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Abstract

The current marketplace for microscope incubators is primarily filled with high cost and large
devices that encapsulate the microscope. We created a low-cost cell culture incubator that can
maintain a specific internal environment while being compatible with an inverted microscope.
The internal environment must be 37 °C, greater than 95% humidity, and contain 5% CO, within
the incubator. There are current designs on the market that meet this criterion, but these products
either include the inverted microscope integrated into the incubator, making it bulky and
inconvenient to disassemble, or the incubator is expensive. The team designed a cost-effective
cell culture incubator that would be portable and small enough to fit on the inverted microscope
stage, allowing the user to view live cells inside. The incubator included a heated water pump
and a CO, pump in order to maintain viable cell conditions. Condensation, CO, input regulation,
and live cell testing were conducted to find the optimal working environment for the incubator in
order to ensure cellular viability and visibility. Our device has succeeded in maintaining a
homogenous conditions of 37 °C, 95% humidity, and 5% CO,. However, we were unable to
prevent condensation from forming on the glass coverslide which resulted in compromised
microscope optics.

1. Introduction

Cell culture is a commonly practiced laboratory method for the use of studying cell
biology, replicating disease mechanisms, and investigating drug compounds [1]. Due to the use
of live cells during this process, incubators are necessary to keep the cells viable for the duration
of the study. Onstage incubators allow for live cell growth because they maintain a highly
regulated internal environment of 37 °C, 5% CO,, and 95% humidity, without compromising the
viewing integrity of the microscope. The COVID-19 pandemic has caused the CO, incubator
market to increase by 7.69% with an estimated market growth acceleration of 8% over the next
decade [2].
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Major disadvantages of current commercially available systems are that they tend to be

large and bulky, enclosing the entirety of the microscope making it difficult to assemble and
remove between uses while hindering the use of the microscope in general; they are also often
expensive; Fisher Scientific's Enviro-Genie cell incubator is priced at over $5,000 [3]. We aimed
to develop a low-cost cell culture incubator that allows for interchangeable culture plates,
compatibility with an inverted microscope, easy disinfection, and live cell imaging while
maintaining an internal environment appropriate for cell growth for approximately 10 hours.

1.1 Cell Cultures in Lab

Cell cultures are mainly used in the study of cell biology
due to their ability to easily manipulate genes, molecular
pathways, and culture systems to remove interfering genetic and
environmental variables [4]. Cell cultures follow BioSafety Level
2 guidelines, which describe the safety procedures for working in
a lab that can be associated with human diseases, and any
incubators being used in conjunction with cell cultures must
follow ISO Class 5 air quality standards [5], [6]. Cell cultures
have the ability to work with three different cell types: primary,
transformed, and self-renewing cells. Primary cells are directly
isolated from human tissue. Transformed cells are those that can
be generated naturally with changes to the genetic code, or
genetically manipulated. Self-renewing cells are cells that carry
the ability to differentiate into a variety of other cell types with
long-term maintenance in vitro. An example of self-renewing
cells is embryonic stem cells, whose isolation process is depicted
in Figure 1 [7].

Incubators used in cell cultures have to maintain a stable
microenvironment and can achieve this via regulated temperature,
humidity, CO,, O,, and pH levels. Controlling these factors is critical
for the viability and growth of the cultured cells, as the incubator aims
to replicate the cells' environmental conditions in the body (37 “C with
apH of 7.2-7.4) [1]. CO, is needed as a buffer to help with the pH
along with a culture medium. The medium most commonly used is a
Basal medium, with occasional serums added (such as fetal bovine
serum), which controls the physicochemical properties of the cell
cultures' pH and cellular osmotic pressure [8]. Many incubators are
therefore larger in size in order to maintain these homeostatic
conditions. One such example being the Thermo Fisher Heracell VIOS
160i incubator shown in Figure 2 [9]. However, there are some
commercially available stage top incubators that are able to adhere to
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the specifications required to keep cells viable, but they are often more expensive. Available
stage-top incubators include those from Okolabs and Elliot scientific, which have had great
success in maintaining a homogeneous temperature, humidity and CO, environments [10], [11].
However, these incubators are expensive, require multiple assembly components, and encompass
the entirety of the microscope. This results in a steep learning curve and difficult usability for
inexperienced users.

