor, as observed in induced 3D
culture. Some OPN expression was present on the NH3 and O treated scaffolds. This link
between surface properties and flow indicates that the lack of surface functionality within
the dynamic environment impacts this late stage differentiation marker. In addition to
being known as a later-stage osteoblastic marker, OPN is thought to regulate population
size in the HSC niche by inhibiting cell proliferation.**® Balancing total population
present and expression of this marker has future use in regulating and developing the
bioreactor towards a bone marrow niche model. On-going work is looking to investigate
how to use this functionality to work in the bioreactor environment and encourage this
type of intercellular signaling to build a bone marrow niche model for long term HSC
renewal, with hMSCs on scaffolds as a feeder source during dynamic culture. Ultimately,
optimization and continued development of this bioreactor system seeks to build on these
complex cell-cell interactions, increasing biomimicry with up to 4 separate cell
populations per line possible or increased cell output with increased chamber or scaffold

size.

5.5 Conclusions

The goal of this study was to define surface properties which encouraged hMSC

expansion without inducing osteogenesis. We found that aminated PS works to support
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hMSC growth in 2D, 3D, and 3D dynamic conditions superiorly to NT and O treated
surfaces and scaffolds. The underlying surface chemistry was insufficient on its own to
induce differentiation but did support directed osteogenic differentiation. The NH3
scaffolds enhanced early osteogenic differentiation, in agreement with previous literature.
Placing scaffolds in the bioreactor favored the establishment of a quiescent HSC-like
niche environment. PS scaffolds with an NH3 treatment best supports hMSC growth and
intended osteogenic differentiation. This method results in consistent hMSC expansion
on 3D-printed PS scaffolds in both static and dynamic culture for up to 7 days. The
demonstrated method presents a self-contained bioreactor model for htMSC growth
without unintended osteogenesis. This creates a platform for dynamic culture modeling

and studying the multicellular interactions found in the bone marrow niche in vitro.
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Chapter 6: Modulating Jurkat Proliferation with Mesenchymal

Stem Cells in Bioreactor Culture

6.1 Introduction

Methods for expanding HSCs and their progenitors have applications in treating multiple
disease states. Maintenance of HSCs during MSC coculture is theorized to occur through
intercellular crosstalk, such as cytokine expression,*’’ though some expressed cytokines
(e.g. TGFB) may harm HSCs (e.g. inhibit proliferation).**® MSC expansion in a
bioreactor is becoming an accepted method for producing MSCs to HSCs, with previous
work suggesting the approach can achieve clinically relevant HSC populations from

manageable bone marrow aspirates.**’

To study these complex cell interactions, a model cell line can be employed. Jurkat cells
are a T-lymphocyte cell line originally isolated with the intent of studying leukemia.*!® T-
lymphocytes are a terminally differentiated cell type from HSCs within mononuclear
cells (MNCs).*!! The interaction between MSCs and leukemia cells (e.g. acute myeloid
leukemia) is suggested to occur within the bone marrow niche.*!? It has been reported
that MSCs support T-lymphocyte survival in a quiescent state, preserving inactivated T-
lymphocytes by preventing cell division and rescuing Jurkats from chemically induced
apoptosis.*!> MSCs expressing the Fas ligand (Fas-L) had highly inhibitory effects on
multiple myeloma cells, with a binding between Fas and Fas-L inducing apoptosis
significantly.*'* However, MSCs which lacked the Fas-L promoted multiple myeloma

growth.*!* This suggests heterogeneity in an MSC population could play a role in the
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ultimate therapeutic effects. Others have suggested the inhibition of T-lymphocyte
proliferation by MSCs could be temporary and reversible, by interacting during the early
stages of cell division to prevent expansion.*!> MSCs have also been reported to enrich
Jurkat proliferation in static and dynamic coculture.?® Further investigation into the
interactions between these cell populations would better inform bioreactor design and

coculture systems for MNCs and bone marrow niche models.

In this study we sought to develop a dynamic culture environment for Jurkats and
investigate the effect of hMSC coculture. To demonstrate the utility of our culture
system, we investigated the effects of flow rate, culture substrate, geometry, and
coculture ratios to modulate Jurkat proliferation. The presence of signaling molecules and
interaction with culture surfaces was evaluated to support observed interactions between
the cultured cells. Future work seeks to decouple the surface and coculture effects and

continue development of the bioreactor system to include additional cell types.

6.2 Materials and Methods

6.2.1 3D scaffold and chamber fabrication

A 3D Bioplotter (EnvisionTEC GmbH, Gladbeck, Germany) was used to fabricate 5
layer PS scaffolds with 0.4 mm diameter fibers spaced 1 mm a part, with each layer offset
from the previous one by 85.5° creating a regular non-repeating structure. PS (>50,000
MW atactic flakes, Polysciences, Inc., Warrington, PA) scaffolds were printed on top of a
sugar-glass support material (EnvisionTEC GmbH), as previously described.>” Support

material was removed with ddH»O, scaffolds cleaned in 100% ethanol, and air dried.
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A multilevel bioreactor scaffold (MBS) was designed in SolidWorks (Dassault Systemes,
Velizy-Villacoublay, France) and fabricated out of Eshell 300 on a Perfactory4 DSP
(EnvisionTEC) following the manufacturer’s procedures, as described.* Briefly, a 30
mm long 12.7 mm diameter tube-like structure with 5 layers of 0.5 mm pillars with 1 mm
spacing was fabricated to which allows flow through the circuit and around the pillars.
Bioreactor chambers were fabricated similarly, with chambers designed to accommodate
the printed PS constructs. Excess resin from objects was removed by soaking in 99%
isopropyl alcohol (IPA) for 5 minutes, rinsing the surface with IPA, and blowing the
objects dry with air. This was repeated until excess resin was removed. Support structures
were removed, and objects cured with up to 2000 flashes of broad-spectrum UV light
(Otoflash, EnvisionTEC) and cleaned in 100% ethanol (EtOH) for at least 30 minutes.
Objects were sterilized under UV light in fresh 100% EtOH for at least 20 minutes and
rehydrated in a series of pH 7.4 phosphate buffered saline (PBS):EtOH washes (ratios of
75:25, 50:50, 25:75 and 0:100), with a 5 minutes soak at each step. Objects were stored in

sterile PBS at 4 °C until use and cleaned between uses.

