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ABSTRACT

	
  
An electrical bioreactor has been designed and manufactured to assist the Advanced Cell Culture
Techniques class offered at Rochester Institute of Technology for undergraduate biomedical students to further
study the cell culture and development process. The current static environment does not mimic the conditions of
cells in vivo and thereby studying cells in this environment is not representative. The electrical bioreactor is a tool
for undergraduate students to utilize in tissue engineering in order to observe the effects of electric stimulation on
cells through the developmental process. A bioreactor-housing unit was built and assembled to hold the biological
and electrical components together inside the incubator; the materials were machined out of Acetal Delrin and
aluminum with stainless steel fastenings to avoid adverse effects of contamination within the incubator. The
incubator will ensure the standard culture conditions of sterility, humidity, and temperature (5% CO2, 37°C) are
further regulated. Over the course of 3 weeks, the culture will receive an electrical stimulation (1V, carbon
electrodes, 0.159 cm thickness at 2.197 cm carbon electrodes with 2.202 cm spacing) through a LabVIEW powered
Arduino connected to two electrodes placed inside a 6-well plate. The electrical stimulus is provided through a static
or cyclic voltage cycle based on user discretion. The mammalian cells used in the study are 3T3 cells with DMEM
to observe basic cellular physiological development: survival, organization, function, growth, and mechanical
properties.
BACKGROUND
Cell culture is fundamental in the manufacturing of viral vaccines, bacterial medication, and achieving
animal-free agriculture in the biotechnology and pharmaceutical research and industry as well as medical
communities. Cell culture is the act of growing cells under specific environments outside the body (in vitro) to
determine if internal and external factors affect cell development. One such external factor is electrical stimulation.
Within the body, nerve and muscle cells experience electrical stimulus. Yet, information on how these cells form
their morphology and what proteins are present is unavailable. In addition, in vitro studies are not completely
representative of what happens within in the body and, as a result, observed results can not be as conclusive. Few
devices provide electrical stimulation. This project not only provides future engineers experience working with in
vivo cell processes, but also what to expect from altering cells with external factors such as electrical stimulation.
An electrical bioreactor has been designed and manufactured to assist the Advanced Cell Culture Techniques class
offered at Rochester Institute of Technology for undergraduate biomedical students to further study that
phenomenon during the cell culture and development process.
Due to the lack of industry products and prior projects, much if the surveying was literature review. Five
prototypes from three papers were used as benchmarks for our potential design. Specific characteristics of each
prototype such as electrode distance, electrode length, electrode material, seeding density (amount of cells to put in
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the container), stimulation duration, container dimensions, and cell type were compared among each other in order
to determine the advantages and disadvantages of the five prototypes. A topic expert on cell lines in the Biology
department, professor Van Winkle, was referred to in order to choose cell type. Cardiomyocytes from ATCC were
then chosen as a cell type. However, after further investigation and the realization that time would not permit the
team to learn how to work with these cells, 3T3s were chosen as the best cell line to test with. In addition,
parameters such as electrode voltage, current, and frequency were compared since these values were unknown and
under researched for our project. Preliminary tests were done to determine the best electrode material such that it did
not react with the media. The functional decomposition and morphological chart were used to determine how to
approach each subfunction such as bioreactor sterilization, portability, etc.
METHODOLOGY
The goal was to design a system that would be easy to use, ergonomic, and intuitive to Biomedical
undergraduates of any level. It was determined that the system portion required for containing the cell culture should
be familiar to students and should not require extra instructions. In addition, mimicking the sterile conditions of a
standard cell culture container would seem frivolous when there were many options for cell culture containers i.e.
flasks, well plates, and petri dishes. The prevailing design used a modified six-well plate. The six-well plate would
be modified with electrical circuits and contact connection. Two wells would be outfitted with electrodes on each
side of the wells. The electrodes would adhere to each side well either by glue or some general adhesive. This
system was not only familiar with undergraduates and met all required specifications, but also gave them ability to
run a full experiment within the system.

