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The Development and Testing of a Novel Automatic
Organoid/Microsphere Movement Device

Abstract

Organoid research has exploded in the past decade going from 84 publications to over 3000 in
2022. With exponential growth like that streamlining the process of setting up organoid studies
becomes increasingly important. Here we present a proof-of-concept study of our novel device
that automatically withdraws and deposits hydrogel microparticles in user-defined locations. This
device uses commercially available products and CAD-created components paired in a
Python-programmed embedded system to identify microparticles within a 96-well plate, pick
them up, and place them into a specified location in a 12-well plate. In a 50-sample movement
trial, the cumulative success rate of the device was 45.97% or 23 out of 50 particles successfully
detected, withdrawn, and deposited in the desired location. When the speed of moving 10
particles was compared to the manual alternative, the device was initially slower before the
fourth particle but then surpassed the human subject likely due to fatigue. Over the movement of
10 microparticles, the device was significantly faster than the manual alternative (p = 0.0094).
These results suggest that our device is a viable option and a swifter alternative to the current
standard for moving organoids/microparticles: manual vacuum aspiration. If further iteration of
the pick-up and placement modality increases the cumulative success rate, it is likely that this
device would dramatically increase the scalability and scope of organoid studies by decreasing
active and training time necessary to move organoids and improving the accuracy and precision
of organoid placement.
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Introduction
Overview

Organoids are three-dimensional cell cultures
constructed from stem cells that function to mimic human
organs in-vitro. Human stem cells were first successfully
harvested in 1998, however, the first true organoid was not
developed until 2009 when Sato et al. derived the first
organoid from a single adult stem cell (ASC) seeded in
Matrigel, a hydrogel material'. The landmark study in
2009 demonstrated that the key factor in the induction of
ASC differentiation, and thus organoid formation was the
biomaterial and environment in which it was seeded'.
Since then, many different organoids have been developed
and used to study diseases, develop drugs, and even the
preliminary development of transplantable organs”.
Although the range of organ tissues that can be mimicked
in-vitro using organoids has increased dramatically, their
use in research remains limited by their lack of freedom of
mobility °.

ASCs are placed into biomaterials by hand using a
pipette and once differentiated into organoids, moved to

imprecise locations via vacuum aspiration*. Although
effective for small-scale studies where precision is less of a
critical variable, the current organoid movement method is
time-consuming, imprecise, and limits the scale and scope
of potential studies’. As with any procedure that relies
heavily on human manual dexterity, the placement of
organoids into specific locations within biomaterials is
imprecise, thus introducing error and limiting study
conclusions®. Vacuum aspiration itself also introduces error
through the accompaniment of media with organoid
deposition. The extra media deposited with the organoid
alters the desired extracellular environment, again limiting
conclusions that can be made’. By improving the current
movement method of stem cells and organoids, new
research could be conducted with higher degrees of
accuracy and a faster turnaround time. Additionally, a
more precise placement method would open the possibility
for more abstract organoid arrangements to better mimic
in-vivo conditions®.

Here, we aim to design and construct a device that
precisely places organoids into a designated position in a
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permissive biomaterial using an automated set-it and
forget-it approach. As aforementioned, there is currently
no automatic way to withdraw and deposit organoids, thus
this paper presents a novel device that may potentially
remedy that shortcoming. Given the novel nature of our
device and the two-semester timeline, the scope of this
study is limited to that of a proof-of-concept to show that
our device (1) successfully withdraws and deposits
hydrogel beads and (2) does so faster than if it was done
manually.

More specifically, we have designated two aims for
our project which have been accomplished. Aim 1
consisted of designing and constructing a device with
multiaxial movement capabilities that can hold all the
necessary components for image detection and organoid
movement using existing or CAD-created components. In
order to accomplish Aim 1 we utilized Fusion 360 and
laser printing technology to develop 3D components
capable of holding well plates, a high-resolution camera,
and a nano-injector (Figure 1). Second, we integrated
linear guide rails and NEMA-23 motors that are capable of
moving the components on all three axes. In conjunction,
these components allowed for automated movement of the
well plates, the camera, and the nanoinjector, which is
necessary for organoid withdrawal and deposition. To
integrate the aforementioned components Aim 2 sought to
develop a Python program to automate the system in
which organoids are moved into a biomaterial. This was
achieved by creating a unified communications network
between all components and designing a system that
requires minimal human input in order to remove human
error and reduce the operational hours of manual labor.

