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ABSTRACT

Bioprinting is an additive manufacturing process capable of fabricating bioprinted
constructs containing cells via layer-by-layer deposition of bioink. Bioink contains the cells using
during bioprinting, and may contain additional materials to promote cell adhesion, cell viability,
structural integrity, and/or shape fidelity of bioprinted constructs. While bioprinting using
mammalian cells has been extensively studied, less research has been conducted regarding
bioprinting using photosynthetic cells, also known as green bioprinting. Potential benefits of green
bioprinting include production and easy harvesting of metabolites for use in the pharmaceutical,
cosmetic, and food industries. Constructs fabricated using green bioprinting have also been shown
to remove metal from water, and green bioprinted constructs are capable of providing oxygen to
mammalian cells in order to supplement tissue engineering research.

Despite potential benefits, more research is required to determine the optimal printing
parameters for green bioprinting. In order to be functional, bioprinted constructs must have high
cell viability post bioprinting. Research was conducted to test the effects of variable extrusion
pressures and needle diameters on Chlamydomonas reinhardtii algae cell viability in green
bioprinted constructs. It was determined that increasing extrusion pressure and decreasing needle
diameter decreased the cell viability in green bioprinted constructs.

Additionally, in currently published literature, only two bioinks have been used for green
bioprinting applications. These bioinks, alginate:methylcellulose and
alginate:agarose:methylcellulose, promote high photosynthetic cell viability. However, the bioinks
do not have sufficient physical properties to bioprint constructs with high shape fidelity. A new

bioink, alginate:methylcellulose:GelMA, was synthesized to improve the shape fidelity of green



bioprinted constructs while maintaining high cell viability. Constructs bioprinted with
alginate:methylcellulose:GelMA bioink were tested for Chlamydomonas reinhardtii algae cell
viability and shape fidelity of the bioprinted constructs. Rheological analysis was also performed
of a sample of unprinted alginate:methylcellulose:GelMA bioink to determine if the viscosity of
the bioink is suitable for use with bioprinting. It was determined that
alginate:methylcellulose:GelMA bioink has suitable viscosity, and can be used to bioprint green

constructs with high cell viability and shape fidelity.
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1. INTRODUCTION

1.1.  Bioprinting Applications and Techniques

Bioprinting technology was initially developed with the objective of mitigating limitations
of 2D cell cultures and animal models in tissue research [1]. Cells in 2D cultures lack the complex
physiological morphology present in actual in vivo environments [2, 3]. As a result, 2D cell
cultures cannot adequately model cell signaling, nutrient and oxygen gradients, and tissue
responses to external stimuli [4], and these limitations have hindered drug research [5]. Animal
models are expensive and do not precisely represent human physiology [6]. Bioprinting is capable
of fabricating 3D cell cultures with more precise cell distributions than previous 3D cell culturing
techniques [7]. Because bioprinted constructs more closely resemble native tissue environments,
bioprinting has applications in research involving drug testing [8], organ fabrication [9], and

disease modeling [10].

There are currently three main bioprinting techniques, each with unique advantages and
disadvantages. These techniques include extrusion-based, inkjet-based, and laser-assisted
bioprinting [11]. For each bioprinting technique, the bioink can be precisely deposited along the
X-axis, y-axis, and z-axis to form bioprinted constructs with precise dimensions. Before bioprinting
can occur, computer software must be used to generate a 3D model of the construct to be fabricated
by the bioprinter. To form the 3D model, computer aided design (CAD) software in the
StereoLithography (STL) file format is often used [12]. The STL file must then be converted to

G-code in order to be compatible with the bioprinter [12].

The extrusion-based bioprinting technique is illustrated in Figure 1. Bioink is dispensed

from the extrusion nozzle using pressure generated by either compressed air or a mechanical screw.
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Figure 1. lllustration of extrusion-based bioprinting.



The bioprinted construct is fabricated on top of the printing platform. The thermal jacket of the
bioprinter can be used to control the temperature of the bioink. Advantages of extrusion-based
bioprinting include compatibility with bioinks with a high cell concentration, and capability of
bioprinting bioinks with a wide range of viscosities [13]. Extrusion-based bioprinters are also
capable of bioprinting porous constructs [14], which allows vascularized constructs to be
bioprinted [15]. However, in order to be compatible with extrusion-based bioprinting, bioinks must
exhibit shear-thinning behavior [16]. The viscosity of matter with shear-thinning behavior
decreases as shear stress increases [17]. Conversely, as shear stress decreases, the viscosity of
matter with shear-thinning behavior increases [17]. Extrusion-based bioprinting exposes bioink to
mechanical stress as bioink is extruded from the extrusion nozzle [11]. Shear-thinning behavior is
necessary because it allows bioink to be smoothly extruded from the extrusion nozzle during
bioprinting, and the shape of bioprinted constructs is maintained post bioprinting [18]. Another
disadvantage of extrusion-based bioprinting is decreased resolution of bioprinted constructs

compared to other techniques [19, 20].

An illustration of inkjet bioprinting is shown in Figure 2. A thermal or piezoelectric
actuator creates droplets of bioink that are ejected from the tubular column. The actuator controls
the size of bioink droplets, and the droplets form the bioprinted construct on the printing platform.
Advantages of inkjet bioprinting include high resolution and high cell viability of bioprinted
constructs [21]. Disadvantages of inkjet bioprinting include the inability to bioprint high viscosity

bioinks, and inability to bioprint bioinks with a high cell concentration [11].
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Figure 2. lllustration of inkjet bioprinting.