Figure 1: P18082 Systems Architecture
To start modifying the well plate, one had to assume that it could be modified without deteriorating its
mechanical integrity. The modification would be completed in a non-sterile environment assuming that the system
could be sterilized with ethanol only. Autoclaving the modified six-well plate might disrupt the electrical
components and deform the plastic that the six-well plate is composed of. If the adhesive was sylgard, ethanol
leaching was assumed to be a problem and--to retrospectively correct for it--soaking the modified six-well plate in
alcohol was not a viable option for sterilization. A sterilization test would be conducted to ensure that the cells
thrived after the sterilization technique. The original cell line (cardiomyocytes) was chosen since morphology could
be observed after electrical stimulation. However, the cell line chosen would be very problematic to cell culture. As
a result, 3T3 cells were assumed to be a better cell line since the students work with these cells frequently, they are
more resilient, and more easily acquired. It is assumed that the professor and/or students would have more time and
experience to choose a better cell line if needed.
The main problem was biocompatibility of the electrodes in the media. A barrier between the cell culture
and the electrode would decrease or cease all electrical stimulation. As a result, the electrode would have direct
contact with the media and possibly cells. If the electrodes changed the pH of the media, that would cause the cells
to die. If any portion of the system caused the cells to die, then that portion of the system has to be redesigned since
this system’s main objective to hold cell culture (living cells and media) over a period of time. Preliminary testing
was done for electrode material. Each electrode material was placed in a well with media with different voltage
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ranges to also determine the electrode threshold for the media. Everyday, the pH of the media was determined using
pH strips and compared to a control. This preliminary testing engendered carbon as the only possible electrode
material with a voltage no higher than 2V.
In the design process, there were three portions: electrical, mechanical, and biological. two-thirds of this
project was developing a container that was capable of delivering a voltage while maintaining the environment
required for culturing of cells. The first step of the development process required that we determine which
specifications our container was required to meet for successful culturing of cells. Focus was given to specifications
related to the culture environment, and then specifications related to the container and its interaction with the
culture, and finally specifications of the container.
The following specifications were required: filtered gas exchange, temperature maintenance, humidity
maintenance, pH stability, media containment, and ethanol resistance. For gas exchange, CO2 levels (5% CO2) had
to be maintained and the airways and sealing of the container was not blocked. For temperature and humidity, the
temperature and humidity between the system/container and the incubator environment must remain constant and
stable. The media would evaporate due to poor humidity conditions and the cells would have low viability due to
inconsistent temperature. For pH stability, the pH of the media is expected to change as the cells use nutrients,
growth factors, etc. that are found within the media and then produce subsequent waste products. However, the
change in pH is relatively small and it is expected that the media will be changed out after several days, thus
resetting the media pH. This specification focused on the possibility of the container eroding, degrading, and
corroding substances into the media that would create an extreme environment for the cells. For media containment,
any design or alterations should avoid allowing for the spillage of media. For ethanol resistance, it is necessary to
create a sterile/aseptic environment in order to remove any contagens or outside variables that may kill our culture
or mislead our conclusions. Ethanol is one of the most common means used for creating a sterile/aseptic
environment. Therefore, we deemed it necessary to develop a container that would be resistant to ethanol and would
not degrade under repeated and regular sterilization by ethanol.
To evaluate the validity of these specifications, a Pugh chart was used. Since many cell culture dishes are
available on the market that fulfilled all of those specifications, it was decided that we would choose one of those
types of cell culture dishes. Ultimately, the six-well plate was chosen to modify since it was easier to modify via
electrical wiring, dimensions (rectangular) were easier to design around, and allowed the students to run a full
experiment with a control if need be.
Since our container only required modification, little building was required. In order to avoid interfering
with the lid dimensions, which may have resulted in an interference with gas exchange, it was decided to punch
holes through the end of the well plate that would contain the electrode materials. These holes were punched through
the outer wall of the plate’s base and through the walls of the two wells we designated as the test wells. Four pairs of
holes were punched, eight individual holes in total, with two pairs of holes corresponding to one of the two test
wells. The holes allowed for wires to be passed through the walls into the test wells where they were connected to
the electrodes. Two electrodes were placed in each well and each electrode was connected to one of the wires
entering that respective well. In each well, one electrode was designated the cathode and the other electrode was
designated the anode. To help individuals distinguish between the electrodes, the cathode was connected to a [color]
wire while the anode was connected to a [color] wire. Glue from a hot glue gun was used to ensure that the wire
remained connected to the electrodes. Sylgard 184 was used to keep the electrodes on opposite sides of the test
wells. In order to keep the electrodes on their respective sides of the test wells while the silicone dried, an aluminum
piece was machined and placed into the well. This piece was wrapped with parafilm in order to avoid silicone
adherence. Once the electrodes were securely fastened, the free ends of the wires were connected to tack heads
which served as the electrical connection between the larger system and the container.