1.2 Common Parameter Controls

There are two common methods to maintain the temperature in industrial cell incubators.
Many employ a method of direct heat, which tends to give off heat using electric metal coils that
surround the body of the incubator and are programmed to maintain the desired temperature. The
other common method is a water-jacketed incubator, which uses a controlled circulating water
bath cabinet around the body of the incubator to evenly heat the internal environment [9], [12].
Humidity control is most commonly achieved by placing a tray of water at the bottom of the
incubator. When the high temperatures of the incubator vaporize water from this bath, the
droplets have nowhere to escape, and a humid internal environment is established. This method
is used in both water-jacketed and direct heat incubators [13]. CO, control is achieved through a
CO, tank that automatically pumps the desired amount of gas into the incubator. Using tubes and
a valve connector, the CO, tank is able to deliver gas to the inside of both water-jacketed and
direct heat incubators [9]. Many incubators also incorporate an automatic CO, valve adjustment
system to maintain the proper internal environment when internal conditions are disturbed, such
as opening the incubator door to deliver more cell plates [9].

1.3 Clinical Significance

There is a significant need for live cells to be cultured via the assistance of an incubator.
Pharmaceutical companies often use these methods for drug development and testing because
live cell imaging can be utilized to screen chemicals, cosmetics, and other drug components for
their efficacy [1]. Live cell imaging is important because it allows for the observation of internal
structures and cellular processes in real time. This allows far more detailed insights into the
processes of cellular life to be made. Researchers can watch these processes in real time, or time
lapse, as opposed to viewing snapshots taken over a period of time. Pharmaceutical companies
can also assess the drug cytotoxicity in different cell types. Virology and vaccine products
benefit from live cell cultures, as they can be used to study viruses in order to make new
vaccines, such as in the product of the SARS-COVID-19 vaccine [1]. Embryonic stem cells are
widely studied for their regeneration properties due to genetic engineering/gene therapy
applications of these cell cultures, and the expression of specific genes and the impact they have
on other cells can be studied [7].
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2. Previous Work

2.1 Temperature and Humidity

Through previous work, the thermistor was compared against a DHT22 temperature and
humidity sensor to ensure its accuracy [14]. It then underwent a Temperature and Humidity
Sensor Protocol which is further expanded upon in Appendix C. The temperature readings for
both the thermistor and ECB 1002 Lab Incubator were recorded every 10 seconds for a total of
10 minutes. Next, a two-sample t-Test assuming equal variances was performed to determine the
statistical significance between the data obtained from the thermistor as compared to the standard
incubator. The results in Figure 4 showed a p-value of 0.406 with a significance value of 0.05,
indicating that there is no statistical significance between the thermistor temperature readings
and the incubator temperature, proving that the thermistor is working properly. It is worth noting
the axes in Figure 3, as though it appears there is significant variation between the thermistor and
incubator temperatures, all these variations were within 1°C.
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Figure 3: Thermistor Temperature over 10 minute Interval in Lab Incubator to compare the
accuracy of the Thermistor and the Incubator Temperature Values

A thermistor was used to measure the internal temperature of the incubator and was
coded to also determine the relative humidity. Relative humidity was calculated using Equation 1
[15].
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o (0.37)
RH= ——(100) =100 € (1)
es (17.0625*Tc)/(243.04 + Tc)
e
RH = relative humidity e = actual vapor pressure e, = standard vapor pressure

Tc = Temperature (‘C)

Humidity data was collected for ten minutes using both the thermistor and the DHT22
sensor, and a two-sample t-Test assuming equal variances with a significant value of 0.05 was
performed to determine the statistical significance between the two collections. The results
showed a p-value of 0.9437, indicating that there was no statistical significance between the two
sensors, proving that the humidity formula is working accurately, see Figure 4. The_Temperature
and Humidity Sensor Test Protocol was also passed when the thermistor was placed inside the
incubator, validating that the formula provided for the sensor is reliable and accurate.
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Figure 4: Humidity Readings in Incubator Over 10 minute Time Interval comparing the values
from the Standard Incubator and the Sensor s output based on Equation 1.

The results from previous experiments allowed us to use the thermistor for temperature
and humidity readings within our device.



2.2 Anti-Fog/Condensation Prevention

Previous semester work for anti-condensation included the wiper blade design which was
determined to be too mechanically challenging to move forward with. The wiper blade also did
not allow the client to perform time lapse imaging due to the need for manual intervention. The
team also conducted anti-condensation testing with an anti-condensation spray [16]. The
anti-condensation spray was applied to the top lid glass in different amounts, buffered, and then
tested to determine the effectiveness. After testing, the anti-condensation spray was deemed
ineffective and was not further pursued.

3. Methods

The team aimed to create an incubator with an internal environment of 37 °C + 1 °C, 5%
+ 1% CO,, and 95-100% humidity with homogeneous heating and humidity across the chamber.
The incubator must also be compatible and easy to operate on an inverted microscope stand
(roughly 310 mm x 300 mm X% 45 mm) and have the ability to fit a standard well plate inside
(127.55 mm x 85.4 mm X 22.5 mm). See Fall 2022 Final Report for incubator materials and
fabrication information.