6.2.2 Surface and scaffold activation with ammonia plasma

PS samples and non-tissue culture treated PS 6-well culture dishes were activated using a
Femto Diener Electronic vacuum plasma system (Ebhausen, Germany). The entire
chamber was evacuated and filled 2 times with ammonia added at 10 SCCM and plasma
ignited with the system power set to 80 W to create amine activated PS (PS-A). Samples

were generally used in cell studies the day following surface activation.
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6.2.3 Cell culture

Human MSCs (hMSCs, RoosterBio, Frederick, MD) were thawed and expanded in
RoosterNourish media (RoosterBio). Passage 3 to 5 hMSCs were used for studies and
cells were treated as passage 1 upon receipt. At the start of studies, hMSCs were rinsed
with pH 7.4 PBS (Sigma-Aldrich, St. Louis, MO), lifted with 0.25% trypsin-EDTA
(ThermoFisher), and neutralized with media. h(MSCs were passed into Dulbecco’s
Modified Eagle Medium with 10% fetal bovine serum, MEM non-essential amino acids
0.1 mM, and penicillin (100 U/mL) — streptomycin (100 pg/mL) (hMSC media)
(ThermoFisher) at the start of cell studies. hMSCs were seeded for 4 hours and then
sufficient growth media added to allow complete adhesion overnight. Jurkat (E6-1,
ATCC, Manassas, VA) were thawed and expanded in RPMI 1640 (ATCC) with 10%
FBS (Jurkat media). Jurkats were seeded at 1 x 10° cell/mL for all studies and cultures
were maintained at most every 3 days. Cell counting was accomplished using the Trypan
Blue (Sigma-Aldrich) exclusion method with a hemocytometer. Cell culture was
accomplished in a cell culture incubator with humidified atmosphere at 37 °C and 5%

COz. Coculture experiments used a 50:50 ratio of hMSC and Jurkat medias.

6.2.4 Static Jurkat, h(MSC, and coculture practices

PS and PS-A samples were sterilized under UV light for 20 minutes prior to use in cell
studies. hMSCs were then seeded at 5,000 cells/cm? onto culture substrates for 4 hours.
Additional media was then added to fully cover the surfaces/scaffolds and allowed to
adhere overnight. The next day, the hMSC media was replaced with coculture media and
Jurkats seeded, as appropriate. Three pre-seed volumes were taken to determine DNA

fold change. Three cell cultures were performed of each condition. Cultures were run for
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3 days, at which time samples were collected, surfaces rinsed with PBS and collected,

and hMSCs dissociated from surfaces.

6.2.5 Dynamic Jurkat, hMSC, and coculture practices and bioreactor assembly

Overnight static hMSC seeding was performed at variable densities. Three scaffolds with
or without seeded hMSCs were placed in each chamber and sealed closed with custom
cut 50A durometer silicone gaskets (Small Parts) and stainless-steel hardware, as
described in chapter 5. Autoclaved 0.125 inch platinum cured silicone tubing connected
to 14-gauge pump tubing was attached to bioreactor chambers and the 2-hole #5 stopper
attached to the Erlenmeyer flasks filled with 50 mL of coculture media with seeded
Jurkats. A Masterflex L/S digital drive multichannel pump was set at 3.4 mL/min and
was used to drive flow within a cell incubator. At the end of each 3 day study, media
containing Jurkats was collected and lines run clean with PBS and collected. For static
studies, scaffolds and surfaces were rinsed with PBS to collect any adhered Jurkats.
hMSCs were dissociated from surfaces using 0.25% trypsin EDTA and collected, as
applicable. Collected cells then had DNA quantified relative to initial study seeding
quantities. For Jurkats this was 3 aliquots of the cell seeding volume and hMSCs this was
hMSCs isolated at the start of seeding. Jurkat bioreactor lines used 3 cell aliquots from

each line (n > 2).

6.2.6 DNA quantification

Double stranded DNA content was quantified using Quant-iT PicoGreen (ThermoFisher)
following the Manufacture’s protocol. Briefly, cells were resuspended in PBS and sample

DNA isolated following the procedures for DNeasy Blood & Tissue Kit (Qiagen, Hilden,
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Germany). Isolated DNA was diluted as necessary and mixed with the diluted dye in
technical triplicate and compared to a standard DNA ladder. Fluorescence measurements
were read on a plate reader (M5 SpectraMax Molecular Devices, San Jose, CA or Spark
Multimode Microplate Reader, Tecan, Mannedorf, Switzerland) with an excitation

wavelength of 490 nm and emission read at 538 nm.

6.2.7 Total protein determination

Media samples were diluted 1:10 in PBS and tested on 3 samples in technical triplicate
with a Pierce BCA Protein Assay following standard microplate procedures. A 50:50
DMEM:RPMI 1640 control was run for correction as well. Samples were quantified
against a standard curve in technical triplicate and read on a Spark Multimode Microplate

Reader at 562 nm.

6.2.8 Polyacrylamide gel electrophoresis (PAGE) protein separation and

Coomassie staining

A Mini-Protean TGX (Bio-Rad, Hercules, CA) gel was loaded with Laemmli buffer and
1:5 diluted media samples (in PBS), as described.?*” The gel was run for approximately
an hour at 120 V in 1X Tris-Glycine buffer and washed in ddH»O with protein bands

visualized and imaged with Coomassie blue on a LICore Odyssey CLx (Lincoln, NE).

6.2.9 Multiplex analysis

A Luminex MagPix system (ThermoFisher) with Luminex software (Riverside, CA) was
used to quantify IL-10, osteopontin (OPN), Fas-L, Fas, and hepatocyte growth factor
(HGF) from media aliquots against a standard curve in technical duplicate following

manufacture’s (R&D Systems, Minneapolis, MN) procedures.
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6.2.10 Cell staining and imaging

Jurkats were counted and resuspended in serum free Jurkat media containing 2.5 pmol/L
CellTracker Green (ThermoFisher) and incubated for 45 minutes in growth conditions.
Media was replaced with coculture media and PS and PS-A samples were cultured for 3
days and images captured (Nikon, Tokyo, Japan). Images were adjusted to remove

background fluorescence in Imagel.