An illustration of laser-assisted bioprinting is shown in Figure 3. A laser is passed through
a focusing lens onto a donor layer capable of absorbing energy, such as titanium film [22], and a
layer of bioink is positioned below the energy absorbing layer. When the laser comes into contact
with the energy absorbing material of the donor layer, a portion of the material is vaporized and a
droplet of bioink is ejected from the bioprinter. The droplets of bioink form a bioprinted construct
on the printing platform. The cells in the bioink are not exposed to mechanical stress, and the laser
does not come into direct contact with the bioink. For these reasons, laser-assisted bioprinting
bioprints constructs with high cell viability [23, 24]. Additional advantages of laser-assisted
bioprinting include high printing resolution [25, 26] and the ability to print high-viscosity bioinks
[27 — 29]. However, laser-assisted bioprinting is expensive and difficult to use [11], which are

disadvantages compared to other bioprinting techniques.
1.2.  Green Bioprinting

A subset of bioprinting known as green bioprinting uses photosynthetic cells instead of
mammalian cells in bioink. Photosynthetic cells in green bioprinted constructs are immobilized.
Previous research has revealed that immobilized photosynthetic cells grow to a higher cell density
than cells suspended in liquid medium [30, 31], and produce more metabolites [32]. These
conditions are ideal for production of commercially beneficial metabolites produced by
photosynthetic cells. Examples of commercially beneficial metabolites include phenols used as
flavoring agents [33], terpenoids used as odorants [33], and sugar alcohols used as artificial
sweeteners [34]. Traditional photosynthetic cell immobilization methods, such as immobilization
in alginate beads [35], do not allow for precise positioning of cells or formation of complex
constructs [30]. Alginate beads also degrade over time in liquid [36]. Green bioprinting overcomes

the limitations of traditional immobilization methods.
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Green bioprinting fabricates constructs with complex geometries [30], cells can be evenly
distributed inside green bioprinted constructs [37], and green bioprinted constructs are resistant to

dissolving [38].

Lode et al. used green bioprinting to deliver oxygen to bioprinted bone cells [30].
Chlamydomonas reinhardtii algae cells in alginate:methylcellulose bioink were bioprinted in a
grid pattern adjacent to bone cells. Analyses performed 12 days post bioprinting indicated that
both the algae and bone cells were living, and the oxygen production rate increased five-fold
between the day 1 and day 12 post bioprinting. The results of this research show promise for the
use of green bioprinting in tissue engineering research. Green bioprinting may be used
concurrently with mammalian cell bioprinting to provide necessary oxygen to the mammalian

cells.

Krujatz et al. studied the cell viability and growth between algae cells immbolized in green
bioprinted constructs and algae cells suspended in liquid tris-acetate-phosphate (TAP) medium
[31]. Two species of algae cells were studied, Chlamydomonas reinhardtii and Chlorella
sorokiniana. Additionally, temperature and length of light/dark cycles were varied for both test
conditions. It was concluded that algae in green bioprinted constructs maintained a more stable

growth rate in suboptimal temperatures and light cycles than algae suspended in TAP.

Seidel et al. formulated a new bioink composition, alginate:agarose:methylcellulose, for
use in green bioprinting [37]. The bioink was tested for shear-thinning behavior to evaluate its
compatibility with extrusion-based bioprinting. The bioink exhibited shear-thinning behavior and
was therefore compatible with extrusion-based bioprinting. Basil cells were added to
alginate:agarose:methylcellulose, and constructs in the shape of a grid were bioprinted with the

bioink. The bioprinted constructs were evaluated up to 21 days post bioprinting. The shape fidelity
7



of the bioprinted constructs was determined by measuring the width of the strands in the constructs.
Shape fidelity describes how closely a bioprinted construct matches the CAD model used during
bioprinting. Cell viability was also measured in the bioprinted constructs by performing live/dead
staining. The study concluded that alginate:agarose:methylcellulose has sufficient shear-thinning,

shape fidelity, and cell viability to be successfully used as a bioink for green bioprinting.

Thakare et al. fabricated green bioprinted constructs that were used as filters to remove
copper from water [38]. Alginate:methylcellulose containing Chlamydomonas reinhardtii algae
cells was used as the bioink during bioprinting. After 2 hours of contact with the green bioprinted
filters, the copper concentration in the water was below 0.001 ppm. The green bioprinted filters
containing algae were also shown to be more efficient at removing copper from water than

alginate:methylcellulose filters without algae.
1.3.  Bioink Compositions and Crosslinking Mechanisms

Bioink is the material deposited by bioprinters to fabricate bioprinted constructs. Bioinks
must contain cells [39], and frequently also contain polymers capable of absorbing and retaining
water, known as hydrogels [40]. Bioinks containing hydrogels are permeable, which allows
diffusion of atmospheric gases and nutrients through bioprinted constructs [40]. The permeability
of bioprinted constructs also allows cells to be evenly distributed throughout the construct [41]. A
variety of hydrogels are currently used in bioink synthesis, and hydrogels may be used to increase

cell adhesion, cell viability, structural integrity, and/or shape fidelity of bioprinted constructs [39].

Different hydrogels have unique advantages and disadvantages, and hydrogels can be
either naturally derived or synthetically derived [16]. Natural hydrogels that are derived from

animals include collagen, fibrin, and gelatin. These hydrogels contain cell signaling molecules that



promote cell adhesion to the bioink [16], which promotes growth of mammalian cells in bioprinted
constructs. Other natural hydrogels are derived from photosynthetic sources and include alginate,
agarose, and cellulose. Although these hydrogels do not contain cell signaling molecules that are
beneficial for mammalian cell bioprinting [42, 43], hydrogels derived from photosynthetic sources
promote high cell viability and growth in green bioprinted constructs [30, 31, 37]. While naturally
derived hydrogels promote high cell viability, the mechanical properties of these hydrogels are
weak and do not promote strong structural integrity [44]. Bioprinted constructs must have high
structural integrity in order to prevent the construct from collapsing [45]. Structural integrity is
also necessary for bioprinted constructs to maintain high shape fidelity [37]. Because of this,
bioinks with only naturally derived hydrogels may be limited in the complexity and size of

constructs that can be bioprinted.