3.1 CO, Control

The CO, was measured using a MH-Z16 NDIR sensor (part number SEN-000030) from
Sandbox Electronics, which is water/humidity resistant, and able to read the concentration of
CO, in ppm [17]. Since ppm can actually be interpreted as 1/1,000,000 or 0.0001%, the ppm
value read from the sensor can be converted into a percentage of the internal environment by
dividing the ppm value by 10,000. A gas permeable RKI Sensor Cover (part number
33-0172RK) from RKI, was utilized to make the MH-Z16 fully water-proof while inside the
humid incubator environment [18]. See Appendix E for further sensor and cover specifications.

The sensor is also compatible with an Arduino microcontroller [17]. The input of CO,
into the incubator was controlled using a relay circuit system and a solenoid valve [19], [20]. See
Figure 3 for further system specifics. A 100% CO, tank was used as the system CO, input due to
its availability and low-cost [21]. The relay circuit system, in tandem with the solenoid valve,
used a negative feedback loop to allow only 5% of the incubator’s internal environment to be
CO, input at any given time. This can be further visualized using the block diagram in Figure 5.


https://www.zotero.org/google-docs/?hgZYcN
https://bmedesign.engr.wisc.edu/projects/f22/scope_incubator/file/view/11e690e4-69da-4902-baed-0a4a623d2a5b/Final%20Report%20Fall%202022.pdf
https://www.zotero.org/google-docs/?8wHg5A
https://www.zotero.org/google-docs/?xP5991
https://www.zotero.org/google-docs/?4mgpq9
https://www.zotero.org/google-docs/?PoVu1x
https://www.zotero.org/google-docs/?XzI0ZV

Thermistor —)

Arduino Microcontroller

NDIR COz Sensor

Beefcake Relay

Solenoid Valve

100% 002 Tank

Figure 5: Circuit Block Diagram in which the recorded values from the Thermistor (temperature
and humidity) and CO, sensor are sent to the Arduino which regulates the opening/closing of the
solenoid valve via a beefcake relay.

This figure focuses on the communication between the NDIR MH-Z16 sensor and the
solenoid valve to regulate the volume of CO, in the incubator. The goal for the interior of the
incubator was to maintain a homogeneous 5% CO, environment at all times in order to maintain
an internal pH of 7.0-7.4. Cells are very sensitive to changes in pH and a neutral pH is required
for healthy cell growth. In an environment that is too acidic, the cell membrane can be damaged
and cellular processes are disrupted, whereas a basic environment can alter the structure of
proteins and other biomolecules [8].

3.2 Anti-Fog/Anti-Condensation

Since the previous semester anti-condensation testing methods were not successful, other
methods were considered. The first method was applying thin copper tape in an arrangement
similar to a rear view car window defroster shown in Figure 6 [22]. Various voltages could be
sent through the copper tape, with the idea that the copper would heat the glass up to above 37
degrees celsius, preventing the formation of condensation onto the glass.
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Figure 6: Anti-condensation copper tape arrangement for the top lid glass.

The team also considered using a mini-fan alternative, so two Coolerguy mini-fans, 25
mm X 25 mm X 10 mm part number 840556070320, were purchased [23]. These mini fans have
a USB power supply cord that can be connected to a USB wall charger. The fans are small
enough to fit inside of the inner box in the incubator and require no fabrication. Once the fans are
plugged in, they produce a small amount of air movement, with the intent to help prevent or
remove condensation on the glass lid.

The next anti-condensation idea was to use a 1:1 ratio of anti-bacterial hand sanitizer and
water. A research study compared the use of antibacterial hand sanitizer, iodophor, and water to
prevent fog formation in goggles among 90 healthcare workers, with the hand sanitizer having
the best results [24]. The team tried following similar methods to reduce anti-condensation
among the incubator lid glass. The hand sanitizer was mixed with water and then applied to the
incubator lid glass with a cotton ball to ensure an even coating and then air dried.

Lastly, polydimethylsiloxane (PDMS) was considered to be used for anti-condensation.
Since PDMS has extremely hydrophobic properties, the idea of having a thin layer placed onto
the lid glass would help prevent the formation of condensation. The layer of PDMS would be
thin enough to not alter imaging optics. The PDMS idea was also partnered with the mini-fans
with the intent to help blow the condensation droplets on the hydrophobic surface away from the
viewing area.

3.3 Cell Viability

Cell viability was tested by comparing cell proliferation of mice osteoblast cells in a
standard control incubator and in the prototype. Using two T25 flasks each starting with
approximately 200,000 cells each, one was cultured for four days in the standard incubator and
the other was cultured for four days in the prototype incubator. Cells were passaged using 25%
trypsin to remove them from the previous flask, prior to centrifugation and implantation into a
new T25 flask. 5 mL of fresh basal media was added to each flask at the start of the test and it
was not changed during the duration of the test. Every 24 hours each flask was imaged using the
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Zeiss microscope at 5x magnification. Each image was analyzed using ImageJ to quantify the
percent area covered by the cells. The data was compared using a two sample t-test with a
significance value of .05 to determine if the cellular growth within the data sets were statistically
different.

