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2.2.2  Calibration

When multiple cartridges are placed into the system, the relative positions of the cartridge printheads are
not known precisely due to small variations in mechanical seating and cartridge manufacture. In order to
print an image using multiple cartridges, or even a single cartridge that is removed and refilled, the relative
locations of the printheads must be calibrated. The calibration is performed by using the microscope
workstation to find the position of each cartridge relative to a common reference point, specifically the
center of the field-of-view of the microscope in the Microscope Station. Figure 14 illustrates the basic
calibration procedure. The sample platform is moved under each cartridge, pausing long enough for the
cartridge to deposit one drop on a glass slide and record the sample platform location (locations A, B, and
C). Each drop is in close proximity to the drops deposited by other cartridges. The stage is moved to
Location M, so that the drops can be seen underneath the microscope. Image processing techniques are
used find the drop offset vector, Vo, which represents the length from the center of each drop to the center

of the field-of-view of the microscope, O.

Fixed Microscope
Fixed Position Cartridges

0, Center
of the
camera
field of view ¥

AN

Location M Location A Location B Location C

Movable Stage (X-Y planar)

Figure 14 — lllustration of the calibration algorithm used to align the patterns of multiple cartridges for
the bioprinter

Using Cartridge A as an example, the calibrated cartridge offset, Voa, is computed as the vector sum
of the sample platform offset vector, Vam, plus the drop offset vector, Vyo. The relative offsets between

cartridges (Vag and Vac) may be found by subtracting the calibrated cartridge offsets, Vog and Vo, from
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3 THE BIOPRINTING FIDELITY INDEX

As noted in chapter 1, there are many different technologies that satisfy the definition of bioprinting
[12]. Astechnologies proliferate, users will need a quantitative means to compare the output of a specific
system in order to optimize system performance or to compare the output of different systems. The
“bioprinting fidelity index “ (BFI) is proposed as a metric for these purposes. A statistical model is
presented in conjunction with the BFI. based on parameters found in all bioprinting systems. The model
takes into account the parameters and a desired pattern to estimate the maximum fidelity, e.g. highest BFI
value, that can be achieved.

This chapter presents two studies. The first study attempts to estimate the parameter values for the
bioprinter presented in chapter 2. Specifically, we estimate the drop distribution parameter as a function of
solution type and height above the substrate. Analyzing the drop distribution helps characterize the drop
center offset, mentioned in Chapter 1, which could affect pattern fidelity. The system specific parameters
found in the first experiment enabled the second study, in which the BFI was applied to samples produced
by the bioprinting system and the bioprinter’s pattern fidelity compared to the predicted BFI fidelity
estimated from the proposed model. A detailed description of the BFI is described below and its underlying

model described in Section 3.2.2, with the model derivation found in the Appendix, section A.1.

3.1 Materials and Methods

3.1.1  Computing the Bioprinting Fidelity Index

To compute the BFI for a specific pattern on a specific system, a scaled mask is superimposed on the
image of a patterned co-culture and used to classify the number of cells not in their intended position (see
Figure 15b). Proper scaling takes into account the intended size of the pattern (based on system resolution),
the camera resolution, and microscope magnification. In this work, the mask was used to classify the
number of correctly and incorrectly placed 4T07 (labeled red) and D1 (labeled green) cells (described later)
(Figure 15a). Placement accuracy was quantified by cell type. Any 4T07 cells located inside areas

designated for D1 cells were counted as incorrectly placed, and vice versa. All cells located outside the
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resolution and drop gain known, the purpose of this first study is to estimate the value of the drop center
offset parameter for use in the model.

When a drop is printed onto a surface from a printhead nozzle, the center of the resulting drop is
randomly distributed over some area below the nozzle. This study examined how the standard deviation of
the distribution of drop centers varied (i) with the height of the printhead above the surface and (ii) with the
type of solution printed. The three types of printed solutions were (1) OEM ink extracted from HP26A
cartridges, (2) a solution of 4T07 cells, and (3) a solution of D1 cells. The ink from HP was printed as a
baseline to determine how the performance of the nozzles changes when printing a media solution with
cells. The cell solutions were prepared as described in section 3.1.3.1 below.

Single drops of solution were printed onto glass microscope slides (VWR Int’l, Westchester, PA) using
the bioprinting system, and then moved underneath the camera of the vision system. Each experiment
consisted of 15 sets of three printed drops. The stage positions were recorded in motor encoder counts
when the stage was under the cartridge and under the camera. The camera captured an image and computer
vision techniques were used to determine the location of centers of the drops. Similar to the calibration
algorithm concept, the drop position vector was taken to be the difference between the printed location and
the resulting location of each drop in reference to the camera center. Ground truth was considered to be the
average of all the drop vector lengths in a trial. The drop offset was then determined to be the difference
between length of the vectors of each of the three drops and the ground truth. Sets of drops with less than
three drops were not averaged and were not included. Data points using ink were collected for each height:
1 mm, 2 mm, and 3 mm. The study was repeated at the same heights using a 4T07 cell solution and a D1

cell solution.

3.1.3  Fidelity of Patterned Co-culture* (collaboration with Cheryl A.P. Cass)

This experiment produced patterned co-cultures for analysis by the BFI. The overall fidelity of the
samples would measure the capability of our bioprinting system and effectiveness of the current post-
processing procedures. Two different patterns were examined (Figure 16) and the fidelity was measured

with the bioprinting fidelity index (BFI), described in section 3.1.1.
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3.1.3.1  Cell Culture

D1 murine mesenchymal stem cells @ D1 Cells O 4T07 Cells

Pattern B
. . Pattern A ] H ]
(American Type Culture Collection ! ! CEn R EEEE
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(ATCC), Manassas, VA) were cultured HH } | ‘ HHH | ‘ 1 1:7!0
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suggested protocol. Briefly, cells were SRR TR RE L E p e B B
e RS EEEEEEEEmE e it 1
maintained in Dulbecco’s Modified - 1.7 mm 4 L 1.87 mm -

Eagle’s Medium (DMEM, Invitrogen,  Figure 16 —Patterns A and B used to print the D1(gray areas)
and 4T07 cells (white areas)

Carlsbad, CA) containing 4 mM L-

glutamine, 1.5 g/L sodium bicarbonate, and 4.5 g/L glucose (ATCC), and every 500 mL was supplemented
with 10% fetal bovine serum (FBS; Mediatech, Herndon, VA), 1% antibiotic/antimycotic, and 1%
fungizone (Invitrogen). The culture medium was replaced every 48-72 hours as required, and cells were
maintained in an incubator at 37°C and 5% CO,. Cells from a non-metastatic murine mammary cancer cell
line, 4T07 (ATCC), were maintained in the culture conditions described above for D1 cells.