Synthetically derived hydrogels include gelatin methacryloyl methacryloyl (GelMA),
Pluronic, and polyethylene glycol (PEG). These hydrogels do not contain signaling molecules [44],
and the cell viability in constructs bioprinted with synthetically derived hydrogels is not as high as
constructs bioprinted with naturally derived hydrogels [16]. However, synthetically derived
hydrogels have high structural integrity, and have been used to bioprint complex structures for

tissue engineering research [46].

Cell viability, structural integrity, and shape fidelity of bioprinted constructs are affected
by crosslinking mechanisms in addition to bioink composition. Crosslinking forms bonds between
the polymers of hydrogels in bioprinted constructs [47], and is necessary for constructs to maintain
shape after being bioprinted [47]. Different hydrogels are compatible with different crosslinking
mechanisms. Hydrogels made of polysaccharides, including alginate, are ionically crosslinkable

[48]. lonic crosslinking can be performed at room temperature and physiological pH, but ionically

9



crosslinked constructs have lower structural integrity than constructs crosslinked with other
mechanisms [47]. lonic crosslinking can also cause bioprinted constructs to swell and decrease

shape fidelity [37].

Photo-crosslinking is a crosslinking mechanism compatible with photocurable hydrogels
such as GelMA [49], Pluronic [50], and polyethylene glycol diacrylate (PEGDA) [51]. In order to
perform photo-crosslinking, a photoinitiator must be added to photocurable hydrogel [47]. When
light of a specific wavelength comes into contact with the photoinitiator, the photoinitiator
dissociates and free radicals are formed which crosslink the bioprinted construct [47]. UV light is
mostly commonly used for photo-crosslinking, although the use of UV light can damage cells in
bioprinted constructs [47]. However, advantages of photo-crosslinking include high
spatiotemporal control and the ability to crosslink constructs with high structural integrity and

shape fidelity [47].
1.4.  Aims

Despite the benefits of green bioprinting, it is currently unknown how variable printing
parameters affect the cell viability in green bioprinted constructs. Extrusion-based bioprinting
studies using mammalian cells have revealed that cell viability of mammalian cells decrease as
extrusion pressure increases [52 — 54] or nozzle diameter decreases [53 — 55], likely due to an
increase of shear stress. Additionally, different cell types exhibit different sensitivities to extrusion
pressure and nozzle diameter during bioprinting [56]. Because photosynthetic cells have
significantly different anatomy compared to mammilian cells, including presence of a cell wall,
the effect of various extrusion pressure and nozzle diameter values on cell viability in green
bioprinting warrants further research. The effects of extrusion pressure and nozzle diameter on the

cell viability of alginate:methylcellulose bioink containing Chlamydomonas reinhardtii algae cells
10



were determined. Alginate:methylcellulose containing Chlamydomonas reinhardtii was used as
the bioink because it is the bioink most frequently used for green bioprinting applications [30, 31,

38].

An additional aim is to synthesize a new bioink for use with green bioprinting. Currently,
alginate:methylcellulose [30, 31, 38] and alginate:agarose:methylcellulose [37] are the only
bioinks that have been successfully used for green bioprinting. Although these bioinks have high
cell compatibility [Jia 2014], constructs of limited shape fidelity and structural integrity are
bioprinted with these bioinks [44]. A new bioink, alginate:methylcellulose:GelMA, was
synthesized in order to combine the advantages of naturally derived, ionically crosslinkable
hydrogels (alginate and methylcellulose) with the advantages of synthetically derived, photo-
crosslinkable hydrogel (GelMA). Alginate is intended to promote high cell viability and growth of
the photosynthetic cells in the green bioprinted construct. Methylcellulose modifies the viscosity
of the bioink [18] to ensure proper printability, and GelMA provides greater structural integrity,
shape fidelity, and photo-crosslinking [49]. Alginate:methylcellulose:GelMA was evaluated for its
shear thinning behavior to determine the compatibility of the bioink with extrusion-based
bioprinting.  Constructs  bioprinted  with  alginate:methylcellulose:GeIMA  containing
Chlamydomonas reinhardtii algae cells were evaluated for shape fidelity and cell viability to

determine if the bioink can be successfully used for green bioprinting applications.
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2. MATERIALS AND METHODS

2.1.  Determining the Effects of Variable Extrusion Pressure and Nozzle Diameter on the Cell
Viability of Green Bioprinted Constructs

2.1.1. Algae Preparation

Chlamydomonas reinhardtii algae strain cc125 cells was streaked off a solid TAP petri
dish and added to a flask containing 100 milliliters of liquid TAP. To maintain sterile conditions,
the addition was done in a biosafety cabinet (SterilGARD 11l Advance, Baker, USA). The algae
cells used in this study were obtained from the Chlamydomonas Center (Chlamydomonas
Resource Center, University of Minnesota). The TAP-algae solution was placed on a well-lit
shaker (New Brunswick Scientific Co., Inc, USA) for 72 hours to allow the algae cells to grow.
The shaker was run at 100 rpm and kept at 22 °C. On the day of bioprinting was performed, the
algae cell concentration in the TAP-algae solution was measured using Auto T4 cell counter

(Nexcelom, USA) according to the instructions from the cell counter manufacturer.
2.1.2. Alginate:methylcellulose Bioink Synthesis

Three grams of alginic acid sodium salt (Sigma-Aldrich, USA) were added to 100
milliliters of deionized water in a beaker. This alginate solution was stirred with a magnetic stir
bar (Fisher Scientific, USA) at 900 rpm for five hours on a hot plate stirrer (Fisher Scientific,
USA). The hot plate stirrer was then heated to 90°C, and six grams of methylcellulose powder
(Sigma-Aldrich, USA) were added to the alginate solution to synthesize alginate:methylcellulose.
The solution was stirred for an additional 30 minutes to ensure a homogenous distribution of the
components. The alginate:methylcellulose solution was autoclaved (LG 250 Sterilizer, Steris,