4. Testing

4.1 Anti-Fog/Anti-Condensation

Anti-condensation testing was performed with the copper tape arrangement on an extra
piece of glass by building a simple circuit with a 3.3 V, 5V, and 12 V power supply. Once the
circuit was closed, the glass was placed above a beaker on a hot plate, creating a humid
environment. Condensation prevention was noted for the different voltage values.

Anti-fog mini-fan testing was performed by placing two mini-fans inside the incubator
and then taking images at consistent intervals for approximately an hour. Further testing
specifications can be seen in the Fan Testing Protocol and Optical Image Analysis Protocol
sections of Appendix C: Testing Protocols. Different orientations of the two mini-fans were
tested under identical conditions to determine the best arrangement of each mini fan. This is due
to the fact that one singular fan did not produce enough air movement to sufficiently reduce
condensation on the glass. At the 45 minute marker, the incubator lid was removed for 30
seconds and then placed back on to the incubator box. The lid was open and closed to determine
how the mini-fans would respond to an internal environment disruption. In each image, the
percentage of condensation buildup was calculated by dividing the total condensation buildup
area by the total glass area and multiplying it by 100. The images were analyzed with Imagel.
The first test was completed by placing the fans on opposite corners of the incubator and in the
second test, the fans were placed on adjacent corners of the incubator. In both orientations the
mini fans were angled upwards at approximately 45 degrees to maximize the airflow onto the
glass lid as seen in Figures 7 and 8.

Figure 7: Photo showing the opposite corner dual mini fan setup where the fans are
angled up at roughly 45 degrees



Figure 8: Photo showing the same side dual mini fan set up where the fans are angled up
at roughly 45 degrees

Antibacterial hand sanitizer anti-fog testing was performed using the same methods and
protocols as the mini-fan testing. Condensation build up was recorded after an hour of testing at
various time intervals, as well as after opening and closing the lid.

Lastly, PDMS anti-condensation testing was performed by placing a small rectangular
strip of PDMS with and without a mini-fan onto an incubator lid glass (See Figure 9). The lid
was then placed over a beaker on a hotplate, replicating the humid incubator environment.
Condensation values were recorded over an hour-long period.

Figure 9: PDMS anti-condensation testing setup with and without a mini-fan



4.2 CO,

4.2.1 Accuracy Testing:

The CO, MH-Z16 sensor was initially tested for accuracy via placement into the Standard
Incubator in ECB 1002. The test was performed in accordance with CO, Sensor and Feedback
System Test Protocol. The MH-Z16 Sensor was placed in the standard incubator and recorded
the percent CO, over the course of 10 minutes.

4.2.2 CO, Feedback Loop:

Next the CO, feedback loop between the MH-Z16 sensor and the solenoid valve circuitry
was tested in accordance with_Internal Environment-CO, Sensor and Feedback System Test
Protocol. The entire CO, system was set up and tested with an empty incubator (no water bath or
temperature/humidity) to test how the feedback loop would regulate the release of CO, from the
system. The test was run for approximately an hour and 20 minutes collecting data on the percent
CO, in the incubator. The lid of the incubator was also opened twice during the testing to
determine how the system recovered from interruption.

4.2.3 CO, Testing with Temperature and Humidity:

To ensure that the MH-Z16 sensor and feedback loop were working properly with all
elements of the incubator and to ensure there were no issues after a long amount of time. The
incubator was set up for proper use, electronics and water bath, with the exception of
incorporating live-cells. The temperature and CO, values were recorded over a 9-hour period,
humidity was not recorded as the condensation on the top surface ensured that humidity was
present in the system.

4.3 Cell Health

4.3.1 Cell Proliferation:

To ensure the prototype could maintain cellular viability using the Cell Confluency Test
Protocol. A T25 flask of cells were placed into the prototype and cultured for 4 days to track
cellular proliferation. At passage 17, 20k cells were seeded into two separate flasks. Using the
Zeiss Microscope, a 5x image was taken of the cells every 24 hours. The images were analyzed
in ImageJ to measure the percent area covered by the cells, see the ImageJ Percent Area
Coverage Protocol. The growth curve was then compared to that of the standard incubator.

4.3.2 pH Testing:

To ensure a neutral pH of 7 was being maintained in the culture media in the prototype,
during the cell proliferation test, the pH was also measured. When the T25 flask was removed
from the prototype to be imaged, 100 pnL of media was removed via pipette and placed on
Hydrion pH paper [25]. After approximately 30 seconds, the pH paper turned color and the pH
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was able to be determined using the color guide provided with the Hydrion paper, pink being
very acidic (pH=0) and blue being very basic (pH=13).