To prepare cell solutions for printing, D1 and 4T07 cells were suspended in serum-free DMEM (SF-
DMEM) at a density two times the desired final concentration. All cell suspensions were filtered using a 40
pm sterile cell strainer (Becton Dickinson, Franklin Lakes, NJ). Just prior to printing, 75 pL of the cell
suspension was combined with 75 uL of Hank’s Balanced Salt Solution (HBSS; Invitrogen, Grand Island,
NY) containing 1.06 mM ethylene diamine tetraacetic acid (EDTA, Invitrogen), and was subsequently
deposited into the HP26 cartridge well [26]. Thus, the resulting 150 pL of cell solution consisted of D1 or

4T07 cells suspended in 50% SF-DMEM and 50% HBSS, with a final EDTA concentration of 0.53 mM.

3.1.3.2  Preparation of Collagen Substrates

All samples were printed onto a collagen substrate layered on a Cell Vu (Millennium Sciences Inc.,
NY, NY) gridded coverslip. The grid was used to register the printed patterns to a specific location on the
coverslip. The coverslips were autoclaved before use. The collagen substrate was created using aseptic

techniques. Specifically, a 1.98 mg/mL collagen solution was prepared by combining 1.5 mL collagen
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stock solution (3.0 mg/mL - PureCol™) with 167 uL 10X Dulbecco’s phosphate buffered saline (DPBS;
Sigma, St. Louis, MO), 225 pL fetal bovine serum (FBS), and 358 pL DMEM; a small volume
(approximately 20 pL) of 1N NaOH (Sigma) was added to neutralize the solution. To create the collagen
substrate, a 1” square was cut out of a %2 mm thick sheet of silicone and punch was used in the center to
create a silicone ring with a %" inner diameter. These silicone rings were laid on top of the coverslips to
contain the collagen solution. The rings were cleaned in 70% ethanol for 30 minutes prior to use. The
collagen solution was pipetted into the center of each silicone ring at 200 pL per coverslip, and the collagen
gels were polymerized in an incubator at 37 °C and 5% CO, for at least 4 hours. The collagen gels were
then placed into a laminar flow biological safety hood and allowed to dry [71]. Once dry, gel coatings were
rinsed in sterile distilled water until clear and then allowed to dry in the biological safety hood. After
drying, the coverslips with collagen coatings were soaked overnight in a 1:1 solution of DMEM to FBS
[71]. Excess culture medium was aspirated prior to printing, and the collagen coatings were allowed to

partially dry in a laminar flow hood for 3 minutes.

3.1.3.3  Fluorescent Labeling

In order to differentiate between cell types in a printed pattern, D1 and 4T07 cells were labeled prior to
printing, using green (Excitation 450 nm, Emission 517 nm) and red (Excitation 550 nm, Emission 602 nm)
CellTracker™ probes (Invitrogen), respectively. The CellTracker™ green stock solution was prepared by
adding 10.76 pL dimethyl sulfoxide (DMSO; Sigma) to the lyophilized product diluted in 10 mL of SF-
DMEM. The CellTracker™ red working solution was prepared by adding 7.29 pL DMSO to the
lyophilized product and then subsequently diluting the solution with 10 mL SF-DMEM. Cells grown to
confluence in a T-75 tissue culture flask were washed with 1X DPBS and incubated for 45 minutes in their

respective fluorescent tag solutions.

3.1.3.4  Dual Cell Patterning: Co-culture

Separate solutions of D1 cells and 4T07 cells were prepared as above, consisting of 50% SF-DMEM

and 50% HBSS, containing 7.7x10° cells/mL and 0.53 mM EDTA. The D1 cell solution and 4T07 cell
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solution were each pipetted into separate sterilized cartridges that had been previously inserted into the
cartridge holder. The cartridges were calibrated for printing using the alignment algorithm described in
section 2.2.2. The coverslip grid was brought into the field of view of the camera. The grid location was
registered using computer vision and a set of stage coordinates was calculated so that the pattern would be
printed at a known location relative to the grid. Before printing the pattern, each nozzle was fired 100 times
in order to clear any cell aggregates that may have settled into the nozzles. A new pair of cartridges was
inserted, filled, and calibrated every 15 minutes in order to maintain consistent printing conditions.

After printing, the samples were placed in an incubator for either 25 or 60 minutes to promote
attachment. After the attachment period, all samples were covered with 10% serum-inclusive DMEM. All
samples that maintained sufficient pattern definition, for proper alignment of the pattern mask (described
below), after being covered with medium were photographed using a Zeiss Axiovert 40 CFL microscope
(Carl Zeiss AG Oberkochen, Germany) equipped with a 50 W Xenon lamp. The images were captured
using an AxioCam MRC 5, processed with Zeiss AxioVision LE 4.6, and combined using the GNU Image

Manipulation Program (GIMP).

3.2 Results and Discussion

3.2.1  Drop Distribution Study

Table 11 provides statistics of the drop center distribution for each height and each printed solution.

The observed distributions are not quite radially symmetric, i.e. they have different standard deviations, o,

and o,, along the major and minor axes of the distribution. The distributions are compared on the basis of

0 =4/0,0, , which is the standard deviation of the radially symmetric Gaussian distribution that has the

same determinant of the covariance matrix as the original asymmetric distribution.
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Initially, it was hypothesized that the
distribution of drop centers was caused by
small random angles of departure as drops
left the nozzle. In that case, the standard
deviation of the drop distribution should
vary linearly with height. Examining the
data, the results for ink did not agree with
this hypothesis. The 4T07 solution
appeared to vary linearly with height,
while the D1 solution stayed fairly
consistent, albeit with a large standard
deviation, for all heights. This disparity
was unexpected as the 4TO07 cells are
similar in size to the D1 cells in solution
and cell size was anticipated to be the

major factor in spray distribution. Thus, a

second experiment was performed in

Table Il - Drop Center Distribution Statistics

Drop Distribution (um)

Solution Height Cartridge
(mm) % % 5

ink 1 895 675 7.77 A
ink 2 9.77 761 8.62 B
ink 3 7.03 577 6.37 B
D1 1 3351 17.30 24.08 C
D1 2 36.72 16.44 24.57 D
D1 3 26.45 16.51 20.90 E
4707 1 716 490 592 F
4T07 2 1561 7.08 10.51 G
4707 3 1851 13.36 15.73 F
Ink 1 10.65 522 7.46 H
ink 1 1518 6.88 10.22 H
Ink 1 1356 8.88 10.97 H
D1 1 12.03 9.12 10.47 H
D1 1 1856 11.77 14.78 H

Results for the drop distribution study showing the

distributions of drop centers while printing three different
solutions from three different heights. The colored rows in
the table correspond to trials performed using the same

cartridge.

which the height and cartridge were kept constant in order to remove the effects of individual nozzle

variations (see Table Il, Cartridge H).