6.2.11 Flow bioreactor assembly

0.5 inch, 0.25 inch, and 0.125 inch platinum cured silicone tubing was cut and connected
to 14-gauge pump tubing with Kynar connectors to create an increasing in size line
assembly with the open ends inserted into a 2-hole #5 stopper (Cole-Parmer) and a side
left open for the MBS to be inserted. Open connections were covered in aluminum foil
and the entire line was autoclaved. For lines using a scaffold, the scaffold was inserted
into the open line and bioreactor sealed. The completed line was attached to a Masterflex
L/S digital drive multichannel pump (Cole-Parmer) with 50 mL of Jurkat media in and
125 mL Erlenmeyer flask and seeded with Jurkats. Studies (n > 2) were run with static
controls (n > 2) of equal volume and seeding density in T75s culture flasks. After 3 days
of culture in a culture incubator, media containing cells was collected and lines run clean
with PBS to collect additional cells within the lines. These were collected, and an aliquot

of the cells had their DNA quantified relative to study controls.

6.2.12 Statistical analysis

Unless noted, statistical significance was determined with the following: through one-

way two-sided ANOVA at the 95% confidence interval (p < 0.05) using the Games-
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Howell comparison method for studies with more than 2 groups or two-sample Student’s
t-tests were performed for studies with 2 groups with Minitab 18 (Minitab, Inc. State

College, PA).

6.3 Results

6.3.1 PS-A culture substrate had inhibitory effects on Jurkats

In this chapter, we built on our adherent culture results in chapter 5 to understanding how
defined surface chemistry influences a non-adherent cell population and can modulate
proliferation through cytokine expression. We found that Jurkats in coculture media
above PS surfaces and scaffolds tended to proliferate more than Jurkats cultured above
PS-A surfaces and scaffolds, as indicated by the listed t-test values for each culture
condition (Figure 6.1 A). This trend was not observed under dynamic culture (Figure 6.1
A). Cocultured Jurkats saw the inhibitory effect of the PS-A surface as well regardless of
culture condition (p < 0.05, Figure 6.1 B). The PS-A scaffolds and surfaces were
generally found to have greater amounts of hMSCs in 2D and 3D dynamic mono and
coculture (p < 0.05, Figure 6.1 C, D). In 3D static culture, this effect was muted or

reversed (Figure 6.1 C, D).
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Figure 6.1 Jurkat response in monoculture and coculture. A) DNA fold change from pre-seed
Jurkats after 3 days of culture. PS surfaces and scaffolds tended to have greater Jurkat fold
change as compared to PS-A surfaces and scaffolds in monoculture. Running the Jurkats in the
bioreactor removed the effect in monoculture. For static 2D and 3D cultures n = 3, dynamic
culture n = 2 with 3 aliquots per line. B) DNA fold change from pre-seed Jurkats after 3 days of
coculture. ‘CO’ refers to Jurkats cultured under a coculture condition. PS surfaces and scaffolds
tended to have greater Jurkat fold change as compared to PS-A surfaces and scaffolds across all
culture conditions. For static 2D and 3D cultures n = 3, dynamic culture n = 2 with 3 aliquots per
line. C) DNA fold change from hMSCs lifted at the start of the 3-day study in monoculture. D)
DNA fold change from hMSCs lifted at the start of the 3-day study in coculture. ‘CO-M’ refers to
hMSC:s cultured in a coculture condition. In both instances, the adherent fraction tended to prefer
the PS-A surface, particularly in dynamic culture. For static 2D and 3D cultures n = 3, dynamic
culture 2 lines were used for coculture and a 1 line for monoculture, 3 scaffolds per line, hMSCs
seeded at 5000 cells/cm?. Note: Groups with different letters indicate statistical difference (p <
0.05) within a test group (PS-A, PS), data displayed as mean + standard deviation. p-values for
two sample t-tests are listed above applicable group pairs.
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6.3.2 PS-A surfaces had greatest differences in protein content

The culture media from the 2D culture condition was tested to determine the total protein
content. In the 1:10 diluted samples, it was found that Jurkats cultured above the PS-A
surface had less protein than the corresponding coculure condition. (p < 0.05, Figure 6.2
A). No other significant differences were found. Analyzing the media content through a
Coomassie stained PAGE gel showed similar banding as compared to the 50:50

hMSC:Jurkat media and FBS controls (Figure 6.2 B).
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Figure 6.2 Protein content in mono and coculture media. A) BCA protein content of the 2D
culture media conditions (n = 3). Statistical difference was observed between the two PS-A
groups. B) Coomassie stained gel showing bands of the tested media groups. Note: groups with
different letters indicate statistical difference (p < 0.05), data displayed as mean + standard
deviation.
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6.3.3 Inhibitory cytokines in media linked to hMSCs coculture

Individual metabolites were analyzed to determine the total soluble amount in the media
at the end of 3-day culture. These cytokines are theorized to act through both indirect and
direct cell-contact methods (Figure 6.3 A). IL-10 (< 1 pg/mL) and Fas-L (<2 pg/mL)
were both measured below the minimum value of their respective standard curves in the
assay (data not shown). OPN (Figure 6.3 B) was below the detection limit of the assay for
the 50:50 hMSC:Jurkat media and the 2 monoculture (PS, PS-A) 2D conditioned medias
(<23 pg/mL). Total soluble OPN content was statistically greater (p < 0.01) in the PS-A
coculture conditioned media than the PS coculture conditioned media (Fig. 3B). Fas
(Figure 6.3 C) and HGF (Figure 6.3 D) appeared to show similar trends. Fas (Figure 6.3
C) was below the detection limit in the 50:50 hMSC:Jurkat media, with greater
expression observed in the monoculture conditions as compared to the and coculture
conditions (p < 0.01). HGF was below the detection limit in the 50:50 hMSC:Jurkat
media, the PS-A, and PS monoculture conditions (Figure 6.3 D). Total HGF showed no
statistical difference (p > 0.05) between the PS-A and PS coculture conditions (Figure 6.3