5. Results

5.1 Anti-Fog/Anti-Condensation

Anti-condensation testing for the copper tape design was discontinued after calculations
showed that 10-20 Amps of current were needed in addition to a 12 V power supply to obtain the
needed temperatures to prevent condensation accumulation. The calculated voltage and
amperage were too high to achieve and posed safety issues.

Figures 10 and 11 show the results from the anti-fog/anti-condensation testing in the
different fan orientations. When the two fans were located on opposite corners of the incubators,
a maximum condensation area of 17% was seen before lid removal, and then increased to 51%
after the internal environment disruption. The glass fogged up in the middle (See Figure 12),
where the incubator light needs the most transparency to provide clear images, resulting in the
failure of this arrangement. The same-side dual mini fan setup had similar results. After 45
minutes of testing, the percent condensation was about 50% and after the internal environment
disruption, the percent coverage of fog was about 52% see Figure 13. This was also deemed to
be nonsignificant for optical clarity and was discontinued.

Fog Percentage Over Time with Fans on Opposite Corners
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Figure 10: Graph of Fog Percentage Over 75 min Time Interval with Fans on Opposite Corners.
At t=45 minutes, the lid was open and closed to test recovery efficiency of the fans.



Fog Percentage Over Time with Fans on the Same Side
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Figure 11: Graph of Fog Percentage Over 45 min Time Interval with Fans on Adjacent Corners
At t=45 minutes, the lid was open and closed to test recovery efficiency of the fans.

Figure 12: Image of the fog build up for the diagonal dual mini-fan placement 15 minutes after
the lid was open and closed for 30 seconds.



Figure 13: Image of the fog build up for the same side dual mini-fan placement after 45 minutes

The anti-bacterial condensation prevention idea was also discontinued after the results
showed visibly minimal condensation prevention in as little as 20 minutes (See Figure 14).

Figure 14: Anti-bacterial hand sanitizer condensation prevention results after 20 minutes



Lastly, the PDMS anti-condensation testing idea was also discontinued after visibly
minimal condensation prevention after 30 minutes for both the PDMS with and without a fan
(See Figure 15). Despite the hydrophobicity of PDMS=, significant condensation droplets still

formed on its surface.

d
Figure 15: PDMS strip anti-condensation prevention testing after 30 minutes with and without a
mini-fan

5.2 CO; Results

5.2.1 Accuracy Testing:
The results from the accuracy testing showed that the MH-Z16 sensor was able to

accurately record the amount of CO, in the standard incubator, as seen in Figure 16, see
Appendix D for code. A two-sample t-test was performed assuming equal variances comparing
the data from the MH-Z16 sensor and the Standard incubator values. The p-value from this test
was 0.12 indicating that our results were not statistically significant.
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Figure 16: MH-Z16 vs Incubator Readings over a 10 minute period to ensure initial accuracy of
CO, values from the MH-Z16 CO, sensor and the incubator output.



5.2.2 CO, Feedback Loop Results:

The results from the testing showed that the feedback loop was effective in regulating the
amount of CO, in the incubator, see Figure 17 and_Appendix D.3 for code. The average humidity
in the incubator was 4.96%, which is within the standard of 5% + 1%. The 1st lid opening
occurred around the 40 minute mark and showed that the incubator was able to self-regulate
within 5 minutes. The 2nd lid opening was not marked due to brevity, however it’s shown by the
3 outlier points around the 61 minute mark.
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Figure 17: Results of CO, Over Time during Initial Feedback Loop Testing. Understanding how
the MH-Z16 NDIR CO, sensor communicates with the Arduino which tells the beefcake relay to
turn on the solenoid valve to control the flow of 100% CO, into the incubator.

5.2.3 CO, with Temperature and Humidity:

The results over the 9 hour period showed that temperature and CO, were within
specifications, 37°C+ 1° C and 5%+ 1%, with an average temperature of 37.9°C and average
CO, of 4.97% as seen in Figure 18. Humidity was not recorded due to obvious humidity on the
glass proving that it was greater than 95%. The results were not statistically significant as
compared to the standard incubator as the p-value for temperature was 0.39 and the p-value for
CO, was 0.20, see Appendix D.4 for code. The test also revealed that the feedback loop was
working properly as approximately every 15 minutes the %CO, would fall to 4.5% and the
system would immediately self regulate itself.
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Figure 18: CO, and Temperature Over 9-hour Period showing accuracy in both temperature and
CO, and the autoregulation system.