By accomplishing the aforementioned aims and
subjecting the device to proof-of-concept trials, we show
that our novel device has the potential to be both more
efficient and effective than the current manual alternative.
Thus, future iterations of our device will save countless
hours for researchers while also increasing the reliability
and scalability of their organoid-reliant studies.

Materials and Methods
Multiaxial movement and device holding capabilities

The base of the device is derived from a prebuilt
multi-axial sled movement system containing a system of
linear guide rails as depicted in Figure 1. The movement in
the device is powered by NEMA 23 motors that are
controlled by a Python system and connected to a GUI. A
12V AC to DC converter is used to power these motors.
Three of these motors are used, one on each axis, to allow
for the multiaxial movement necessary for this device to
serve its purpose. The two motors on the horizontal axes

motors are used to move both a 96-well plate containing
the organoid(s) and a plate containing the permissive
biomaterial into which the organoids will be seeded, which
are both held in a purchased holding device as shown in
Figure 1. The motor on the vertical axis of the device
allows for the vertical movement of the Basler Ace camera
and 2020 Nanoliter injector to allow for both the image
detection of organoids by the camera and the withdrawal
and deposition of organoids by the injector. Both the
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Figure 1: Hardware components of an automated organoid
seeding device.

camera and injector are held in place on one of the linear
guide rails using 3D-printed holders that allow for minimal
shaking in these devices. These components required a few
rounds of iteration in order to fit the needs of this device.
For the camera holder, the initial design placed the camera
too close to the well plates, resulting in contact and
inaccurate image detection. To remedy this, a buffer
component was created to increase the height at which the
camera sat in the device, allowing for more accurate image
detection. For the injector component, the initial design
was built to allow the attachment component of the
injector to sit in the holder and then be screwed into the

Version 2

Version 1

Figure 2: Comparison of initial and final design of 3D CAD
design of 2020 Nanoliter injector holder.



guide rails. While effective in holding the injector, this
design required all of the holding force to be put on one
end of the design, ultimately leading to the deformation of
the device upon repeated use. This deformation caused
crooked and imprecise movement of the injector. To
remedy this issue, we altered the design so that the
attachment component of the injector was actually
removed and instead built into the holder, the design
change can be seen in Figure 2. This allowed us to not
only screw the holder into the guide rails but also directly
into the injector, leading to a better dispersion of holding
force and thus less deformation in the holder. The final
configuration of these devices in the system can be seen in
Figure 1. For the image detection done by the camera to be
accurate, there must be uniform lighting of the target, and
as such, the device must be used in an area containing
uniform lighting’.

Python-Controlled Automation of the entire Device
Embedded systems are specially designed computer
systems meant to function as a part of a larger machine
with the purpose of controlling services to the system. The
Universal Serial Bus (USB) standard has been
implemented to allow for serial communication across the
computer's serial ports to allow for ease of debugging
between the stepper motors, camera, and injector. This
USB standard functions by creating a logical connection
between the host and device endpoints in a method known
as piping which transfers data bytes known as packets
across the USB communication system. Token packets
allow for OUT or IN token references in which the data is
either written to or read from the device with expected data
packets being sent or received, respectively®. Through this,
data from the camera can be read while bit transfers are
sent to the stepper motor and injector to move the device
within the triaxial system and allow for more precise
microsphere/organoid pickup. Once the user has inputted
an organoid formation into the GUI and placed a 96-well
plate of organoids into the plate holder, the camera will
begin image detection of the 96-well plate. Using the
Python system, the camera will systematically determine if
an organoid is present in each well. When new cells are
created, the machine inherently does not know where they
are. As such, images are saved to a training diagram in
which an 80%, 20%, and 10% split is created (Figure 3).
Permutations are made around the user’s inserted data to
allow for the correlation between new positions, differing
saturation and brightness levels, and with repositioning to
generate synthetic data. This allows for a higher training
amount as compared to the standard method of hand
labeling although it may not show as good of recall

(reference the original fluorophore data that was made by
hand over 300 images with the new hydrogel synthetic 300
image amount).