D).
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Figure 6.3 Quantification of inhibitory cytokines in media. A) A diagram of two interaction
pathways for soluble analytes in the culture media, acting either through non-contact or direct
cellular contact means. B) Total OPN content in media samples. 50:50 hMSC:Jurkat, PS
monoculture, and PS-A monoculture samples were below the detection limit of the assay. C)
Total FAS content in media samples. 50:50 hMSC media was below the detection limit of the
assay. PS and PS-A monoculture samples are extrapolated and statistically different at p < 0.05.
PS monoculture, PS-A monoculture, and PS-A coculture measures read as identical values. D)
Total HGF content in media samples. 50:50 hMSC:Jurkat, PS monoculture, and PS-A
monoculture samples were below the detection limit of the assay. PS 2D coculture measures read
as identical values. B-D note: Groups with different letters indicate statistical differences (p <
0.05, data displayed as mean + standard deviation, data shown in technical duplicate. Groups with
different letters indicate statistical difference (p < 0.05) determined with a Tukey’s multiple
comparison test. Solid bars are within assay limits, extrapolated values are marked with hatched
bars and noted where necessary. Samples below the detection limit of the assay which could not
be extrapolated are set at the maximum possible value, marked with an open bar, and excluded
from statistical analysis (marked with an ‘*’).
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6.3.4 Jurkats adhered to PS-A surfaces, clustering with themselves on PS

Imaging of the Jurkats (green) illustrates a few qualitative differences between the
cultures and culture conditions. The PS-A surfaces appeared to have relatively uniform
distribution of Jurkats (Figure 6.4 A), where they formed larger aggregates on PS

surfaces (Figure 6.4 B).

140



Figure 6.4 Fluorescent images of stained Jurkats. Jurkats appear to spread across PS-A
surfaces with greater clustering observed on PS surfaces preferentially. A) PS-A surfaces in
monoculture. B) PS surfaces in monoculture. Note: Scale bars are 200 um, Jurkats are stained

green
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6.3.5 Jurkats are insensitive to pure dynamic culture

We found that several flow rates, spanning two orders of magnitude (0.21 mL/min, 2
mL/min, 10 mL/min, and 20 mL), with and without a MBS scaffold (Figure 6.5 A, B) did
not affect Jurkat proliferation. Relative DNA content of dynamically cultured Jurkats
without a scaffold showed no statistical differences between the groups (p > 0.05, Figure
6.5 C). Similarly, Jurkats cultured with the MBS were unaffected by dynamic culture
(Figure 6.5 D). The introduction of the scaffold did not affect proliferation between the
MBS containing and lacking studies as well (p-values 0.21 mL/min: 0.403, 2 mL/min:
0.797, 10 mL/min: 0.484, 20 mL/min: 0.08). Jurkats continued to proliferate under the

dynamic culture condition independent of flow rate or scaffold presence.

142



>
A
(@]
a

Rel. DNA Content
o o o o =
(=] (A8 ) B (2] [e+] - (A8 )

Flow Rate (mL/min)

=
=

03]

r

—

=
o =
© o N

o
[«>)

Rel. DNA Content

o
=

o
(]

(=]

21 2 10 20
Flow Rate (mL/min)

Figure 6.5 Bioreactor culture of Jurkats at a range of culture velocities. A) A diagram
showing the empty bioreactor line and B) a bioreactor line with the MBS construct. The same
diameters and approximate lengths of tubing and connections were used between lines. C)
Relative DNA content of the tested bioreactor lines compared to applicable study controls. No
significant differences were found between the groups. This indicates perfusion alone did not
impact Jurkat proliferation. Note: 0.21 mL/min (1 RPM) and 20 mL/min n =4, 10 mL/min n =3,
2 mL/min n = 2. D). Relative DNA content of the tested bioreactor lines containing a scaffold
compared to applicable study controls. Note: 0.21 mL/min (1 RPM) and 20 mL/minn =3, 10
mL/min n =4, 2 mL/min n = 2. T-tests between individual flow rates showed no significant
differences (p > 0.05), indicating the introduction of the scaffold did not negatively impact the
proliferation along. All data is shown as mean =+ standard deviation.
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6.3.6 Increasing hMSCs in bioreactor had moderate inhibitive effects on Jurkat

proliferation

Using the bioreactor model to culture cells at specific culture ratios, we found some
inhibitive effects when the culture ratio of hMSCs:Jurkats was varied from 1:1 to 1:50
(Figure 6.6 A) in our bioreactor culture (Figure 6.6 B). The 1:1 culture ratio was
statistically lower than the 1:15 culture ratio, but not from other culture conditions (p <
0.05). The 1:50 culture ratio was statistically lower than then 1:15 and 1:10 culture

conditions (p < 0.05).

Individual metabolites were analyzed for the 4 highest h(MSC ratios (1:1, 1:5, 1:10, 1:15).
IL-10 (< 1 pg/mL) and Fas-ligand (< 2 pg/mL) were both below the minimum value of
their respective standard curves (data not shown). OPN content (Figure 6.6 C) was
somewhat anti-correlated to hMSC quantity, with higher hMSC cultures generally
showing lower total soluble OPN. This trend was not seen in the 1:15 culture condition.
FAS (Figure 6.6 D) and HGF (Figure 6.6 E) showed similar trends, with the statistically
greatest total soluble metabolite content seen in the 1:1 culture ratio media sample (p <

0.01).
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Figure 6.6 Bioreactor coculture and cytokine expression. A) DNA fold change to pre-seed
Jurkats after 3 days of culture. h(MSCs were seeded overnight on PS-A scaffolds to produce cell
ratios of 1:1 (n=2), 1:5 (n=13), 1:10 (n=3), 1:15 (n= 3), and 1:50 (n = 2) per line
hMSCs:Jurkat. Each line chamber contained 3 scaffolds of hMSCs. Moderate proliferation
inhibition was observed between the 1:1 and 1:15 culture ratios. B) Diagram of the bioreactor
design. Media perfused the circuit into the chamber containing scaffolds. C) Total OPN content in
media samples. D) Total FAS content in media samples. 1:10 and 1:15 media samples were
below the detection limit of the assay, extrapolated and statistically different at p < 0.05. 1:10
measures read as identical values. E) Total HGF content in media samples. 1:10 and 1:15 media
samples were below the detection limit of the assay and extrapolated. 1:5 and 1:15 samples found
to be statistically different at p < 0.05. 1:10 measures read as identical values. Notes: A) Groups
with different letters indicate statistical difference (p < 0.05), data displayed as mean + standard
deviation. C — E) Solid bars are within assay limits, extrapolated values are marked with hatched
bars and noted where necessary, data shown in technical duplicate. Groups with different letters
indicate statistical difference (p < 0.01) determined with a Tukey’s multiple comparison test. Data
displayed as mean + standard deviation.
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6.4 Discussion