5.3 Cell Viability Results

5.3.1 Round 1

The first round of live cell testing showed flaws within the design. The incubator was set
up for proper use and 20k cells were seeded into a T25 flask which was placed into the prototype
incubator. An identical flask was placed into the standard incubator to provide a control group
for comparison. The incubator ran for four days with the internal temperature, humidity, and CO,
being collected every 10 minutes, and the cells were imaged every 24 hours. The incubator was
set up on one of the microscopes in the teaching lab. This quickly became a problem despite
having numerous signs asking others to not disturb the experiment. Members of the team found
various electronic aspects unplugged at certain points and the CO, tube was even removed from
the incubator between days three and four leading to acute cell death, as seen in Figure 19. After
16 hours of testing, the CO, sensor also appeared to be giving communication error signals every
30 minutes and needed to be restarted leading to a loss of CO, in the incubator. This was
theorized to be due to a build-up of humidity/water residue in the sensor. The heated water pump
was also placed on the ground, to condense the area of space used in the lab. This proved to be
inconvenient as the necessary temperature was not reached, see Figure 19. The team attributed
this to gravity affecting the strength/circulation of the water and also it caused the copper tubing
to be raised from the water bath not allowing the water bath to reach the proper temperature
needed. The lack of proper temperature in the incubator also contributed to a loss of proper



humidity conditions as seen in Figure 19. While pH wasn’t measured during this test, the culture
media was a dark pink color which indicates that it was a basic environment which also
contributed to the cell death. Figure 20A-B shows how the cells should proliferate over 70 hours
when in a stable and healthy environment (the standard incubator). Whereas Figure 21A-B
shows how the cells died when placed in an unstable environment. The cells appeared healthy
and were proliferating during the first 40 hours of testing but then experienced a decline in cell
coverage, indicating cell death as seen in Figure 22. The results of the first round of testing
proved that the team needed to re-evaluate the set up of the incubator.
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Figure 19: Live Cell Testing Trial 1— Averages of each condition over the course of 4
days worth of testing.

Figure 20: A: (Left) Cell coverage of control flask at 24 hours. B: (Right) Cell coverage

of control flask at 70 hours.



Figure 21: A: (Left) Cell coverage of prototype flask at 24 hours. B: (Right) Cell
coverage of prototype flask at 70 hours.
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Figure 22: Comparison of cellular proliferation between cells cultured in the control
incubator vs. cells cultured in the prototype incubator.

5.3.2 Round 2

Due to the results of the first round of testing, the team revised the original plan. The
heated water pump was placed on the table so gravity would not affect the circulation of heat
throughout the incubator. The CO, also had a water-proof gas permeable cover placed around it.
This was an attempt to prevent the sensor from outputting sensor communication errors that
interfered with the communication between the solenoid valve. The CO, sensor was tested with
the cover to ensure that the measurements were accurate before round two testing occurred. The
testing environment was also changed as more signs were added to the surrounding elements
urging onlookers not to disturb the experiment. The incubator itself was also covered with the
microscope cover to ensure that it was not disturbed. All plugs needed were also taped into
outlets with adjourning signs that urged not to unplug. The incubator was set up for proper use



and 20k cells were seeded into a T25 flask which was placed into the prototype incubator and
another identical flask was made and placed in the standard incubator. The incubator was run for
approximately four days with the internal temperature, humidity, and CO, being collected every
10 minutes, and the cells were imaged every 24 hours. The results of this experiment indicate
that the cells died due to sensor communication errors causing a lack of CO, input during hours
10-20 of the experiment, seen in Figure 23. The average temperature and humidity values were
within the specified range, 37.38°C and 97.21%, while the average CO, over the course of
testing was not, with a value of 4.36%. The pH of the experimental flask was also compared with
the control flask showing that the experimental flask had a pH of approximately 10 as compared
to the control flask’s pH of 7. The dark pink color of the prototype media also indicated that the
pH would be very basic whereas the pale pink color of the control media indicated a more
neutral pH. This cemented the assumption that the lack of CO, caused cell death because the CO,
regulates the pH of the culture media. Again, Figure 24A-B shows how the cells should
proliferate while in a stable and optimal environment. Whereas, Figure 25A-B shows how the
cells died off over the course of 90 hours due to the basic conditions of the environment. Figure
26 shows that after 20 hours the cells started to die off as seen in the decrease of cell coverage.
The next steps after this experiment were to refigure the code to eliminate sensor communication
errors and to input CO, for a longer period of time.
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Figure 23: Internal Conditions graphed on log scale showing that CO, was under accepted
value.



Figure 24: A: (Left) Cell coverage of control flask at 24 hours. B: (Right) Cell coverage of
control flask at 90 hours.

Figure 25: A: (Left) Cell coverage of prototype flask at 24 hours. B: (Right) Cell coverage of
prototype flask at 90 hours.
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Figure 26: Comparison of cellular proliferation between cells cultured in the control incubator
vs. cells cultured in the prototype incubator.