Altogether, the results show that there appears to be an upper limit on the standard deviation of the

drop distribution for cell solutions, performing similarly enough to ink that patterns can be reproduced with

similar fidelity. The drop offset parameter for a HP26 cartridge printing a cell solution consisting of 50%

SF-DMEM and 50% HBSS, containing 7.7x10° cells/mL and 0.53 mM EDTA was estimated to be & =15

pm. Previous experiments have used a printhead height of Imm, mimicking the HP500 printer, but this

new data suggests that similar patterning accuracy could be achieved with the printhead farther from the

surface, allowing patterning in a wider variety of containers.
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3.2.2  Fidelity of Patterned Co-cultures

In order to interpret the results of the patterned co-culture study and analyze the causes of loss of
pattern fidelity, a very simple model of cell placement was introduced that helps to highlight some
fundamental tradeoffs in bioprinting and to interpret the patterning experiments. The model predicts the
probability that a drop printed in one pixel will place a cell in a neighboring pixel, given system resolution
(size of a printed pattern pixel), drop gain, and drop center offset distribution. The model (see Figure 17a)
assumes that (i) a circular drop with radius I is placed in each pattern pixel, (ii) the drop is randomly
placed within the pixel such that its center is distributed about the pixel center as a radially-symmetric
Gaussian random variable with standard deviation &, representing drop center offset, and (iii) cells are
uniformly distributed within the drop. The model can be used to estimate the probability of misplacing a
cell. When a misplaced cell is located in an area designated for another cell type then it is incorrectly
placed and contributes to loss of fidelity for a specific printed pattern in terms of the BFI. The model is
derived using dimensionless parameters, which makes the model easier to apply to other bioprinting

systems, using the plots provided here, Figure 17.
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Figure 17 - (a) A drop offset by a distance d from the center of the intended pixel. Portions of the drop lie
in neighboring “corner” and “edge” pixels. (b) The probability density function (pdf) for dimensionless
drop offset distance d —d /L. Each printed solution has a unique pdf. (c),(d) The conditional
probability that a drop of dimensionless radius ¢ will place a cell in (c) a “corner” pixel or (d) an “edge”
pixel, given that the drop is dimensionless distance 4 from the pixel center. (e) For a specific drop size and
pdf, the probabilities that a cell will be placed in each of the neighboring pixels can be represented as a
stencil. The bold square highlights the center pixel. (f) The appropriately chosen stencil is used to predict

the probability of misplacing cells while printing each pixel in the pattern.
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In printing, the pixel size (system resolution) and drop sizes (drop gain) are chosen such that a printed
drop completely covers the corresponding pixel. This permits total coverage of the surface without leaving
gaps between drops, which is required in traditional printing applications in order to produce solid colors.
In bioprinting however, if a drop completely covers a pixel, then even if the drop is placed precisely at the
center of the pixel, an area at the edge of the drop will overlap neighboring pixels, guaranteeing that cells
will be misplaced. The probability of misplacement increases as the drop radius I' increases relative to the

pixel size L, or equivalently as the dimensionless parameter ¢ = r / L increases. The drop size that permits

complete area coverage with the lowest probability of misplacement is r=ﬁL/2, or equivalently

F=2/2.

If the drop center is uniformly distributed around a circle at distance d from the pixel center (See
Figure 17a), then more of the drop will lie in neighboring pixels and hence the probability for cell
misplacement is increased. If drop centers are distributed around the pixel center as a radially-symmetric
Gaussian random variable with standard deviation &, then the probability distribution function for a drop

center being distance d from the pixel center is

1 72
(2) f(d)= d exp{—%],where d=d/Land 6=5/L
(o2

~2
(o2

This distribution (2) is plotted in Figure 17b. Numerical methods are used to find the probability that a

cell will be placed in each of the eight neighboring pixels given that the drop center is distributed uniformly

A

on a circle at dimensionless distance d from the pixel center (Figure 17c-d). The conditional cell
placement probabilities and the drop center distribution are combined using the law of total probability to
determine the probability that a cell will be placed in one of the eight neighboring pixels. Due to
symmetry, only three distinct neighbor probabilities need to be calculated, one for the center pixel, one for

edge neighbor pixels, and one for corner neighbor pixels.

3) P (misplaced cell in neighbor i) =.[P(misplaced cell in neighbor i|D = oT) fljd dd .
0
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A stencil may be used to visualize the placement probabilities (see Figure 17¢), where each entry is the
probability of a cell being placed in the corresponding pixel, given that a drop is printed to the center pixel.
By laying the stencil over a pattern to be printed, one can predict the probability that a misplaced cell is
actually incorrectly placed and will cause a loss in fidelity, i.e. that a cell of one type will be placed in a
pixel of another type (Figure 17f). The stencil is moved to each pixel in the pattern to compute the
probability for incorrectly-placing a cell from that pixel. The error probability of all pixels of a specific cell

type is averaged to predict the error for that cell type in the pattern, €;, which is used in the BFI.

Several observations arise immediately. First, if the resolution of the Motion System is much finer than
the drop size, then the drop size is the dominant source of placement error. Similarly, as stated above, the
effective resolution, i.e. the pixel size, should be chosen to be similar to the drop gain in order to achieve
high fidelity. Third, the drop center offset,d , heeds to be characterized to determine if its magnitude is
negligible when compared to the drop gain and system resolution. Lastly, the expected fidelity of a pattern
depends on the complexity of the pattern, specifically on how finely pixels of different cell types are
interspersed. The highest complexity pattern would be a checkerboard in which every pixel has four edge

neighbors of the opposite type.

The following parameters were used with the model to simulate the pattern fidelity of the bioprinting

system. The pixel size is the native resolution for the HP26 cartridge, | =84.7 ;«m. The drop center
standard deviations for 4T07 and D1 cell solutions were both chosen to be 5 =15,m (&=0.1771),
which was found to be representative of typical performance of cell solutions in the drop distribution study.
The drop radius was taken to be r =60 zm (F= \/5/2), which corresponds to the smallest size drop that

can completely cover a pixel. This value is a reasonable estimate based on typically observed drop sizes.