By understanding how our culture platform performs with multiple cell types in
coculture, we work towards deconstructing the bone marrow niche environment and
develop a meaningful culture tool. First, we sought to determine the effect of culture
substrate and coculture with hMSCs on Jurkats. A media formulation of 50:50
hMSC:Jurkat media was used, though further investigation may find a media formulation
more beneficial to the culture, as media formulation impacts the expansion of similar
(e.g. MNCs) cells.*!® Three day studies were used to assess differences during the typical
expansion window for Jurkat cells to reach the maximum suggested confluence in
culture. Jurkat proliferation was investigated on PS and PS-A surfaces. Under 2D and 3D
static conditions, the culture ratio (based on initial seeding densities) was 1:6
hMSCs:Jurkats, and at 3D dynamic is was 1:32. Here we tried to isolate the effect of the
underlying culture surface. Previous work has found that HSC are sensitive to culture
surfaces, even as a non-adherent cell population.*!” This is potentially through differential
protein adhesion and loss of biological activity by absorptive losses to the culture surface
or through toxin leaching.*!” Polystyrene is well established as a non-cytotoxic culture
material, through different surface treatments could cause differential adhesion of
proteins.?” As well, culturing with MSCs also works to bolster underlying surface effects
with intercellular communication between the populations. Generally, it was observed
that the Jurkat population proliferated more on the PS surfaces rather than the PS-A
surfaces, independent of culture condition. This effect was not seen in dynamic
monoculture suggesting flow forced the circulating cell population or solubilized protein

to not adhere, influencing cell proliferation.
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We observed that the hMSC-Jurkat interaction played a role in modulating Jurkat
proliferation. Several molecules have been suggested to participate in this interaction. Fas
and Fas-L cause activated T-lymphocyte apoptosis in murine models.*!® OPN has been
observed to negatively regulate growth in the HSC niche, working to control population
size.*% IL-10 produced by hMSCs have been observed to inhibit T-lymphocyte activation
through antigen presenting cells.*'” HGF from hMSCs has also been observed to suppress
T-lymphocyte proliferation.*?° These molecules, or their subunits, range from 18-69
kDa.*?'"*2> Concentration differences between the culture conditions and the presence of
protein bands within this range could mean that these proteins are present with different
quantities available to act on the cells. With the lowest concentration on the PS-A
surface, and greatest on the PS-A coculture surface, this suggests proteins may be
interacting with the PS-A surface to deplete the protein in the media, while the MSCs
could be working to boost the protein content. This helps to explain the inhibition seen
with both the PS-A surfaces in both culture conditions. Analyzing the individual
metabolites, we failed to detect any of the inhibitory cytokines in the base media
formulation. The coculture media samples showed significantly (p < 0.01) greater
quantities of OPN, Fas, and HGF, indicating the hMSCs are the source of these inhibitory
molecules. This aligns with previous observations of the inhibitory effects of MSCs on T-
lymphocytes.*?**** With the variety of cytokines associated with MSCs,*!*2 other

molecules could be acting as well.
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However, this does not fully explain the observations made in Jurkat monoculture. We
suspect that there are a few competing pathways at work. The Jurkat population appears
to more readily adhere on the PS-A surface. These observations could mean that contact
with the surface plays a role in limiting proliferation. The PS-A surface was seen to
deplete protein from the media and could be working to adhere a greater fraction of cells
as well. A contact inhibition mechanism could be acting to prevent Jurkat expansion
where association with the PS-A surface slows proliferation. Further investigation into
these contact and cell-mediated modulatory mechanisms could help provide a clearer
understanding of the bone marrow niche, the associate immune functions, and

development of targeted therapies for hematological malignancies.

By understanding the impact of the culture substrate and hMSC population in static and a
single dynamic culture condition, we next investigated the effect of flow on the
circulating Jurkat population. Both with and without a MBS present in the perfusion
bioreactor assembly, no significant difference in relative DNA content was observed
between the flow rates. This is significant as the circulating cell population needs to
navigate the roller assembly of the perfusion pump and the tubing circuit, which could
become more difficult at higher flow rates. It is possible that, at sufficiently high flow
rates, cell damage from impacting the tubing during flow could lead to cell lysis or
metabolic inhibition.***** Previous studies have used Jurkat bioreactors to enhance
proliferation, and proposed the mechanism was the breaking of cell aggregates that
form.**> Though we did not find significant changes in proliferation as compared to static

cultures, the culture method is sufficient in supporting expansion of Jurkats across 2
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orders of magnitude in flow rate and at two flow of conditions: with and without a

scaffold.

Having established the Jurkat population is insensitive to flow rate with our perfusion
driven culture, we looked to modulate Jurkat proliferation using the hMSC population at
a single flow rate. Following similar hMSC:Jurkat culture ratios as performed in previous
studies,*!>*% A general trend was observed where increasing the hMSC population size
decreased Jurkat proliferation. This was not consistent across all culture rations, with the
highest amount of hMSCs (1:1) only statistically different from the 1:15 ratio. At 3 days
of culture, a previous group found a lack of proliferation inhibition from adipose derived
hMSCs in culture ratios of 1:5 and 1:10.%*® While we used bone marrow derived hMSCs,
the cell source or population characteristics could play a role in Jurkat modulation.
Quantifying the Fas and HGF in the media found that in the highest (1:1) culture ratio
had statistically greatest amount of these cytokines and generally decreasing quantities of
with decreasing hMSC fraction. The correlation between these markers and population
size explains the observed growth inhibition. The soluble OPN content appeared to be

anti-correlated, suggesting this factor plays a less significant role.