USA) for one minute at 121°C to achieve sterilization without burning the methylcellulose. After
12



the alginate:methylcellulose cooled to room temperature, TAP-algae solution was added to the
alginate:methylcellulose. The addition of algae cells was performed by pipette in a biosafety

cabinet to synthesize a bioink with a cell concentration 150,000 cells/milliliter.
2.1.3. Construct Design

The construct 3D model was designed using Fusion 360 software (Autodesk, USA). The
construct model was disk-shaped with diameter of 15 millimeters and thickness of 1.5 millimeters.
Fusion 360 software generated an STL file that was converted into a G-code file using SLICER
software (SLICER.org, USA). This G-code file was then imported into Allevi bioprinter software

(Allevi Inc, USA).
2.1.4. Bioprinting

Allevi 2 bioprinter (Allevi Inc, USA), an extrusion-based bioprinter, was used to bioprint
the constructs. The alginate:methylcellulose bioink was loaded into an extrusion syringe, and the
constructs were printed on microscope slides inside petri dishes. Bioprinting was performed inside
a biosafety cabinet to maintain sterility. Post bioprinting, the constructs were submerged in 100
millimolar CaClz solution for 4 minutes to achieve ionic crosslinking. After crosslinking, the CaCl;
solution was removed from the petri dishes using Kimwipes (Kimtech, USA), and liquid TAP
medium was added to the petri dishes to promote algae cell growth and prevent the bioprinted
constructs from drying out. The petri dishes were placed under lightbulbs to promote additional

algae cell growth.
2.1.5. Experimental Design

Two sets of one-factor-at-a-time experiments were conducted to investigate the effects of
variable extrusion pressure and nozzle diameter values on cell viability. For the first set of

13



experiments, constructs were bioprinted by varying extrusion pressure values. The three levels of
extrusion pressure were 3, 5, and 7 bar. Nozzle diameter was kept constant at 250 pm for the first
set of experiments. For the second set of experiments, samples were bioprinted by varying nozzle
diameter values. The three levels of nozzle diameter were 200, 250, and 400 pm. Extrusion
pressure was kept constant at 4 bar. Three constructs were printed as replicates at each

experimental condition for both sets of experiments.
2.1.6. Cell Viability Assessment

Cell viability was determined by measuring the cell growth in the bioprinted constructs.
Confocal microscopy, FV1000 microscope (Olympus, Inc., USA), was used in this study to
measure the cell concentration in the bioprinted constructs three days and six days post printing.
The measurement procedure is described stepwise below:

Step 1: The average number of algae cells in an algae cell cluster, A, was estimated. In the green
bioprinted constructs, algae cells grew in clusters instead of being evenly distributed. Images of
five randomly chosen algae cell clusters on the sample surface were taken for each bioprinted
construct. Figure 4 shows an image of an algae cell construct. The number of cells in each of the

five clusters was counted, and the average number of cells per cluster, A, was calculated.

Step 2: The average number of algae cell clusters in the volume of a z-stack, B, was estimated.
Three z-stacks were captured at three randomly chosen positions for each bioprinted construct. A
z-stack is a combination of multiple cross-sectional images. Because each image is taken at a fixed
depth interval within the sample, the z-stack is three-dimensional. The number of clusters in each
of the three captured z-stacks were counted, and the average number of clusters per z-stack, B,

was calculated.

14
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Figure 4. Confocal image of an algae cell cluster.
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Step 3: The average z-stack volume, z, was estimated by multiplying the depth of each z-stack

by the area covered by each image.

Step 4: The average concentration of cells per cubic millimeter (n) for each bioprinted construct

was calculated using the following equation:

Step 5: The average concentration of cells per cubic millimeter of bioprinted construct for each

experimental condition, N, was calculated using the following equation:

ny +n, +ns

N
3

2.2.  Alginate:methylcellulose:GelMA Bioink Synthesis and Testing of Shear-thinning

Behavior, Shape Fidelity, and Cell Viability
2.2.1. Algae Preparation

Algae was prepared following the same procedure as described in Section 2.1.1. After
measuring the algae cell concentration in the TAP-algae solution using the Auto T4 cell counter,
a centrifuge (Eppendorf, USA) was used to concentration the TAP-algae solution to a

concentration of 107 cells/milliliter.
2.2.2. Alginate:methylcellulose:GelMA Synthesis

Bioink synthesis was performed in the dark to prevent crosslinking of the photoinitiator used
in GelMA synthesis. In order to synthesize alginate:methylcellulose:GelMA, separate solutions of
alginate:methylcellulose and GelMA were prepared, and the solutions were then combined.

Alginate:methylcellulose was synthesized following the same procedure as described in Section
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2.1.2. However, for this experiment, five grams of alginic acid sodium salt were added to the
solution, one gram of methylcellulose was added to the solution, and 50 total milliliters of
alginate:methylcellulose were synthesized. Additionally, algae cells were not added to the
alginate:methylcellulose solution.

In order to synthesize GelMA, a 50-milliliter beaker was filled with 10 milliliters of
deionized water and wrapped tightly with aluminum foil to block light and prevent evaporation. A
magnetic stir bar was placed in the beaker, and the beaker was placed on a hot plate stirrer. The
hot plate stirrer was heated to 60°C and the stirring speed was set to 500 rpm. While stirring, 0.1
grams of Igracure (Sigma-Aldrich, USA) was added to the beaker, and stirring continued for 30
minutes to allow the Igracure to completely dissolve. Afterwards, one gram of lyophilized GeIMA
(Allevi, USA) was added to the beaker and stirred for 1 hour at 500 rpm and 60°C.