The stencils created using these model parameters are shown in the bottom row of Figure 17e.
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When adjusting the post-
processing incubation time, a
careful balance must be struck
between pattern fidelity and cell
viability. Application of medium
within a reasonable timeframe is
necessary to maintain the
viability of the cells, but doing
so too early disturbs the cell
locations in the pattern. In the
first trials, the samples were
allowed to incubate for an  Figure 18 —two images demonstrating the loss of cells caused by

the application of medium (left column vs. right column)

attachment period of 25 minutes
before applying medium. Most of these samples had low fidelity due to pattern distortion. In response, the
attachment period, i.e., the incubation time before applying medium, was lengthened to one hour in the
remainder of the trials. This revision allowed the cells time to more fully attach to the substrate, increasing
pattern fidelity. Decreasing the amount of time it takes cells to attach will be critical to improving
bioprinting fidelity. The use of a medium-saturated collagen substrate was motivated by previous
experiments which yielded lower fidelity and poorer viability from patterns printed directly onto
polystyrene slides. The saturated collagen substrate allows the application of bulk medium to be delayed
for the full hour while maintaining good cell viability; however the low modulus 1.98 mg/mL collagen
substrate may impede the rate of attachment of anchorage dependent cells [72]. The attachment disparity
between the two cell types may be attributed to the difference in the amount of surface attachment proteins
produced by each cell type. In order to simultaneously increase pattern fidelity and cell viability, the focus
for improving the bioprinting process should be on combinations of biomaterials and post-processing
methods that: (i) ensure that cells remain in their printed locations, (ii) promote quicker attachment between

the cells and substrate (iii) provide a more hospitable environment before application of bulk medium. The
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BFI, which characterizes a printed pattern with a single number, will permit a direct, principled comparison

of the effects of alternate processing methods.

This chapter examined the validity of using the Bioprinting Fidelity Index to analyze the performance
a bioprinter and optimize its sample creation. The BFI is a general fidelity metric, computed by overlaying
a virtual mask on the printed co-culture sample and counting the number of incorrectly placed cells. A
simple statistical model based on the technology independent parameters of system resolution, drop gain,
and drop center offset distribution was introduced to provide the maximum BFI fidelity theoretically
possible for the system. The experiment BFI results trended as expected with more complex patterns
displaying lower BFI values. The fidelity numbers of the best samples matched very well with the BFI
predicted by the model. The application of the BFI at certain stages of our post-processing procedure
allowed us to determine that the fidelity of many of our samples was being destroyed by the application of
media before the cells were fully attached. This finding highlights the need to characterize the attachment
behavior of specific cell types over different times and on varying substrates. The bioprinter system was
determined to be able to produce patterned co-cultures at biologically relevant length scales. The
Bioprinting Fidelity Index was shown to provide an effective quantitative means of presenting the fidelity
of a patterned co-culture pattern for the purpose of analysis and optimization. Its accompanying model was
shown to provide a reasonable standard by which to compare the theoretically maximum BFI fidelity with

experimental BFI values.
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4  CELL SETTLING EFFECTS ON UNIFORM PATTERN REPRODUCTION

Over the last decade, bioprinting has emerged as a tool suitable for investigating cell—cell interactions.
Current bioprinters are beginning to exhibit the high amount of spatial control, i.e. controlling cell
placement location and cellular proximity [2] necessary to control the degree of homotypic and heterotypic
cell—cell contact for in vitro studies [3]. These studies broaden understanding of many different types of
cell-cell and cell- extracellular matrix (ECM) interactions, such as cancer proliferation, migration,
metastasis, apoptosis or stem cell differentiation and function [1], [2]. Through automation, these
bioprinters produce samples with precision and high throughput, enabling the creation of large datasets to

support statistically significant conclusions [1].

Three of the main technologies in bioprinting, thermal inkjet (T1J), piezoelectric inkjet (PEN), and
pneumatic microvalve (PMV), require a cell suspension of some specific concentration to be loaded into a
reservoir to supply the printing mechanism. While investigating printing performance over time, several
papers have noted [43], [66] or documented [73] print failure or decreased cell output while printing over
time periods greater than 10 to 20 minutes. This phenomenon has been attributed to the settling and
aggregation of cells in suspension [37], [43], [66], [73]. Implementing physical workarounds such as
agitating the suspensions through vibration or stirring the cell suspension with a stir bar still resulted in
unusually low or unpredictable cell output characteristics past the 20 minute mark [66], [73]. The cell
concentration in a suspension should remain relatively constant so that the ‘cells per drop’ is consistent in
the co-culture. Maintaining a desired cell density is important to guarantee proper cell communication,
growth, and spreading [66]. The dual constraints of acceptable printer and co-culture performance demand
a delicate balance of the upper and lower limit for the cell concentration in suspension. This is seen directly
in [43] when different cell types had to be finely tuned to the correct concentration based on the observed

clogging tendencies of each cell type.

Producing samples with similar cell populations is especially important for comparing results in cell-cell

signaling studies. It has been shown that extracellular cues are important in regulating adult stem cell and
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embryonic stem cell fate decisions [1], [16], [17]. Desired cell populations between all samples over the

course of an experiment should be monitored and maintained.

The goal of this chapter is to establish the link between cell settling and the cell concentration in a
printed drop. From this understanding it is expected that the consistency of cells per printed drop can be
improved through i) management of the printing process, i.e. establishing a window of time for a particular
bioprinting system in which the samples have consistent cell populations, ii) compensation in the printing
process for predictable evolution in printed drop concentrations, and iii) additional insight into the

requirements of reservoir stirring or agitation systems.

4.1  Cell Settling Model

An approximate model that assumes all cells of the same

h,=3.10mm
h,=0.70 mm

type settle at a constant rate can be used to frame our

expectations for the effect of cell settling on printing. The

reservoir

diagram in Figure 19 shows the geometry of the reservoir b h

area above the printhead for a TIJ bioprinter based on the

HP26 cartridge. Since the printer is drawing fixed volumes

from the bottom of the reservoir it would be expected that the
——printhead

concentration of cells in a printed drop would reflect the  Figure 19 — a diagram of the inkjet

) ) cartridge reservoir and printhead shows
concentration of cells near the printhead. The volume of  the volumes of liquid in the reservoir

(V4) and above the print head (V). The
liquid above the printhead is labeled V, and has associated  total of these volumes is 100 L. This
ratio of these volumes estimates the
final cell output concentration after

height h, and the volume of liquid located directly above the settling.

printhead in the reservoir, V , has associated height h, . First, Stokes’ law can be used to estimate the cell

settling velocity of each cell by assuming the cells are small particles in a slow velocity fluid flow. Stokes’

law is defined as
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where p_is the density of the particles, p, is the density of the fluid, x is the fluid’s viscosity, g is

gravitational acceleration, and D, is the average diameter of the particles.