6.5 Conclusions

In this chapter, we build on the successes with our culture model for expanding hMSCs
by modulating Jurkat proliferation. These are necessary steps towards working with
HSCs and developing the envisioned closed-loop bone marrow niche bioreactor. Here we
demonstrate the utility of the closed loop culture system by knocking down proliferation

in a cancer population. Jurkat cells remained insensitive to bioreactor flow rate, but
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experienced inhibited growth when cultured above PS-A. The differences in protein
content in the media suggests different signaling occurring between the mono and
cocultures, while imaging suggests greater adhesion to the PS-A surface. Substrate
contact inhibition could be acting to reduce proliferation. The increased measured content
of FAS and HGF, and correlation with inhibited proliferation, suggests these soluble
factors are expressed by hMSCs and work to inhibit proliferation. The utility of our
model goes beyond recapitulating a cancerous niche environment. HSCs remain a
difficult population to expand in vitro. With the evidence presented, our model stands as
a rapid manufacturing solution to expanding primary human bone marrow and

completing development of widely accepted bone marrow niche model.

150



Chapter 7: Conclusions and Future Directions

7.1 Summary

In this dissertation, we demonstrate a 3D printing and plasma functionalization strategy
to develop complex substrates for in vitro cell growth. The work establishes a culture
environment which facilitates protein adhesion and directs cell function in 2D, 3D, and
dynamic culture environments. By taking care to engineer culture substrates with defined
properties, we present a successful method for enhancing hMSC proliferation, directing
osteogenic differentiation, and suppressing Jurkat expansion. Continued development of
the model would see a method for expanding therapeutic cell populations for specific
clinical targets, investigating mechanistic interactions within the bone marrow niche and
a method to screen pharmaceuticals rapidly. Continued maturation of this technology
would see a closed loop culture method for HSCs, working towards eliminating

hematological malignancies.

The first objective of this work was to understand the surface properties which help to
facilitate cell adhesion through surface properties and protein interactions. In chapter 4,
we found that moderate water contact angles (50° - 55°) and complex oxygen species
(carbonyl content of 6%) work to promote extracellular matrix protein adhesion (e.g.
collagen consisted of 3.6% of the adhered protein from serum). With these adhered
surface proteins, hMSCs are able to spread and interact with the surface, with greater
spreading generally observed on the moderately hydrophilic surfaces. We suspect this

spreading is acting through an actin related mechanism, as evidenced with an F-actin
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inhibitor, and the surface properties work to maintain higher ratios of phenotypically
expected hMSCs. With higher growth rates (p < 0.05) and continued expression of
extracellular proteins, these surfaces were capable of supporting hMSCs modifying the
surrounding culture environment. PS following the developed 3D printing process
method lacked material degradation, ensuring maintenance of expected material
properties. Additionally, the flexibility afforded with 3D printing allows for a wide range
of internal scaffold architectures and overall geometries. Future investigation could
interrogate the structure-cell function relationship. Lastly, we showed hMSCs were able
to interact with 3D constructs, adhering, spreading, and expanding (with a p-value of
0.011 as compared to a NT scaffold) on and between the fibers. This shows that the

hMSC population accepted the 3D oxygen-treated PS.

Having validated our printing and surface activation approach, the next objective of this
work was to use surface properties to enhance hMSC proliferation and direct
differentiation. In chapter 5, we started this by improving our treatment approach and
found incorporating surface amines encouraged greater expansion of hMSCs in 2D, 3D,
and 3D dynamic culture. After 7 days of dynamic culture, a total of 0.39 pg of DNA were
found on the aminated scaffolds as compared to 0.15 pg and 0.12 pg of DNA for the non-
treated and oxidized PS surfaces, respectively (p < 0.05). We also found that the
aminated PS enhanced directed osteogenic differentiation by encouraging greater and
earlier expression of osteogenic markers. For example, hMSCs cultured on aminated 3D
scaffolds showed mRNA AACT of values for ALP of 4.78 as compared to 1.00 and 1.86

for the non-treated and oxidized PS 3D scaffolds at 8 days, respectively (p < 0.05).
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Cumulatively, the presented data demonstrate a mechanism for enhancing hMSC
proliferation and differentiation while retaining characteristics between 2D and 3D,

further validating the culture system.

Having established our culture method predictably expands hMSCs understand static and
dynamic conditions, in chapter 6 we explored the culture environment’s impact on a non-
adherent population. We found that a model T-lymphocyte cell line, Jurkats, were able to
grow at a wide range (0.21 mL/min — 20 mL/min) of flow rates in monoculture without
significant differences between the flow rates. Some inhibition of the culture was
observed to be caused by the underlying surface properties. For example, under static 2D
conditions, Jurkats were observed to increase 7.5x with the PS surface and 4.5x on the
aminated PS surface (p = 0.001). We explored the impact the hMSC population had on
the Jurkat cells and found that increasing the hMSC fraction had a moderate inhibitory
effect on the Jurkats, with a 1:1 culture ratio allowing a 3.5x fold change of Jurkats but
increasing the Jurkat fraction to 1:15 allowed 4.4x fold change (p < 0.05). We also
explored differences in the culture media and found the PS-A culture conditions had
significantly different (p < 0.05) amounts of protein between mono and coculture. The
coculture condition was observed to have greater total amounts of HGF and Fas as
compared to the monoculture condition (p < 0.01), and the greatest amount in the 1:1
dynamic culture ratio (p < 0.01). This helps to explain observed proliferation inhibition in
coculture. We also observed surface interaction between the Jurkats in monoculture and
found that Jurkats on PS-A culture tended to adhere to the aminated surfaces. Further

investigation into the soluble and cell-contact mediated interactions would help further
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develop the model. The steps taken here show promise with a multicellular system

capable of supporting both adherent and circulating cells.

In conclusion, this work demonstrates a method for 3D printing PS to expand adherent
and non-adherent cells. With an emphasis placed on the bone marrow niche, we exhibit
that surface properties of our substrates direct the protein adhesion and ultimate response
to the cultured cells. Using these surface properties, we enhance hMSC growth,
osteogenic differentiation, and facilitate dynamic coculture. Understanding these
competing factors will lead to the continued development of a bone marrow niche model
and complements on-going research. The broader research community is actively seeking
to develop meaningful models of this complex environment. A recent study sought to
develop a 3D bone marrow adipose-tissue model. Using a silk scaffold, they found
significantly different gene expression as compared to 2D culture and observed
destructive effects on MSCs from cocultured myeloma cells.**” Cancer models, such as
this one, aim to better understand the mechanistic processes within the bone marrow
niche and show promise as a basis for testing immunotherapies rapidly and investigating
developed resistance without animal models.**® Using decellularized scaffolds from
xerographic sources (e.g. bovine) also provide an interesting alternative, with high
maintenance of the cellular niche and HSC expansion reported.*** However, using a
purely natural biomaterial scaffold could pose challenges when scaled to clinically
relevant lot sizes. Continued development of the work presented in this dissertation and

engagement with the greater research community could ultimately work towards
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developing a widely accepted synthetic standard model for this complex environment,

working towards eradicating these detrimental hematological malignancies.