5.3.3 Round 3/pH Test

The team measured the pH of the flask and determined that the CO, input was the
problem in the previous experiments. To address this, four flasks of cells (1 control flask (C) and
3 testing flasks (T1, T2, T3)) were separated, where three corresponding experiments were
conducted (See Table 1 for results). We first tripled the amount of CO, in the incubator by
increasing the release time from the code found in Appendix D, and placed one test flask (T1) in
the incubator for approximately 30 hours. The other 3 flasks remained in the standard incubator.
The temperature, humidity, and CO, were recorded every 3 minutes with CO, being the greatest
interest. At the start of the test, images were taken of flasks C and T1. The code was
reconfigured to input CO, whenever sensor communication errors occurred. After 30 hours, flaks
C and T1 were removed from the incubators, where the pH was taken and were inspected via the
Zeiss microscope. The tripled amount of CO, led to a pH of approximately 5, see Figure 27, with
an average CO, of 10%, leading to unhealthy conditions for the cells. T1 was thrown away and C
was placed back into the control incubator. The amount of CO, was doubled and then flask T2
was placed inside the incubator for approximately 30 hours. After 30 hours, C and T2 were
removed from their incubators, where their pH was taken and were inspected via the Zeiss
microscope. The amount of CO, recorded was 6.5% and the pH was approximately 6, see Figure
28. T2’s cells were also in an unhealthy state, therefore the flask was discarded and flask C was
placed back into the standard incubator. We concluded that the CO, may be inputting too much
CO, when frequent sensor communication errors arose. The code was changed again to input
approximately 1.5 times the original amount of CO,, with no CO, inputted during sensor
communication error signaling. T3 was then placed into the prototype incubator. Within the first
24 hours, we concluded that the pH was slightly too basic at a pH of approximately 8 with the
average CO, being 3%, see Figure 29. The CO, was increased to 1.75 times the original amount
and CO, was inputted during sensor communication errors. This flask was left for approximately
2 days. On day 1, the flask changed color to a light yellow and the pH reached approximately 7,
see Figure 30. However, on day 2 the flask changed color again to a light purple color, indicating
a pH greater than 7. The sensor began to malfunction after the second day of testing resulting in
a value of 0% CO, in the box. T3’s cells were also in an unhealthy state due to the fluctuations in
pH and CO, input and discarded.



Table 1: pH Testing Results for Cell Proliferation

CO, release time change pH Average %CO,
from original amount (50ms)
3x 5 10%
2x 6 6.5%
1.5x 8 3%
1.75x 7-9 Sensor Failure

Control

Prototype

Figure 27: pH strips of control vs prototype at 3x the amount of CO, showing that the control
had a pH of approximately 7 while the prototype had a pH of approximately 5. The yellow
discoloration in the prototype flask indicates oversaturation of CO..




approximately 7 and the color is a light pink. B: (Right) shows the prototype group in which the
pH is approximately 6 and the color is orange.

Figure 29: 1.5x CO, released comparing the control to the prototype. The control is an orange
color with a pH of approximately 7, while the prototype is purple with a pH of approximately 8.
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Figure 30: 1.75x CO, released comparing the control to the prototype. Both have around the
same coloration and a pH of approximately 7.

6. Future Work

In the future, a protoboard should be fabricated to improve the professional look of the
device. The team should also consider the financial implications of using a variety of sensors and
devices (mini-fan, display case, etc) that were gifted to the team. The team may need to change
the types of materials used in order to fabricate a device that is under $100 in raw material costs,
or increase budget to reflect these donations.

Condensation prevention is another major area of future work for the team. Although
multiple condensation prevention methods were attempted this semester, the mini-fan method
showed the most promise, even though it did not work well enough. The team would either need
to pursue a way to make the mini-fans more powerful or find a new anti-condensation method



altogether. One potential solution could be to explore alternative methods of heat generation for
the incubator glass instead of relying solely on electrical current.

A new CO, sensor should be purchased that has the capability to record values in extreme
condensation/humidity conditions. The failure of the NDIR sensor over time led to a decrease in
the amount of CO, being pumped into the incubator due to the failure of the feedback loop being
more frequent. A neutral pH was reached with the CO, at 1.75 times the original milliseconds
(ms) value (87.5 ms) with the original ms value (50 ms) being pumped in during sensor
communication errors. In the future, with a different more viable sensor, this approach should be
further researched to determine its true efficacy in terms of pH and cell proliferation over time.

To avoid the problem of sensor errors and condensation, a direct heat approach may be
beneficial to switch to. Direct heat allows for a dry environment that allows for temperature and
CO, to be within range. However, this approach would need some way for humidity to
proliferate in order to mimic the cells internal environment. Future research is needed to
determine if this is a more viable solution than attempting to waterproof CO, sensors.