After completing this process, the organoid’s location
in each well will be communicated to the motors and
Nanoliter injector through the Python communication
network as described previously. The motors will then
move the Nanoliter injector to the location of the first
organoid to be seeded, which will be the bottom leftmost
well. The injector will then be moved down into the well
where the suction system of the injector will be activated
to capture the organoid. Next, the motors will move the
injector up and over to the designated location in the
permissive biomaterial, where the injector will again be
lowered to the desired depth in the biomaterial. The
injector will then be told by the Python system to release
the organoid. This process will be repeated until all of the
user-selected formations have been completed. The
entirety of this process will be completely controlled by
the Python communication network and thus fully
automated outside of the user selecting their desired
organoid formation’.

Figure 3: Illustration of the microparticles being imaged for
image detection using a machine learning algorithm.

Testing Methods

The calibration of the image detection software was
determined by having the program predict the coordinates
of the bounding box around the spheroid when a spheroid
is present in the image, as seen in Figure 4, where the
algorithm has created a bounding box around a
fluorophore. The coordinates of ground truth and predicted
bounding boxes are then compared and the mean-square
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error is calculated. The actual precision of the image
detection software was measured as the percentage of
predictions from the previous data that are correct as a

=
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Figure 4: Image of a single well containing microparticles
that have gone through image detection and have been
traced by the software.

measure of True Positive (TP)/ (TP + False Positive). To
test the image detection and pickup/placement capabilities
of this device, microparticles and fluorophores were
suspended separately into an aqueous solution and
randomly dispersed into wells of a 96-well plate'®. For our
initial testing, we treated hydrophobic fluorophores using a
tween-based method involving the boiling of deionized
water and the use of an immersion blender as described by
Cospheric LLC". This method effectively “coats” the
hydrophobic fluorophores so that are able to interact with a
hydrophilic environment, in this case, water. This method
did not end up showing promising results as elaborated
upon in the discussion section, thus, hydrophilic hydrogel
beads were constructed for the remainder of the testing.
Once the algorithm is trained using the aforementioned
method, the image detection portion then detects and traces
what it believes to be particles in the well. An image of the
traced particles is presented and then we recorded how
many particles were actually in the well, how many the
program recognized, and how many false positives the
program produced. Next, the program chooses a particle
and begins to pick the particle and transfer it to the 12-well
plate where it places the particle. For this portion, we
recorded whether or not the injector hit the targeted
particle or fluorophore, whether it displaced the particle or
fluorophore, whether it picked up the particle or

fluorophore, and whether the injector successfully placed
the particle or fluorophore. This was repeated for a total of
50 trials for both the microparticles and fluorophores. In
comparison to seeding done by hand, the effectiveness of
this device in terms of speed was tested by having a
trained, unbiased individual pick up and place 10
microparticles consecutively'?. The same process was
completed by our device. Additionally, these trials were
timed and the split for each individual particle was
recorded to determine the effect of fatigue on the manual
trials.

Results
Design Constraints

It is possible that the motors used for the multiaxial
movement do not receive the full 12V from the power
source, which may lead to inaccurate movement of the
devices by the motor. This is accounted for by testing the
voltage across the motor using a multimeter so this is
unlikely to affect the performance of the device'®. The 12V
power source is also a constraint as this power cap limits
the speed at which the components can be moved and thus
the speed at which the device can work. However, we
believe that the speed at which the motors can move the
guide rails with a 12V power source (0.023 mm/s) is
sufficient to meet the aims and goals of this project. An
additional design constraint is that the horizontal linear rail
is slightly elevated which causes the injector to touch the
bottom of the well too closely. This could result in the
organoid not being released properly; however, we have
not seen any limitations to this with the microparticles.
Correspondingly, the depth from the camera to the bottom
of the well was measured by hand, which limits our
precision of the distance needed to lower the injector in
order to pick up a particle.