After independently synthesizing the alginate:methylcellulose and GelMA solutions, 10
milliliters of alginate:methylcellulose were added to the beaker containing 10 milliliters of GelIMA.
The solution was stirred at 500 rpm at 60°C for 10 minutes to homogenously mix the
alginate:methylcellulose and GelMA solutions. As a result, alginate:methylcellulose:GelIMA
bioink at a ratio of 5:1:5 (% wi/v) was synthesized. The heat was then turned off for the hot plate
stirrer to allow the solution to cool to 20°C. Algae-TAP solution was added to the
alginate:methylcellulose:Gelma solution to synthesize bioink with an algae cell concentration of

108 cells/milliliter.
2.2.3. Rheological Analysis and Evaluation of Shear-thinning Behavior

Rheological analysis was performed to evaluate shear-thinning behavior of
alginate:methylcellulose:GelMA bioink. The analysis was performed on an unprinted sample of

bioink. TA Instrument DHR-2 rheometer (TA Instruments, USA) performed rotational shear-
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viscosity measurements in flow mode on the alginate:methylcellulose:GelMA sample. The shear
rate ranged from 0.01 to 700 1/s using the cone-plate system. The parameters for the experiment
were set via the TRIOS software (TA Instruments, USA). All measurements were performed at 24
°C. Three repetitive measurements were obtained, as well as the average of the three

measurements.
2.2.4. Construct Design

The 3D model of the construct was designed using a commercial CAD software (Solid-
Works, Waltham, MA). The 3D model was in STL file format. The STL file was converted into
G-code using Allevi Bioprint software (Allevi Inc, USA) prior to printing. The model was sliced
with a layer thickness of 0.2 millimeters, had an edge length of 20 millimeters, had a grid infill

pattern, and infill distance of 0.5 millimeters.
2.2.5. Bioprinting

Allevi 1 bioprinter (Allevi, USA) was used for bioprinting. Printing speed was set to 6
millimeters/second, extrusion pressure was set to 50 psi, and extrusion temperature was set to 21°C
using the Allevi Bioprint software. Three replicates of the construct described in Section 2.2.4.
were bioprinted. A needle with diameter of 210 um was used to bioprint the constructs, and each
construct was individually printed inside of a petri dish. Photo-crosslinking of the constructs was
performed by UV lightbulbs contained in the bioprinter head, and the lightbulbs were controlled
by the Allevi Bioprint software. After printing each layer of the constructs, UV light was used to
photo-crosslink the constructs layer-by-layer. During photo-crosslinking, the UV light intensity
was 7 mW/cm?, and the constructs were exposed to UV light for 15 seconds after each layer was

printed. After a construct was completely printed, it was exposed to UV light for an additional 45
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seconds to ensure complete photo-crosslinking. After being photo-crosslinked, the
alginate:methylcellulose:GelMA constructs were ionically crosslinked with 100 millimolar CaCl;

for four minutes. The CaCl>was then removed from the petri dishes using Kimwipes.
2.2.6. Shape Fidelity Assessment

After bioprinting and crosslinking the three alginate:methylcellulose:GelMA constructs,
the constructs were imaged using Dino-Lite AM73115MZT handheld microscope (Dino-Lite,
USA) in conjunction with DinoCapture software. ImageJ software (ImageJ, USA) was used to
take measurements of the construct images that were captured by the microscope. To assess the
shape fidelity of the printed constructs, edge length, the length of the four edges of the construct
on the top surface, was measured for each construct image, and this value was compared to the
edge length of the CAD model used for bioprinting (20 millimeters). To calculate the average
percentage deviation for edge length of the printed constructs, compared to the 20-millimeter edge
length of the designed CAD model, the following equation was used:

4 (Ili — 20|)
i=1\" 20

4

Average percentage deviation = * 100

2.2.7. Cell Viability Assessment

In this study, cell growth was used to measure cell viability. Cell growth was measured by
comparing the concentration of algae cells in the bioprinted constructs four days post bioprinting
to the initial concentration of algae cells in the bioink, 10° cells/milliliter. After shape fidelity
measurements were taken of the three bioprinted constructs, as described in Section 2.2.6., liquid
TAP medium was added to the petri dishes containing the constructs and the petri dishes were

placed under lightbulbs for four days to promote algae cell growth.
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The following procedure was used to evaluate algae cell growth in bioprinted constructs four days

post bioprinting:

Step 1: The petri dishes that the constructs were bioprinted in were weighed before and after

bioprinting to determine the weight of the bioprinted construct.

Step 2: After incubating under lightbulbs for four days, the constructs were transferred from the
petri dishes to separate BD tubes (Becton Dickinson, USA). Each BD tube contained five
milliliters of 0.9% NaCl (Sigma Aldrich, USA) and 55 mM sodium citrate (Sigma Aldrich, USA)
solution [31]. The BD tubes were mixed by a vortex mixer (Sigma Aldrich, USA) at 1,000 rpm

for ten minutes to dissolve the constructs.

Step 3: Auto T4 cell counter was used to measure the concentration of the algae cells in the
dissolved constructs, according to the instructions from the cell counter manufacturer. A solution
of 0.2% trypan blue (Fisher Scientific, USA) was added to the BD tubes containing the dissolved
constructs at a 1:1 ratio before using the Auto T4 cell counter. Dead cells were stained blue,
allowing them to be differentiated from live cells by the cell counter. The volume of each construct
was determined using the weight of the construct, determined in step 1, and the density of the
alginate:methylcellulose:GelMA bioink. The cell concentration of each bioprinted construct
before being dissolved was determined using the data from Auto T4 cell counter, the volume of

the construct before being dissolved, and the volume of the construct after being dissolved.
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3. RESULTS

3.1. Determining the Effects of Variable Extrusion Pressure and Nozzle Diameter on the Cell

Viability of Green Bioprinted Constructs
3.1.1 Effects of Extrusion Pressure

The algae cell concentration data for the extrusion pressure experiment is shown in Table
1. A two-factor analysis of variance (ANOVA) was conducted on the cell concentration data to
determine if there are significant differences in algae cell concentration based on the value of
extrusion pressure used during bioprinting and the number of days post bioprinting. The ANOVA
also tested for interaction effects between the extrusion pressure value and number of days post
bioprinting on algae cell concentration of bioprinted constructs. The significance level of 0.05 was
chosen for the ANOVA. The results of the ANOVA are shown in Table 2. The results of the
ANOVA indicate that the main effects of extrusion pressure value, the main effects of the number
of days post bioprinting, and the interaction effects of these factors all significantly affect the cell
concentration of bioprinted constructs. Figure 5 graphically depicts the cell concentrations of the

bioprinted constructs in the extrusion pressure experiment.