7. Discussion

In terms of anti-fog testing, the results of every test showed that there is no one best
solution to prevent the formation of condensation on the incubator lid glass. Some possible
sources of error between anti-condensation testing could be due to using a hot plate and beaker to
test feasibility instead of using the actual incubator for each test. Another error could be not
including the flask while doing the anti-condensation testing, which could disrupt airflow of the
mini-fans, changing results dramatically.

In terms of the internal environment, temperature and humidity were easily achieved via
a water bath and heated water pump. Both values were continuously in range after live cell round
2 testing. However, the NDIR CO, sensor continuously got worse in terms of reading the value
of CO, after exposure to the incubator for a long period of time. It was initially able to withstand
approximately 10 hours of exposure, but quickly the amount of condensation/humidity within the
environment overpowered the sensor and it began to fail more frequently. The failure of the CO,
sensor led to a failure of the feedback loop to pump in the correct amount of CO, needed to keep
a neutral pH. The pH was consistently too acidic or too basic depending on the amount of time
the feedback loop was instructed to pump out CO,. The NDIR sensor was not equipped to
survive within these conditions and ultimately accelerated cell death.

In terms of maintaining cell viability, the device unfortunately failed. The pH was unable
to be maintained at a neutral 7 which caused the cells to slowly die off either due to cell
membrane damage or altered protein structures. At most, the device could maintain cell viability
for 24 hours, but any time after that the cells reacted negatively by stopping proliferation and
condensing in on themselves. If the CO, input would have been adequate to maintain a pH of 7,
then the cells would have likely survived and proliferated making the device successful.

Sources of error in the measurement of cell proliferation may include imaging a different
area of the flask every day and some dead cells were included in images. The implications of



these sources of error are that the number of cells may be slightly different than the true value.
Other sources of error include the numerous sensor communication error signals that were
outputted during testing. These did not allow the team to determine the true value of CO, in the
incubator.

Ethical considerations need to be taken into account as this device will be used in a live
cell lab. The origin of the cells being studied was of the utmost importance. The client plans to
use immortalized pre-osteoblasts isolated from the calvaria of newborn mice. The use of animal
cells has caused much ethical controversy over the past half-century. Mice are commonly used in
laboratory research as their entire genome has been sequenced and compared to the human
genome and they are easily bred and housed [26]. Extra measures must be taken to ensure that
the newborn mice are subject to the least amount of harm, distress, and pain in order to conduct
an ethical experiment. The Animal Welfare Act, a federal law that outlines the standard of care
animals must receive in laboratories, is also a necessary requirement of labs to follow when
using mice, and other AWA-approved animals, with the incubator [27]. If in the future, human
cells are used, the consent of the subject must be granted before cells are placed in the incubator.
Ethical consideration must also be given if the cells are to be manipulated in the future, rather
than just watching the growth of the cell. Gene editing has become quite the controversy over the
past 20 years, with the ethical considerations of its use in treating cancer, preventing
life-threatening diseases in gestation, and its use in what has been termed “designer babies” the
idea that one can alter the DNA in a prenatal cell to fit the desired phenotype or genotype of the
parents. Designer babies are currently legal in Sweden, Spain, Belgium, the UK, and the US [28].
Furthermore, ethical considerations must be made when determining how manipulations of the
cell will alter not only the DNA but evolution as a whole. The societal implications of prescribed
DNA mutations must also be taken into account as the effects of this process can range from the
elimination of genetic diseases to the elimination of certain phenotypes altogether.

8. Conclusion

The client envisioned a cell culture incubator for semesterly use in a teaching lab that
would be lightweight and compact, compatible with an inverted microscope, able to maintain a
stable internal environment, and cost-effective. The team proposed a design that meets all these
criteria. The proposed final design included a copper tube that was wrapped around the inside of
the incubator and connected to a heated water pump that regulated the internal incubator
conditions. The lid to the incubator was placed on top which allowed for a tight seal of the
internal environment and helped prevent leakage. The incubator box also contained holes for
CO, input, a CO, sensor, and a thermistor temperature sensor that will in addition be coded to
calculate the internal humidity. The CO, input was monitored using a solenoid valve that
received direction from a NDIR sensor in communication with an Arduino microcontroller. The
team conducted testing to mitigate condensation buildup, measure cell viability, and determine if
the internal homogenous environment could be maintained. While the prototype was able to
maintain a homogenous internal environment for extended periods of time, unfortunately,


https://www.zotero.org/google-docs/?o3xHg9
https://www.zotero.org/google-docs/?WEVwcJ
https://www.zotero.org/google-docs/?TtCbHV

condensation and cell viability issues persisted. Moving forward, the team would work to obtain
either a new CO, or pH sensor, continue live cell testing to evaluate cell viability, and experiment
with anti-fog and anti-condensation methodologies.
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