While several surface characteristics were surveyed during this thesis, additional
properties could be playing roles in directing cell responses. Surface charging may be
acting, either from the surface chemical modification made or as a consequence of
substrate charging during plasma treatment. Surface charge could interact with amino
acids, as several contain a base charge (negative: aspartic acid, glutamic acid; positive:

lysine, arginine, histidine),**

or dictate protein conformation during adhesion. As well,
positively charged substrates have been reported to encourage osteogenic differentiation,
increasing the expression of RUNX2, OPN, and OCN as compared to negatively or

uncharged surfaces.**! Further work would investigate the impact of substrate charge in

the PS model presented.

Substrate stiffness was not investigated during this thesis with the base material kept
constant. Stiff substrates (> 60 kPa) have been implicated in osteogenic differentiation on
hydrogel substrates.**?** Polystyrene, even after oxidation, is significantly more stiff
(e.g.> 1 GPa),*** but not quite as stiff as bone (> 5 GPa).*** Further biological mimicry
and improvement of the model could be realized by investigating stiffness and texture;
whether by generating softer materials to possibly aid in maintaining MSC multipotency
or increasing stiffness to mimic the calcified environment, surface stiffness likely plays a
role in the bone marrow niche development.**® Manipulating the cytoskeleton by

controlling the geometry / stiffness can activate intercellular signaling working to direct
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hMSC fate.>****? Continued development of the model could see incorporating these
aspects, where the research presented here is a starting point to building a cost effective

model for niche generation towards clinical goals.

Clinically, enhancing our understanding of multicellular mechanistic interactions in the
bone marrow niche are on-going. A hydrogel engraftment model focuses on the model’s
ability to support acute myeloid leukemia and shows promise as a means for observing
less aggressive cancer subtypes.**’ However, the model relies on a soft hydrogel within a
murine model. The model likely has higher maintenance costs as compared to a
bioreactor and requires digesting the scaffold to completely to access the enclosed
population. Further development of these models and incorporation of compounds could
see continued improvement in expanding HSCs ex vivo. A novel compound (SR-1) has
been shown to aid HSC expansion, with clinical infusions into patients possible, and
future work planned to develop a single dosage strategy and understand the compound’s
impact within the niche.**® A bone marrow niche model could potentially serve to

understand these benchmarks before moving to human clinical trials.

The PS model developed through this dissertation could be improved with continued
development of the 3D structure, surface properties, and bioreactor system. However, the
knowledge gained presents a viable path for transforming PS from a 2D to a 3D culture
substrate with implications on adherent and non-adherent cultures. We suspect the
greatest theoretical phenomenon we found during the course of this work is the

interconnectivity of various culture stressors. For example, the ability to increase early
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osteogenic progression with the synergistic combination of 3D geometry and surface
chemistry. These findings bring us to our biggest technological contribution in the field:
transforming PS from a ubiquitous culture material to a targeted 3D dynamic culture
material. We show that even this simple culture substrate can continue to be improved for
specific applications. Continued investigation could see the model expanded to include
additional tissue niches and cell types, improving the biomimicry of the cell environment

with an easily translatable system for bioreactor culture.

7.2 Contributions

The work presented here has resulted in two first author review articles (one of which is a
co-first), one first author research paper, and two first author manuscripts in preparation.
My research is included in six additional publications, one first author manuscript in
preparation, and has produced four provisional patent filings relating to three projects.
This work was supported in part by a National Institute of Standards and Technology
(70NANB15H274). The transformation of PS from a 2D to a 3D culture surface has
significant implications on transforming standard tissue culture practices and improving
biomimicry. The development presented here for custom rapidly manufactured culture
scaffolds has implications on increasing the wealth of knowledge in directed cell culture

and the fundamental processes that govern cell-material interactions.

7.3 Future directions

This dissertation focused on developing the base plasma treatment, 3D-printing, and
bioreactor methods to culture hMSCs and a model non-adherent cell population (Jurkats)

towards developing a bone marrow niche model. Future studies could begin with a
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redesign of the bioreactor chamber to ease the assembly. While the base material for the
chambers (Eshell 300) provides sufficient strength to assembly the structure, redesigning
the chamber could ease assembly time and increase the scaffold size which can be
accommodated. So long as the porosity of the printed PS scaffold is maintained, we do

not expect the surface characteristics to diminish within the bulk of the printed object.

Redesigning the culture chamber could be accompanied by a study investigating the
interaction between flow and scaffold geometry. There are a number of other patters,
fiber diameters, and geometries which could be explored. These range from completely
random to highly structured and ordered. Each of these brings a different element to
replicating a niche environment and influencing intercellular signaling. Continued
evolution of these patterns may require investigating additional means of delivering
plasma to the interior of printed objects, either through a combination printing-plasma
system or with a high flow plasma jet. One such investigation could center on a design of
experiments method, determining the impact and interaction of parameters to rapidly
study a range of scaffold geometries and flow rates. Building a model which looks at
bioreactor properties (scaffold surface area, flow rate) and biological (DNA content,
osteogenic markers, and multipotency markers) could see the development of bioreactor
constructs for targeted applications. For example, looking at the structure function
relationship under high shear stress could see to measure total calcification, OPN
production, and other related osteogenic differentiation markers. In this dissertation, we
investigated a single scaffold design and flow rate, though it is certainly possible different

internal structures could produce different outcomes. Previous research has reported that
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the curvature of a scaffold influences the distribution and growth kinetics of seeded
cells.** Expanding this structure-function relationship to include flow rate and directed

differentiation could be a next step for this bioreactor model.