The data analysis reveals that cell concentration decreases as extrusion pressure increases.
Cell concentration increased between day 3 and day 6 for all bioprinted constructs. However, the
constructs bioprinted with higher extrusion pressures had smaller rates of cell growth. From the
data, it can be concluded that the cell viability of green bioprinted constructs decreases as extrusion

pressure increases.
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Table 1. Cell concentration (1000/mm?) in constructs printed at different levels of extrusion

pressure.
Number of :

Days Post Extrusion Pressure Replicant 1 Replicant2 Replicant3  Mean Star_1d§1rd
Bioprinting (Bar) Deviation

3 3 8.341 7.912 7.880 8.044 0.601

3 5 5.912 5.414 6.876 6.068 0.922

3 7 3.984 3.840 3.895 3.907 0.658

6 3 28.130 23.383 23.808 25.107 2.984

6 7 13.217 14171 15.638 14.342 1.323

6 5 9.989 9.801 8.384 9.391 0.921
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Table 2. Results of the two-factor ANOVA conducted for extrusion pressure and the number of

days post bioprinting.

Source DF Adj SS Adj MS F-value P-value
Pressure 2 3418227 1709113 223.81 0.000
Number of Days 1 2812007 2812007 368.23 0.000
Pressure*Day 2 1005553 502777 65.84 0.000
Error 54 412372 7637

Total 59 7648159
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Figure 5. Effect of extrusion pressure and number of days post bioprinting on algae cell

concentration.
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3.1.2 Effects of Nozzle Diameter

The algae cell concentration data for the nozzle diameter experiment is shown in Table 3.
An ANOVA was conducted the same way as described in Section 3.1.1., and 0.05 was chosen as
the significance level. The results of the ANOVA are shown in Table 4. The ANOVA indicates
that the main effects of nozzle diameter value, the main effects of the number of days post
bioprinting, and the interaction effects of these factors all significantly affect the cell concentration
of green bioprinted constructs. Figure 5 graphically depicts the cell concentrations of the

bioprinted constructs in the nozzle diameter experiment.

As shown by the data, cell concentration decreases as nozzle diameter decreases. Although
cell concentration increased between day 3 and day 6 for all bioprinted constructs. However, the
rate of cell growth was negatively affected for constructs bioprinted with smaller nozzle diameters.
From the data, it can be concluded that the cell viability of green bioprinted constructs decreases

as nozzle diameter decreases.
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Table 3. Cell concentration (1000/mm?) in constructs printed at different levels of nozzle

diameter.
Number of Days I\.IOZZIG . . . Standard
Post Biorinting Diameter Replicant1  Replicant2 Replicant3 Mean Deviation
(Hm)

3 200 5.188 4.923 4573 4.895 0.308

3 250 6.024 6.868 6.273 6.388 0.433

3 400 9.353 8.768 8.828 8.983 0.321

6 200 9.989 9.982 9.473 9.815 0.295

6 250 13.194 13.942 13.645 13.594 0.376

6 400 26.586 22.633 22.247 23.822 2.400
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Table 4. Results of the two-factor ANOVA conducted for nozzle diameter and the number of

days post bioprinting.

Source DF Adj SS Adj MS F-value P-value
Nozzle 2 3.296 x 10** 1.648 x 10™ 80.92 0.000
Number of Days 1 2.812x10* 2.812x 10  312.09 0.000
Nozzle*Day 2 9.49 x 10" 4.745x 10*® 89.86 0.000
Error 54 1375894 24570

Total 59 7340138
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Figure 6. Effect of nozzle diameter and number of days post bioprinting on algae cell

concentration.
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3.2.  Alginate:methylcellulose:GelMA Bioink Synthesis and Testing of Shear-thinning

Behavior, Shape Fidelity, and Cell Viability

The results of the rheological analysis, which determines if a bioink exhibits shear-thinning
behavior, are shown in Figure 7. As shear rate increased, the viscosity of the bioink decreased. The
viscosity of the bioink significantly decreased when shear rate was around 20 1/s. Because
alginate:methylcellulose:GelMA has high viscosity at low shear rates and low viscosity at high

shear rates, the bioink exhibits shear-thinning behavior.

The measured edge length data of the three alginate:methylcellulose:GelMA constructs is
shown in Table 5. Figure 8 shows the average percent deviation of edge length for each bioprinted
construct compared to the CAD model. The data reveals variation in edge length between the three
bioprinted constructs. The highest observed percent deviation was 10.696%, and the lowest
observed percent deviation was 2.295%. From the data, it can be expected that the shape fidelity
of alginate:methylcellulose:GelMA bioprinted constructs could deviate from the CAD model by

between approximately 2% to 11%.

The cell concentration data is shown in Table 6. Figure 9 compares the cell concentration
of the three bioprinted constructs four days post bioprinting to the initial cell concentration of the
bioink, 108 cells/milliliter. The cell concentration increased in all bioprinted constructs, indicating
cell growth occurred and the cells in the constructs are viable. For all bioprinted constructs, the

cell concentration at least doubled four days post bioprinting.