The step size of the NEMA 23 stepper motors could
limit the accuracy of organoid seeding as this determines
the minimum distance the injector can move at a time.
However, we have not seen this significantly affect the
performance of the device as the step size in this device is
14 microns, which is small enough to place organoids
within the 100 micron threshold for success. There is also
the possibility of misclassification within the dataset where
the user erroneously classifies an image which could
degrade the accuracy of the training model or have an
organoid that can not be trained through the neural
network using the priori model and would require a
data-dependent method and stringent testing to view the
model classification to ensure limited false discoveries
within the dataset'*.
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A potential constraint of the image detection
capabilities of the device is that despite efforts to create
uniform lighting around the plates, there are still variations
in light levels. This could lead to inaccuracies in detecting
the presence of organoids, which would limit the ability of
the device to seed said organoids into the biomaterial’. A
constraint involving the ability of the device to pick up and
move the organoids is that since organoids vary in size, the
capillary tube of the Nanoliter injector may not be able to
pick up all types of organoids. The capillary tube has a
diameter of 1.5 mm, meaning that organoids with
significantly larger diameters will likely be unable to be
picked up by the device. However, organoids are typically
0.4-0.7 mm in diameter, so this is not likely to be an issue'
Additionally, the processing power of the hardware is a
further constraint as not having enough computational
power could lead to prolonged periods of computer
calculations and an inability for the device to perform
under 60 minutes. Ideally, the device and hardware
required to run the software would be low with regards to
the computational power, having an idealized minimum
requirement of a Raspberry Pi, which would allow for
large-scale deployment and more potential refinement of
the final device design. Having limited processing power
directly affects the system's ability to run the convolutional
neural network on training data, create prediction sets, and
implement serial bus commands to interact with the
attached devices to move the spheroids. An 17-7500U can
train, on average, 115 samples per second, while a
Raspberry Pi can expect to take around three samples per
second'®. As such, our current device will have the
limitations of requiring a minimum CPU boost speed
comparable to an i7-6850k@3.60 GHz with 16 GB of
memory to allow for rapid computation of the neural
network'”.

Device Testing Iterations

As mentioned in the materials/methods section, our
first test involved attempting to move fluorophore particles
between the 96-well and 12-well plates. Fluorophore
particles were originally chosen for ease of sight and
cost-effectiveness, however, the withdrawal and deposition
rates were poor due to the particles having a tendency to
stick to the glass of the capillary connected to the
nano-injector. Out of 50 trials, only one trial was
considered successful, that is, the fluorophore was
correctly detected, picked up, and placed in the 12-well
plate (Figure 5).

Given the unfruitful nature of the testing with the
fluorophores, we retrained the algorithm to detect
black-dyed hydrogel beads, a nonliving particle of similar

diameter and hydrophilicity to organoids and cell
spheroids'®. In the preliminary testing with these particles,
particle displacement occurred as the nano-injector broke
the surface of the water in the 96-well plate. This caused
the nano-injector to fail in picking up the particle the
algorithm had detected as it had moved after the
completion of the image detection. To circumvent this
issue, we implemented a delay right after the nano-injector
broke the surface of the water which dramatically
decreased the frequency of the particle displacement. After
being able to successfully pick up and place the hydrogel
beads more reliably, we conducted 50 trials to assess the
algorithm’s image detection success rate, the number of
false positives per trial, whether the injector moved
properly to the algorithm detected location (hit), and

Fluorophores
Success 2%

Success 46%
Failure 54%

Hydrogel Microparticles

Failure 98%

Figure 5: Pie chart displaying the success rate of pick up
and placement of fluorophores and hydrogel
microparticles by the device.
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Figure 6: Bar graph displaying the hit, pickup, and place
percentages of the device when testing with
microparticles.
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finally the withdrawal and deposition rate. The algorithm
successfully identified 100% of the particles in 42 out of
the 50 trials and had a cumulative success rate of 96.33%
(367 detected out of 381 present). With respect to false
positives, defined as a particle detected that is not actually
a particle, the average was 0.7 £ 0.76 beads (average +
standard deviation) per trial. As illustrated in Figure 6 the
particles were successfully picked up 56.0% of the time
and successfully placed 82.1% of the time. Together this
gives a cumulative success rate of 45.97% which indicates
that out of the 50 trials, 23 out of 50 particles were
successfully detected, withdrawn from the 96-well plate,
and deposited into the 12-well plate (Supplementary Video

).
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Figure 7: Line graph comparing the seeding times between
automated and manual methods.