The settling velocity can be used with the initial concentration, C , to model the concentration in the

printhead as

h, v
®) c,(t)=
h h
Co 1+—1j fort >—=
h, v

The model in (5) predicts that the

a

concentration in the print area

will linearly increase until it
reaches a constant steady state

value after time t, when all cells

Concentration (Cells per Drop)
o

from V, have completely settled

0 T =" t
into V,, see Figure 20. e v
Figure 20 — concentration profile of the settling model, seen in (5)

4.2 Materials and Methods

The bioprinting system used in this paper uses TIJ technology. The bioprinting system, described in
detail in [69], uses modified Hewlett-Packard (HP; Hewlett-Packard Company, Palo Alto, CA) 26A inkjet

cartridges with 50 nozzles. Previous work done in [26] found the anti-scalant ethylene diamine tetraacetic
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acid (EDTA; Invitrogen, Carlsbhad, CA) to be a cell suspension additive which significantly decreased the

probability of nozzle failure over a span of 25 minutes.

4.2.1  Cell Settling Study

The cell output characteristics of the bioprinting system were examined by tracking the change in
number of cells per pattern (which is used to calculate the number of cells per drop) over a time span of
fourteen minutes. Sample slides were produced starting immediately after loading cells into the cartridge
and every two minutes thereafter. Each slide has six or nine printed samples, each sample was composed of
a simple pattern of six squares, 3 pixels x 3 pixels each, 54 pixels total (Figure 21). The two minute
interval between slides was chosen to correspond to the typical time required by the TIJ bioprinter to
produce one slide of patterned co-cultures, and the fourteen minute experiment duration was based on
previous observations of bioprinter performance using a 8.0x10° cellssmL D1 cell (described below)

suspension.

Five HP26 cartridges labeled A, B, C, D, and E were
chosen from a set of cartridges used in previous cell printing
experiments along with two new cartridges labeled F and G.

These cartridges were modified from their original form and

prepared for printing by removing the top, inner bladder, and
reservoir filter. Prior to use in previous experiments, . e
cartridges A, B, C, D, and E were cleaned using a set e

Cleaning Method, which consisted of a 15 minute soak in Figure 21 — Top) a sample slide

showing the 9 patterns, each
composed of 6 squares, 3 pixels by 3
pixels. Bottom) later experiments
produced sample slides containing 6
patterns.

Cool Soak Stain and Rust Remover (Burnishine Products,
Gurnee, IL), a 15 minute soak in Instrument Lubricant
(Burnishine Products), then followed by 15 minutes of
sonication (Branson Ultrasonics Corp., Danbury, CT). Each cartridge was then prepared for an experiment
using the Experiment Preparation procedure, in which each cartridge was filled with ink and a verification

pattern was printed to ensure proper performance of all nozzles. After printing, each cartridge was
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sonicated for 10 minutes and vacuum dried. The sonication steps in these methods was omitted when

preparing Cartridges F and G.

4211 Cell Culture
D1 murine mesenchymal stem cells (American Type Culture Collection (ATCC), Manassas, VA) were

cultured according to the manufacturers suggested protocol. Briefly, cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, Invitrogen) containing 4 mM L-glutamine, 1.5 g/L sodium
bicarbonate, and 4.5 g/L glucose (ATCC), 10% fetal bovine serum (FBS; Mediatech, Herndon, VA), 1%
antibiotic/antimycotic, and 1% fungizone (Invitrogen). The culture medium was replaced every 48-72
hours, and cells were maintained at 37°C with 5% CO, .

The D1 cells were labeled with Hoescht 33342 trihydrochloride trihydrate (Invitrogen). The D1 cells
were suspended in 2 mL of DMEM at 16.0x10° cells/mL. Next, 10uL of the stock Hoescht solution
(concentration: 1mg/mL) was added to the cell suspension resulting in a dye concentration of Spg/mL. The
cell suspension was incubated for 30 minutes at 37 °C and 5% CO,. The cell suspension was centrifuged at
1000 rpm for 5 minutes. The supernatant was removed and the cell pellet resuspended in 1mL of serum free
DMEM (SF-DMEM). After labeling the cells, the 16.0x10° cells/mL D1 cell suspension was filtered using
a 40 um sterile cell strainer to remove any large cell clumps (Becton Dickinson, Franklin Lakes, NJ) and
kept on ice. Before loading into the cartridge, 50 uL of cell solution in SF-DMEM and 50 pL of HBSS
solution with 1.06 mM EDTA were combined to form 100 uL of SF-DMEM/HBSS with 0.53 mM EDTA

containing D1 cells at a concentration of 8.0x10° cells/mL.

4212 Printing Experiments

In the first experiment (E1), the cell suspension was pipetted into the cartridge reservoir of cartridge C,
D, and E, the firing chambers primed, and the cartridge inserted into the bioprinter. The first experiment
slide was removed from its Petri dish and printed immediately after cartridge insertion. Seven slides were
successively printed at two-minute intervals. After printing, each slide was returned to its Petri dish. When

printing was complete, the cartridges were cleaned and dried according to the Cleaning Method. Each slide
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was inspected with a Zeiss Axiovert 40 CFL microscope (Carl Zeiss AG Oberkochen, Germany) equipped

with a 50 W Xenon lamp and the number of cells in each of the 9 samples was hand counted and recorded.

In the second experiment (E2), A and B were chosen because these cartridges had almost twice as many
previous uses as C, D, and E (Table 1V), allowing investigation into the possible effects of use and cleaning
on cartridges. Cartridges A and B were cleaned and verified according to the Cleaning Method and

Experiment Preparation method. Eleven

Table IV — experiment plan and previous usage of each

glass slides were prepared as above for

cartridge

Cartridge A and eight g|a35 slides for Experiment  Cartridge Suspension Slides Interval Prior
) ) (min.) Uses

cartridge B. The cell suspension was
El Cc D1 cells 8 2 6
prepared and labeled as above. Cartridge =1 5 D1 calls 5 > 5
A was used to create 11 slides, each E1l E D1 cells 8 2 5
printed at a 1 minute interval, to E2 A D1 cells 1 1 1
] . . E2 B D1 cells 8 2 9

investigate if the cell output per sample
E3 D D1 cells 8 2 7

would change with increased printing
E3 E D1 cells 8 2 6
frequency. Cartridge B printed eight slides E3 B D1 cells 8 > 10
at 2 minute intervals. Instead of hand E4 F Latex beads 8 2 0
counting all samples on each slide, each E4 G Latexbeads 8 2 0
. . . E5 F D1 cells 8 2 1

sample was imaged using the Zeiss
E5 G D1 cells 8 2 1

Axiovert 40 CFL microscope, captured
using an AxioCam MRC 5, and processed with Zeiss AxioVision LE 4.6. The cell counts of all samples for
all slides of A and B were calculated using image processing techniques implemented in Matlab R2009b

(Mathworks Inc, Natick, MA).