29



2500000

2000000 - —Viscosity Run 1
Viscosity Run 2
Viscosity Run 3
A 1500000 - —Average Viscosity
L
>
=
w
o}
(&)
24
< 1000000 -
500000 -
0 T L | T T T T T T T 1 1 T 1 T T I 1 T 1 1 T 1
8888388338 8888388288R88¢8

Shear rate (1/s)
Figure 7. Relationship between viscosity and shear rate for alginate:methylcellulose:GelMA.
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Table 5. Edge length measurements of alginate:methylcellulose:GelMA bioprinted constructs and

average percent deviation from CAD model.

Replicate number Edge length 1 Edge length 2

Edge length 3

Edge length 4

Average percent
deviation from

(millimeters) (millimeters) (millimeters) (millimeters) CAD model (%)
Replicate 1 21.461 22.852 21.657 22.587 10.696
Replicate 2 21.669 22.202 22.001 21.592 9.33
Replicate 3 20.780 20.046 20.902 20.108 2.295
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Figure 8. The average edge length percent deviations of the three alginate:methylcellulose:GelMA

constructs.
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Table 6. Cell concentration measurements four days post bioprinting of the three

alginate:methylcellulose:GelMA constructs.

Cell concentration

Replicate number (cells/milliliter)

Replicant 1 2,110,000
Replicant 2 2,820,000
Replicant 3 2,650,000
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Figure 9: Comparison of cell concentration in alginate:methylcellulose:GelMA constructs four

days post bioprinting to initial cell concentration.
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4. DISCUSSION

4.1.  Determining the Effects of Variable Extrusion Pressure and Nozzle Diameter on the Cell

Viability of Green Bioprinted Constructs

The collected data indicates that Chlamydomonas reinhardtii algae cell concentration in
green bioprinted constructs decreases as extrusion pressure values increase. Conversely, algae cell
concentration decreases as nozzle diameter values decrease. The results from both these
experiments are consistent with previous studies that have measured the effects of extrusion
pressure [52 — 54] and nozzle diameter [53 — 55] on mammalian cell viability in bioprinted
constructs. In extrusion-based bioprinting, shear stress is applied to cells within the bioink as
bioink is extruded [15]. Furthermore, increasing extrusion pressure and decreasing nozzle diameter
increase the amount of shear stress applied during bioprinting [26], which can damage bioprinted
cells [26]. Although the presence of a cell wall increases the structural integrity of photosynthetic
cells compared to mammalian cells [57], the data from the extrusion pressure and nozzle diameter
experiments indicate that the harmful effects of shear stress on cell viability affect photosynthetic

cells in green bioprinted constructs.

The algae cell concentration in the bioprinted constructs were measured both three days
and six days post bioprinting to determine the effects of variable extrusion pressure and nozzle
diameter values over time. In addition to lower cell concentrations, the rate of algae cell growth
was smaller between day 3 and day 6 post bioprinting under conditions with high shear stress,
either from high extrusion pressure or small nozzle diameter. Because cell growth occurred
between day 3 and day 6 for all bioprinted constructs, some quantity of living algae cells was

present in all of the constructs post bioprinting. However, the smaller rate of cell growth for the
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high shear stress conditions suggests that cellular damage caused by shear stress can impact the

cell viability of bioprinted constructs for at least six days post bioprinting.

Trade-offs must be made when selecting parameter values for use in bioprinting.
Sufficiently high extrusion pressure is required during extrusion-based bioprinting to ensure the
printing nozzle does not become clogged [58], despite high extrusion pressure values decreasing
cell viability. Additionally, although large nozzle diameters do not decrease cell viability, these
diameters are unable to bioprint constructs with high shape fidelity [15]. For these reasons,
bioprinting researchers must consider the balance between printability, shape fidelity, and cell

viability when selecting parameter values.

4.2.  Alginate:methylcellulose:GelMA Bioink Synthesis and Testing of Shear-thinning

Behavior, Shape Fidelity, and Cell Viability

In order for a bioink to be compatible with extrusion-based bioprinting, it must exhibit
shear-thinning behavior [16]. Because extrusion-based bioprinting is one of the main bioprinting
techniques currently in use [11], shear-thinning behavior is a critical property a newly developed
bioink  must  possess.  Rheological analysis results of the new  bioink
alginate:methylcellulose:GelMA indicate the viscosity of the bioink decreases as shear stress
increases, and the viscosity of the bioink increases and shear stress decreases. These results
confirm that alginate:methylcellulose:GelMA exhibits shear-thinning behavior, and is compatible

with the extrusion-based bioprinting technique.

In order to determine if alginate:methylcellulose:GelMA bioink is capable of bioprinting
constructs with high shape fidelity, the edge lengths of three alginate:methylcellulose:GelMA

bioprinted constructs were measured, and the lengths were compared to the CAD model edge
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length. The percent deviation of the bioprinted construct edge lengths ranged from approximately
2% to 11%. A percent deviation of 0% would indicate that the bioprinted constructs perfectly
match the shape of the CAD model. To determine if the alginate:methylcellulose:GelMA
constructs have acceptable shape fidelity, the percent deviations of the bioprinted constructs were
compared to the percent deviations of constructs bioprinted with other photo-crosslinkable bioinks
in the literature. Table 7 shows a shape fidelity = comparison  between
alginate:methylcellulose:GelMA bioink and other photo-crosslinkable bioinks. Even among
photo-crosslinkable bioinks, which tend to bioprint constructs of high shape fidelity [47], there is
considerable variation in the accuracy of bioprinted constructs to the CAD model. Because the
percent deviation of the alginate:methylcellulose:GelMA bioprinted constructs is within the range
acceptable for other photo-crosslinkable bioinks, alginate:methylcellulose:GelMA is concluded to

bioprint constructs of acceptable shape fidelity.