In addition to testing the effectiveness of the device,
we tested its efficiency as compared to the manual
alternative. As shown in Figure 7 the device maintained a
relatively constant withdrawal and deposition rate while
the subject took more time with each additional particle
withdrawn and deposited. Although the subject was
initially quicker at moving the particles, by the fourth
particle moved the device had already caught and
surpassed the subject. Over the movement of just 10
particles, the device took statistically significantly less
time to pick up and place the microparticles in comparison
to the manual method. The difference between the time
splits for the automated and manual methods was
determined using a Student’s T-test, which resulted in a
p-value of 0.0094, indicating statistical significance.
Discussion
Interpretation of Testing
Fluorophore Test

As discussed in the previous section, the movement
testing with the fluorophore particles did not produce ideal
results. However, the results suggest that despite being

treated with tween-20 to become hydrophilic, the inherent
hydrophobic nature of the particles remains prominent in
their behavior in water. Additionally, this test highlighted a
key aspect of our device that is important to note. Given
the hydrophobic nature of glass and our use of capillaries
in our movement method, it is likely that strongly
hydrophobic particles will have a lower success rate due to
the nano-injector supplying insufficient force to break the
adhesion between the hydrophobic particle and the glass
capillary.

Hydrogel Bead Test

Although the cumulative success rate of the device
was only 45.97%, the relatively high identification rate of
96.33%, and the 0.7 average false positives per trial
suggest that neither the camera, the motors/track, nor the
algorithm is the main source of the lower-than-ideal
cumulative success rate. This leaves the nano-injector as
the final variable that might be limiting the success rate.
This is in line with our expectations as the nano-injector is
not specifically designed for this application and has a
limited volume that can assist in the withdrawal and
deposition of the particles. Despite the low success rate,
the results still show that our device can indeed accomplish
the task of moving hydrogel microparticles with a
set-it-and-forget-it approach.

Machine versus Man

As mentioned in the results section, the device could
withdraw and deposit hydrogel microparticles significantly
faster than the subject after only the seventh bead moved
(p=0.0094). This is in line with our expectations as
humans are susceptible to distractions, fatigue, and
boredom when it comes to monotonous tasks like picking
up and placing hydrogel beads. Given that such a robust
difference was present in a small-scale trial of only 10
beads, it is reasonable to assume the result would be
drastically more profound in a trial that is an order of
magnitude larger. Thus, these results suggest that our
device is an effective alternative to the manual method
with respect to speed, especially for sample sizes larger
than four beads.

Limitations

Although the results of our testing show the
proof-of-concept that our device can withdraw and deposit
hydrogel beads and do so faster than the manual
alternative, there are still some limitations with respect to
the scope of our testing and results. First, the amount of
time provided to construct and test the device was limited
to two semesters with all team members having other



additional scholarly obligations. This decreased the
amount of time available to iterate on the design and
potentially ideate a better movement modality than the
nano-injector. Second, in order to both save time and
mitigate costs, all testing was done with non-living
particles rather than organoids themselves. This limits the
conclusions that can be drawn from our results as it is
possible that the hydrogel microparticles interact with the
movement system differently than living organoids or cell
spheroids. Finally, the aforementioned time constraint
decreased the number of trials where we could test both
the effectiveness of the device and the speed compared to a
human subject.

Impact

Despite the limitations to our testing and the device
itself, our results are promising as preliminary efforts to
increase the scalability of organoid and cell spheroid
studies while also decreasing the amount of active and
training time required to conduct them. With continued
iterations of our design and further testing, it is likely that
the cumulative success rate can dramatically increase,
making it a viable option for research labs across the
globe.

Future Work

By continuing to iterate on the design while
consistently testing with hydrogel microparticles we
believe that we can achieve a higher cumulative success
rate. Additionally, we believe iteration efforts should be
focused on either improving the ability of the nano-injector
to withdraw and deposit the beads or developing a new
pickup and placement method altogether as that was likely
the source of the low success rate in the trials above. After
achieving a success rate of 85%, testing with organoids
and cell spheroids should be conducted to see if the
success rate stands despite using living cells. It is likely
that the success rate will stand given the similar external
properties between the hydrogel beads and the organoids,
but if it does not, further iteration should involve switching
the 96-well plate from a flat bottom to a curved bottom and
adding an additional camera so that the algorithm can
detect the organoid’s position in three dimensions rather
than just two. Once the organoid tests are successful, the
device can move from the prototype phase to the design
for the manufacturing (DFM) phase while a patent for the
movement method is filed. During the DFM phase, the
device aesthetic and size footprint should be significantly
streamlined so that there is no erroneous material and that
it can fit in a traditional lab space. Additionally, software
developers can be brought on to improve the user

experience with the GUI and to add more placement
options for the user to input into the GUI. Finally, after
these iterations have been made, the device will be ready
for the market.
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