In a third experiment (E3), additional data was collected from cartridges D, E, and B in order to compare
it with the first and second experiments for consistency. Cell suspension preparation and labeling was the
same as above. Each cartridge generated eight slides of 9 samples each every two minutes. The samples

were imaged and counted as in E2.
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4.2.2  Latex Bead versus Cell Output in New Cartridges

Once the data from the Cell Settling study was analyzed, two new cartridges F and G were chosen and
samples of 10 um polystyrene latex beads (Beckman-Coulter Co., Miami, FL) and D1 cells were printed
for comparison. These cartridges were modified for use in bioprinting experiments as described above. The
same Cleaning Method and Experiment Preparation procedure was used with cartridges F and G but with

the omission of the sonication step.

In a fourth experiment (E4), cartridges F and G were used to produce 16 slides each, consisting of 2 trials
of 8 slides, printed at 2 minute intervals. The latex beads were suspended in the cell solution of 50% SF-
DMEM and 50% HBSS solution with 0.53 mM EDTA and at a concentration of 8.0x10° beads/mL. The
glass slides were prepared as in previous experiments. The cartridges were alternated every eight slides and
the bead suspension was vortexed before being loaded into the cartridge between trials. Each cartridge was
cleaned between experiments using the Cleaning Method, omitting the sonication step. Six samples per
slide were printed as opposed to nine to reduce the amount of images required per slide while maintaining
statistical significance (Figure 21). All samples were imaged and sample counts obtained using image

processing techniques as in E2.

After cleaning, cartridges F and G were used in a fifth experiment to produce 24 slides each,
consisting of 3 trials of 8 slides, printed at 2 minute intervals. The cartridges printed D1 cells and all cell
suspensions and slides were prepared as in the Cell Settling Study experiments. Each cartridge was cleaned
between experiment trials using the Cleaning Method, omitting the sonication step. Six samples were

printed per slide and all samples were imaged and analyzed as in E2.

4.3 Results & Discussion

The mathematical settling model in (1) and (2) predicts that the concentration of particles in suspension
in the print area will linearly increase until it reaches a constant steady state value. The measured geometry

of the HP26 cartridge suggests the concentration should linearly increase until reaching a steady state

concentration of C, . .. = 9.4C,. The model parameters can be found in Table V. The D1 cell density
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was estimated from literature
Table V — model parameters used for the cell and bead settling
that measured Chinese  output models

Hamster Ovary (CHO) cells Model Parameters Symbol D1 Cell Latex Bead
[74]; it was assumed that since Particle Density (g/cm®) P, 1.051 1.050
D1 and CHO cells are both Particle Diameter (um) D, 13 10
mammalian cells and of Gravitational Acceleration (m/s?) g 9.8
similar size that they have Solution Viscosity (cP) M 1.036 (20°C)
similar densities. The bead Solution Density (glcm®) P, 0.998

density was given by the

manufacturer. The viscosity of

the SF-DMEM/HBSS/053 o 6 @ moderately used Bheavily used 4new @ cell output model °
% 5 .|. I ° T
mM EDTA solution was 2 4 T 1 I l T
8 3 7
measured  without particles E 2 § E % s ¢ s 1
using a size 50 glass capillary = 0 | . E ;_
0 2 4 6 8 10 12 14

viscometer by comparing its

Figure 22 - Cell output results of the heavily used (A and B),
moderately used (C D E), and new cartridges (F and G). Note the
inverse relationship between number of uses and consistent printing
performance. Each trial was normalized based on the initial ‘cells per
drop’ from the slide at time 0 before being averaged (N > 9 for all
timepoints).

viscosity to that of distilled
water at 20°C. The Wall effects
and particle effects were not
taken into consideration as the

concentration of the suspension was below 10x10° cells/mL [75].

Figure 22 shows how settling affected the “cells per drop” output of the cartridges over time. The
number of cells per sample was normalized by the initial cells per sample to remove variation due to the
initial suspension concentration, C,, between experiments. The normalized average cell output of all
cartridges follows the predicted cell settling output closely until they begin to diverge after 4 to 8 minutes.

Divergence was not due to cell depletion, as no slide contained more than 3000 cells between all of its
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printed patterns and no experiment came
6 1 eE4cartFtrial 1 E4 cart G trial 1
BE4 cart F trial 2 X E4 cart G trial 2

close to depleting the approximately 100,000
® bead output model

cells located in the column of liquid above

the printhead.

N
ol
2|
o (4
X IDe
X B ®
X H<ew®
X Hee@

With the output profiles of A, B, C, D, and

1l @

Normalized (Beads per Drop)
w

E consistent between experiments E1, E2, '
0 2 4 6 8 10 12 14

and E3, grouping the cell output profiles by Time (minutes)

previous usage (Table IV) rather than  Figure 23- Bead output results of the new cartridges (F
and G) to the bead settling output model. The output of

experiment showed three distinct output  both cartridges increased over the entire experiment, in
contrast to F and G when printing cells.

profiles for the (i) heavily used cartridges (A
and B), (ii) moderately used cartridges (C, D, and E), and (iii) new cartridges (F and G). The heavily and
moderately used cartridges had performed previous experiments; they were cleaned and prepped using the

Cleaning Method and Experiment Preparation method. Compared to the cell output model in Figure 22, a

cartridge’s cell output peaks sooner and decreases quicker the more use cycles it has.