In order to determine the cell viability of constructs bioprinted with
alginate:methylcellulose:GelMA, the cell concentration in bioprinted constructs was measured
four days post bioprinting and compared to the initial concentration of cells in the bioink. The
initial cell concentration was 108 cells/milliliter, and the cell concentration more than doubled after
four days in each of the three alginate:methylcellulose:GelMA bioprinted constructs. The algae
cell growth in the alginate:methylcellulose:GelMA constructs was not as drastic as the cell growth
in constructs bioprinted with alginate:methylcellulose [30, 31] and
alginate:agarose:methylcellulose [37]. However, alginate:methylcellulose:GelMA is a photo-
crosslinkable bioink and contains GelMA, a synthetically derived component. Both of these factors

are associated with lower cell viability in bioprinted constructs [16, 47].
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Table 7: Comparison of alginate:methylcellulose:GelMA shape fidelity measurements to the shape

fidelity measurements of other photo-crosslinkable bioinks.

CAD model Printed construct Average percent
Bioink dimension dimension age p Reference
- - deviation (%)
(millimeters) (millimeters)
Alginate:methylcellulose:GelMA 20 20.046 — 22.852 2.295 - 10.696 -
GelMA 0.30 0.50 - 0.55 66.67 — 83.33 [59]
GelMA-gellan gum 0.25 0.344 - 0.745 37.60 — 198 [60]
Poly-(propylene fumarate) 0.25 01-11 0-340 [61]
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Despite  these  potential cell viability disadvantages, the algae cells in
alginate:methylcellulose:GelMA bioink survived the bioprinting and crosslinking processes, and
were capable of growth and reproduction. For these reasons, constructs bioprinted with

alginate:methylcellulose:GelMA bioink are concluded to have sufficient cell viability.

The collected data during experimentation with the novel alginate:methylcellulose:GelMA
bioink confirms that the bioink is suitable for wuse in green bioprinting.
Alginate:methylcellulose:GelMA is the first photo-crosslinkable bioink proven to be compatible
with green bioprinting, and is the third bioink overall proven to be compatible with green
bioprinting. Because of the high structural integrity and shape fidelity of photo-crosslinkable
bioinks [16], including alginate:methylcellulose:GelMA, the introduction of this bioink will allow

green constructs with more complex geometries to be bioprinted.
4.3  Broader Impacts of Conducted Research

The data gathered during the extrusion pressure and nozzle diameter experiments is the
first to study the effects of printing parameters on cell viability in green bioprinted constructs.
Additionally, the results of these experiments helped inform the materials and methods of a
separate study published by the research group [38]. The separate study examined the feasibility
of removing copper from water using alginate:methylcellulose bioprinted filters containing
Chlamydomonas reinhardtii algae cells. The results from the study were promising, and act as a
proof-of-concept for the usage of green bioprinted constructs in environmental remediation. The
effects of extrusion pressure and nozzle diameter on the cell viability of green bioprinted constructs
may serve as a guideline for selecting printing parameter values in additional future green

bioprinting experiments.
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A publication is currently being drafted which details the data gathered during
alginate:methylcellulose:GelMA experimentation, including the results of shear-thinning
behavior, shape fidelity, and cell viability. Three additional experiments have since been
conducted by the research group using the new alginate:methylcellulose:GelMA bioink. The
feasible regions of alginate:methylcellulose:GelMA have been determined, similarly to a previous
experiment performed by the research group to determine the feasible regions of
alginate:methylcellulose [58]. Feasible regions describe the combination of printing parameters
that are necessary in order for a continuous strand of a bioink to be bioprinted [58]. A separate
experiment was conducted to determine the effects of extrusion pressure, nozzle diameter, and
bioink composition on the shape fidelity and cell viability of constructs bioprinted with
alginate:methylcellulose:GelMA bioink. Because alginate:methylcellulose:GelMA is a photo-
crosslinkable bioink, an additional experiment was conducted to determine the effects of UV light
exposure time and intensity on shape fidelity and cell viability of constructs bioprinted with
alginate:methylcellulose:GelMA bioink. Publications are currently being drafted for each of these

three experiments.

In addition to the planned publications utilizing alginate:methylcellulose:GelMA bioink, a
patent application has been submitted to the Texas A&M patent office. The bioink was deemed to
have sufficient novelty by the patent office to continue with the patent filing process. The research

group is currently awaiting the filing of a provisional patent.
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S. CONCLUSIONS

For the first time, the effects of printing parameters on photosynthetic cell viability in green
bioprinted constructs were studied by varying the values of extrusion pressure and nozzle diameter
used during extrusion-based bioprinting. It can be concluded that the viability of photosynthetic
cells in green bioprinted constructs is negatively affected by bioprinting conditions with higher
shear stress, including increasing extrusion pressure and decreasing nozzle diameter. These trends
have previously been observed in bioprinting involving mammalian cells. Because high extrusion
pressures and small nozzle diameters are beneficial for other aspects of green bioprinting,
researchers must carefully choose bioprinting parameter values that balance printability, shape
fidelity, and cell viability of bioprinted constructs. Future research is required in order to
understand the effects of additional parameter values on the cell viability of green bioprinted
constructs, including extrusion temperature, bioprinting speed, and bioink composition.

A new bioink, alginate:methylcellulose:GelMA, was synthesized for use in green
bioprinting, and is the first photo-crosslinkable bioink proven to be compatible with green
bioprinting. Alginate:methylcellulose:GelMA bioprinted constructs had high shape fidelity, and
were comparable to the shape fidelities of constructs bioprinted with other photo-crosslinkable
bioinks. The algae cells within the alginate:methylcellulose:GelMA constructs survived the
processes of bioprinting and crosslinking, and were capable of growth and reproduction. The new
bioink is also compatible with the extrusion-based bioprinting technique because the bioink

exhibits shear-thinning behavior.
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