To aid in bone marrow niche model development, future work could look to incorporate
endothelial cells (e.g. human umbilical vein endothelial cells, HuVECs) in coculture
within the model. Endothelial cells have previously been shown to enhance osteogenic
markers and organizing a pre-vascular network.*® Assessing osteogenic markers could
look to see how the model progresses in development as a function of flow rate and/or
geometry. We expect that increasing the flow rate would increase the development of
osteogenic markers, while coculturing with endothelial cells would improving the
biomimicry of the niche model. As well, in building towards the bone marrow niche
model, assessing the expression of HSC modulatory cytokines in the culture media, such
as IL-3, FLT3-L, TPO, SCF, IL-6, and VEGF would give an indication of the success of
the MSCs in supporting HSCs in the model.*’! With the aim of expanding multipotent
HSCs (i.e. Lin-Scal+cKit+),*? the non-adherent cell fraction would need to undergo
flow cytometry analysis to understand the phenotype of the circulating population.
Validation the model could see a viable multicellular test bed for pharmaceutical testing,

an active pursuit proposed by others.*>3

A final proposed direction for this work seeks to develop a standardized test bed for
modeling with HSCs. In this work we have shown we can generate amines on the

surfaces of PS scaffolds. A method for conjugating stable cytokines to the PS surface
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through a linker would be investigated, building on previous work in a hydrogel with
covalently linked SCF.*** The competing molecules and factors*>® within the complex
niche would be the tunable biochemical markers incorporated into the test bed. Using a
combinatorial, 3D printing-based, approach, concentration gradients and combinations of
the small molecules would be deposited onto test substrates. The molecules would be
bound to the substrate and observations made with seeded HSCs to assess the
productivity of different biochemical combinations in maintaining the multilineage status.
Using an imaging-based approach, correlating measured hematopoietic lineage markers
to locations within the array would determine successful combinations. Increasing the
complexity from a 2D substrate to a defined 3D architecture based on previous
investigations would lead to the development of a surface chemically defined, geometry
defined, perfusable scaffold for HSCs. Verification of the surface stability of the bound
cytokines through aging testing, could see the development of a commercial or research
tool with wide clinical appeal. Ultimately, the goal of narrowing and defining culture

substrates would be used to bring HSCs into the clinic more broadly.

The background, new research, and future directions presented in this dissertation
describe an approach to transform PS from a 2D to a 3D scaffold with defined surface
properties for inclusion in dynamic culture models for coculture, aiming to improve the
biomimicry of the culture environment. By defining the surface properties, understanding
the protein interactions, and building the culture environment, a growth substrate can be
built that supports multiple cell types in investigating mechanistic actions of adhered and

circulating populations.
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Appendix

Image Analysis Program and documentation

% ImageProcessingCells, reads in images, reads in size of images, sorts by stack location,
opens an image of the cell dots (indicating the % cells locations), color separation, traces
outlines, displays areas of cells and statistics of stack, assumes 1024x1024 images

% Read in directory of images, get list of all TIFF files in this directory, DIR returns as a
structure array.

imagefiles = dir("*.tif");
nfiles = length(imagefiles); % Number of files found
images = cell(nfiles,1);
disp('Files Found")
for i1 = l:nfiles
currentfilename = imagefiles(ii).name;
currentimage = imread(currentfilename);
images {ii} = currentimage;
end
disp('Files Read")
% Sort stacks, all stacks will have a known number of images in stack e.g. a 4x4 stack
will have 16 separate groups of images, separate by number of images and get maximum
image projection for each group
rows = str2double(input('How many rows in set? ', 's"));
cols = str2double(input('How many columns in set? ', 's"));
pxl = str2double(input('What is the image resolution (pixels/um default 1.6516)? ','s"));
thu = str2double(input('What is your threshold area (um”2)? ', 's"));

grps = cell(rows*cols, 1);
ngrps = length(grps);

% Convert threshold to pixels
thp = floor((px1"2)*thu);

%Sort images, and read into maximum images for each images set, define variables for
speed
zStack = nfiles/ngrps;
=1
grpsr = cell(rows*cols, 1);
grpsb = cell(rows*cols, 1);
grpsrt = cell(rows*cols, 1);
grpsbt = cell(rows*cols, 1);
hld = zeros(1024,1024,3);
maxImageHoldr = zeros(1024,1024,zStack);
maxImageHoldb = zeros(1024,1024,zStack);
cellarea = zeros(rows*cols,1);
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for ii = l:ngrps
for kk = 1:zStack
% Separate Colors (Blue, Green, Red)
hld = images{jj};
thr = graythresh(hld(:,:,1));
thb = graythresh(hld(:,:,3));

% Threshold out objects below the intensity threshold, tuned based on individual
images. 0-0.07 Typical.

if thr < 0.000
thr = 0.000;

end

if thb < 0.000
thb = 0.000;

end

maxImageHoldr(:,: kk) = imbinarize(hld(:,:,1),thr);
maxImageHoldb(:,:,kk) = imbinarize(hld(:,:,3),thb);

=it
end
fprintf('Separated\n')

% Maximum Image Projection
grpsr{ii} = max(maxImageHoldr,[],3);
grpsb{ii} = max(maxImageHoldb,[],3);

% Threshold out objects below the area threshold
grpsrt{ii} = bwareaopen(grpsr{ii},thp);
grpsbt{ii} = bwareaopen(grpsb{ii},thp);
fprintf('Projected and Thresholded\n")

figure(ii)

warning off
imshowpair(grpsrt{ii},grpsbt{ii},'montage")
warning on

% Pull area information from each captured portion, first determine connected
components in the images

cr = bwconncomp(grpsrt{ii});

cb = bwconncomp(grpsbt{ii});

% Find the area of those connected components
ar = regionprops(cr,'Area’);
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ab = regionprops(cb,'Area’);

% Number of detected nucleii
nnucleii = length(ab);

naru = length(ar);

cella = 0;

aru = cell(naru,1);

abu = cell(nnucleii, 1);

for pp = 1:naru

%Convert to um”2
aru{pp} = ar(pp).Area./(pxI"2);

% Area covered by Actin
cella = cella + aru{pp};
end

%Vector computed containing the average area coverage in each stack
cellarea(ii) = cella/nnucleii;

fprintf('Layer %d of %d completed, area computed\n',ii,ngrps)
end

% Calculate statistics of stack
marea = mean(cellarea);

stdarea = std(cellarea);

fprintf('The mean of the stack is %d +/- %d.\n',marea,stdarea)
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