Figure 22 shows that the new cartridges followed the settling output model four minutes longer than the
other two cartridge groups. The cell settling output model predicted that the output should reach peak
concentration after 11 minutes. The output of the new cartridges plateaus at the same time the output of the
moderately used cartridges decreases; this suggests that another process was present, independent of the
process that affected used cartridges. The output of the heavily and moderately used cartridges suggest that
the first process was dependent on damage due to usage or cleaning and occurred 4 minutes after loading
while output of the moderately used and new cartridges suggest the second was an aggregation process that
occured after 8 minutes. The sonication step, present in both the Cleaning Method and Experiment
Preparation methods, can pit hard materials [76]; sonication could be pitting the surfaces of the cartridge
printhead and firing chamber walls, promoting the process of cell attachment, leading to the decrease in cell

output. The second process, believed to be cell aggregation, appears to affect bioprinter performance earlier
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(<10  minutes) in  these
®E2cart Atrial 1

experiments versus experiments 400 BE2 cart B trial 1
. . E3 cart B trial 1
using other technologies [4-6] 300 u n -
. PS ® o0
(10 to 20 minutes) because the 200 ¢ * & [ |
* o0 o
concentration  of our cell 100 M |
[ |
suspension was two to three 0 -
0 2 4 6 8 10 12 14
times higher. a)
BElcartDtrial 1 AE1 cart E trial 1 ¢ E1 cart C trial 1
Looking at the results of the x E3 cart D trial 1 x E3 cart E trial 1
400 v
. - . [<5)
fourth experiment in Figure 23, = X X
E 300 X X X
X X
in which the new cartridges i 8
in whi g € 200 o * : - X %
A ¢
. 2 n s
printed the latex beads, the 8 100 i ¥
[ |
output of the cartridges 0 - '
0 2 4 6 8 10 12 14
continued to rise over the whole  b)
. . ®E5 cart F trial 1 X E5 cart G trial 1
experiment. The bead settling BES5 cart F trial 2 XEScartGrial2
400 - AE5cartF trial 3 ®ES5 cart G trial 3
model predicted that output
300 - ®
: : : 5 7 g $ o ¢
would rise until  maximum x 3 X A}
200 - A ® §
ion after 18 ? ° « *
output concentration after
P 100 g % X X
minutes. In Figure 23, the output 0 ? .
. . 0 2 4 6 8 10 12 14
profiles for cartridge G follow 0 Time (minutes)

the bead settling output model

Figure 24 a) Cells per samples profiles of the 3 trials of cartridges A
closely. Cartridge F did not  and B. b) cells per sample profiles for cartridges C, D, and E. c)
cells per sample for cartridges F and G. The trials of cartridges F
conform as well to the model but  and G stayed the closest together over the experiment, i.e. more

predictable, versus the other cartridges (negating E5 Cart G trial 2).
continued to rise. The results of

the bead settling experiment indicate that the process that caused the output of the new cartridges to plateau

around 8 minutes when they printed cells was not present.
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In Figure 22, the output profile for the new cartridges performed as predicted until around 8 minutes, as
mentioned above. The normalized average output plateaus from six minutes until twelve minutes, during
which time 3 to 4 slides of samples containing comparable cell populations could be produced. This
productive window is also seen in the raw data of the trials of the new cartridges versus the others, Figure
24. The initial concentration and cell output profiles were more consistent with each other for the new

cartridges than those of the heavily and moderately used cartridges.

Bioprinting protocols have been modified to require cartridges with less exposure to sonication than the
moderately used cartridges (<2 hours) to attempt to maximize the number of samples with comparable cell
populations. The output profiles of the moderately used and new cartridges suggest that 3 to 4 slides of
samples containing comparable cell populations can be produced as long as cartridges that have seen
similar amounts of moderate use and sonication are paired. Refining the cleaning and preparation methods
to use less sonication (< 10 minutes per use versus 25 minutes previously) should improve cartridge

performance and increase a cartridge’s useful life.

The effects of cell settling and aggregation on printer performance over time should be characterized as a
function of cell type and suspension concentration. Once the cell output profile has been found, many
adjustments can be made over the course of the experiment to ensure optimal sample creation, e.g. desired
cell populations. Consistent cell density in a sample can be maintained over time by adjusting the number
of drops deposited per location. The cell output profile indicates how many acceptable samples of a specific
pattern can be created. The cell output profile can be used to dictate when reservoir stirring or agitation
needs to occur. Ultimately, characterizing cell suspension performance allows for cell settling to be

accounted for generating large datasets of samples with comparable cell populations.

4.4  Conclusion

Generating large datasets of patterned co-cultures is an important bioprinter milestone. This work

indicates that cell settling is an important factor that must be addressed to achieve this milestone. A simple
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cell settling model was shown to predict the effect of particle settling over an initial printing period starting
from a uniform concentration. It was also observed that other effects such as cell aggregation or attachment
eventually dominated the settling effects on the “cells per drop” behavior. The model is general enough to

be adapted to examine cell settling effects in other systems.

Comparing cells per drop over time between three sets of cartridges with varying usage levels showed an
inverse relationship between the number of use cycles and conformity to the cell settling output model. The
latex bead results showed that the performance decline in the new cartridges was most likely due to some
interaction between the cells and less with the cartridge environment. New cleaning procedures minimizing
sonication may increase the number of use cycles per cartridges as well as maintain output consistency.
Additional discoveries included the fact that the cartridge wiping procedure tended to leave debris in the

nozzles, thus the wiping material was changed to lint-free lens wipes (Uvex Safety Inc., Smithfield, RI)

By more fully characterizing the processes of bioprinting, we are now able to estimate the number of
cells per drop and compensate for evolution in cell number. This knowledge is necessary to produce the
largest number of comparable samples while operating within the time constraints imposed by cell settling

and subsequent aggregation.
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5 CONCLUSIONS

5.1 Bioprinter performance vs. BFI prediction

A metric was proposed to assess the capability of bioprinting technologies to create high resolution
patterned co-cultures. The metric could also be used to analyze the affect of different procedures and
processes on the printed output. While a number of fidelity metrics could be created, the particular form of
the BFI was chosen for several reasons. First, the logic behind using the mask image to classify misplaced
cells is intuitive and easy to understand. Second, the BFI is data-centric. That is, it can be computed
directly from the pattern specification and an image of the printed pattern, with no further knowledge or
assumptions about the printing process. Third, the BFI weights the error rate of a given cell type inversely
to area coverage of that type, making the metric sensitive to fine features. Fourth, it can be coupled with a
theoretical model which relies on parameters that are technology independent; the system resolution, i.e.

pixel size, drop gain, and the drop center offset distribution.

In conjunction with the BFI, a statistical model was introduced that predicts the number of correctly
placed cells given the system parameters. Among other insights, the model highlights a tradeoff between a
bioprinting system's capability to completely cover a surface and create connected patterns with the
probability of misplacing cells in neighboring pixels. This model can be applied to compare performance
between or even design other bioprinting systems. The fidelity of printed co-culture samples was measured
and compared to the fidelity expected from the model and the values were found to be very close in the best
cases. In part, patterning fidelity was shown to depend on cell type in these experiments, with D1 cells
maintaining pattern fidelity better than 4T07 cells. Application of the BFI to images of the same sample
during different parts of the post-processing procedure showed that the largest source of pattern disruption
appeared to occur after bioprinting, during the addition of medium. Application of medium was necessary
in order to keep the cells hydrated and viable, but application of the medium washed away many cells,
disrupting patterns. In order to maintain both pattern fidelity and cell viability, a set of biomaterials and

post-processing techniques should be developed that provide a hospitable environment for cells before
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application of bulk medium, promote rapid cell attachment, and do not disrupt the existing pattern. With
such procedures in place, the initial fidelity of the samples should be preserved and raise the percentage of
correctly placed 4TO7 cells closer to the predicted level. While characterizing the system, the drop center
distribution was studied for various heights and it was concluded that the cell solutions behaved similarly to
ink and that cartridge height could be increased to several millimeters without impacting pattern fidelity.
The Bioprinting Fidelity Index was shown to provide an effective quantitative means of presenting the
fidelity of a patterned co-culture pattern for the purpose of analysis and optimization. Its accompanying
model was shown to provide a reasonable standard by which to compare the theoretical maximum BFI
fidelity with experimental BFI values. The similarity of the D1 fidelity numbers and the model’s predicted
values suggest good accuracy of our experiments in estimating the model parameters of drop distribution
value, o, and drop-on-substrate diameter, d. The application of the BFI demonstrated that our system

does have the capability to create high fidelity patterned co-cultures at biologically relevant length scales.

5.2 Cell Settling Study

The ability to create large datasets of high resolution patterned co-cultures that would contain
similar numbers of cells between the samples was studied. The first three experiments examined the cell
output over time of cartridges that had seen varying amounts of use and sonication. A simple settling model
based on Stokes’ equation was developed as a guide to predict cell output over time. When the cell output
of two new cartridges was compared with the older cartridges it appeared that the cell output peaked sooner
and decreased quicker the more uses and cleanings a cartridge had. Latex beads were also printed through
the two new cartridges and their cell output profiles tended to increase over the duration of the experiment,
suggesting that the plateau in output for the new cartridges when printing cells after eight minutes was

caused by some cellular interaction inside the firing chamber.

Future experiments will only use cartridges with less use and exposure to sonication than the
moderately used cartridges (<2 hours of sonication) to maximize the number of samples with comparable
cell populations. The output profiles of the moderately used and new cartridges suggest that 3 to 4 slides of

samples containing comparable cell populations can be produced as long as cartridges that have seen
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similar amounts of moderate use and sonication are paired. These samples could be printed between four
and ten minutes after cartridge loading. Refining the cleaning and preparation methods to use less
sonication (< 10 minutes per use versus 25 minutes previously) will improve cartridge performance and

increase a cartridge’s useful life.

By more fully characterizing the processes of bioprinting, we are now able to estimate the number
of cells per drop and compensate for variations. This knowledge is necessary to produce the largest number
of comparable samples while operating within the time constraints imposed by cell settling and subsequent

aggregation.

5.3 Future work

Extending the capability of the bioprinter to printing more than one sample per slide highlights the
deficiencies of the current stage setup. The nonlinearity present in the screw affects the accurate placement
of the different layers of a co-culture pattern. In the past, when printing one co-culture pattern per slide, if
the calibration location was in approximately the same location as later pattern creation, the nonlinearities
of the stage screw would not affect the placement accuracy of the pattern layers. However, by printing
three patterns over a 40 millimeter span, at most only 1 of 3 patterns will be aligned. The current calibration
algorithm records the distances from the microscope station to each cartridge, the difference in their lengths
represents their offset from each other. If the pattern were printed at the same location on the sample
platform (i.e.the stage screw), then the pattern layers should align. Assuming the stage backlash is
completely compensated for, the motion system nonlinearity guarantees that different locations on the
sample platform (and on the stage screw) will yield varying vector lengths (average error of 60 um in x and
y). The error will only get worse as co-cultures are created with more than two solutions. The system is
currently capable of printing up to four solutions, provided they can be imaged with the calibration
algorithm. The nonlinearity will not affect the printing accuracy if the solution doesn’t need to be precisely

placed, but administered over all or part of a pattern.
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The studies in this work have sought to characterize the external and internal processes associated
with the creation of high fidelity patterned co-cultures. The current bioprinting system is capable of reliably
printing patterns with details on the order of 160 um (or 2 * 84.7 um), which is sufficient for most patterns
but not for very fine details. The first study demonstrated that fidelity will be most immediately increased
through development of improved post-processing methods. Investigating these new post-processing
methods would be one of the best ways to exploit the high throughput nature of this system demonstrated in
the cell settling studies. The data analysis tools generated from the cell settling studies can be implemented
to process images quicker in future characterization studies, such as those finding improved post-
processing methods. As previously stated, the BFI metric will aid in the analysis of these new post-
processing methods and provide a clear indication of the effects of proposed post-processing techniques on
pattern reproduction. With high fidelity and high throughput, this bioprinter should be able to be used to
create improved in vitro models of cell-cell interactions and support the study of cell-cell signaling and

other cell behaviors.
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A APPENDIX
A.1 BFI Model Derivation

The ultimate goal of the bioprinter is to correctly place every cell and generate a patterned co-culture
with perfect fidelity. Every misplaced cell decreases pattern fidelity. Examining the masked image results
from the co-culture patterning experiment (section 3.2.2) showed many of the misplaced cells were located
very close to their intended location. This led to the hypothesis that the printed drops may have been
correctly placed but that the cells were misplaced because the drop gain for the system was larger than the
85 um pixel size. This means that as long as the drop gain is larger than the intended pixel size, a
bioprinter will never achieve perfect fidelity and cells would always end up misplaced.

The statistical model presented in section 3.2.2 was meant to be an accompaniment to the BFI. Since
there is an element of randomness present between where a drop lands and its intended pixel when every
bioprinter deposits a drop on a substrate, this model to attempts to estimate how that drop center offset
distance, specific system resolution, and the drop gain combine to affect the overall fidelity of a pattern.
The greater the drop center offset, the more area of a drop overlaps the areas of neighboring pixels. This
increases the probability that the cell(s) in that drop are going to be misplaced. The model predicts the
maximum achievable BFI for a specific system with a specific pattern based on these three basic criteria:

system resolution (pixel size), drop gain, and the drop center offset distribution (see sections 3.2.1 & 3.2.2).

A.1.1  Numerical Studies
A MatLab program was written to find the different areas associated with varying the distance of the

drop center offset; these areas correlate with differing probabilities of drop misplacement. Assuming a pixel
has side length, L, a square point cloud with side length, L«ﬁ/ 2, was created with equally spaced points.

A circular point cloud was selected from within that cloud with 3.5 million points with radius L\EIZ.
This radius was chosen because it was the smallest radius that completely covers the pixel area. The
circular point cloud was shifted along the circumferences of a set of ever larger concentric circles with their

center around the pixel center (Figure 17a). A snapshot was taken of the point cloud at various locations
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