A sterilization/cleaning test was performed in order to determine if the system was ethanol resistant.
Testing consisted of pouring 2-3 mL of 10 % bleach in each well and spraying down the plate with ethanol, letting
the plate sit for 15 minutes to kill any biological material, removing the bleach, and adding 2-3 mL of ethanol to
each well. After 5 more minutes, ethanol is removed, and each well is wiped down with a Kimwipe. The outside is
sprayed with more ethanol and placed in the hood so that sterile PBS is added to each well and removed to ensure
that no excess ethanol remains and microscopic pieces of tissue paper. The cells are seeded into the wells. Initial
tests resulted with cell death in the two test wells, but all other control wells were unaffected. These results
suggested that ethanol was a efficient and safe means of sterilizing the system as the test wells included other items
such as carbon electrodes and sylgard. A quick follow-up test demonstrated that the first test have been due to other
factors and not due to the design. The test served an additional purpose as it concluded that the current design for the
well plate was sufficient in maintaining the media within the wells.
A biocompatibility test was performed in order to determine the toxicity of the electrodes to the experiment
cells. This test would determine if the electrode material would cause cell death, like that observed during the
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sterilization/cleaning test, and whether the electrode material would cause drastic change in the media pH. An
unmodified 6-well plate was seeded with 3T3 cells and allowed to incubate for 48 hours. This incubation period
allowed for the cells to proliferate to a value between 80% and 100% confluency. Following incubation, 2 blocks of
the electrode material (1 8” x 1 8” x 1 8”) were deposited into two of the wells, a pinch of shavings of the electrode
material were deposited into two of the wells, and the remaining two wells were left as controls. The results showed
no cell death in the control wells and the wells containing blocks of the electrode material. These results suggested
that the electrode material was non-toxic to the cells. However, no cells were viewed in the wells containing
electrode shavings. This was due to an excess in shavings that created a floating layer. This floating layer was
hypothesized to interfere with the gas exchange. Later tests with smaller amounts of the shavings showed few signs
of cell death.
A full-run of the system was performed in order to troubleshoot our current system. Initial runs performed with
voltages of 1 V and 2 V resulted in cell death within 24 hours. However, second runs performed at 0.5 V and 0.7 V
showed no cell death.
The customer requirements needed the capability of inducing an electric stimulus across the cells with a
voltage range of 0V to 5V. Preliminary tests were conducted to determine the best electrode material and applied
voltage to optimize and sustain 3T3 cell growth and development. The physical and chemical properties of the
media during early stage testing revealed research materials of stainless steel and copper could not support the pH
properties of the media with an applied voltage. Carbon electrode material resulted in no immediate physical and
chemical changes to the media; however, early stage voltage testing of values greater than 3V induced damaging
levels of hydrolysis. The customer requirements for voltage ranges from 0V to 5V decreased to include a range with
a maximum value of 3V. Given the understanding of the media requiring a lower electric stimulus input, it was
determined an Arduino Uno R3 microcontroller would be able to apply sufficient voltage inputs.
This microcontroller model was picked for its cost effectiveness, ability to meet all customer and
engineering requirements and user experience. The Arduino Uno R3 has Digital-Out pins that can toggle between
0V and 5V. To create finer incremental voltage control inputs, a Pulse Width Modulation (PWM) was utilized to
allow for mimicking analog signals by varying the Duty Cycle. On the Arduino Uno R3 for example,a 0% Duty
Cycle will deliver 0V and a 20% Duty Cycle will deliver 1V and a 40% Duty Cycle will deliver 2V and etc. For
direct current (DC) motor control, a PWM control works well but Oscilloscope readings show that the Arduino
PWM signal is not clean and even despite the target value is 2V: 0% of the time the applied voltage is actually 5V,
and 60% of the time the applied voltage is 0V. The addition of an RC filter is used to smooth out the PWM signal.

Figure 2: Arduino Uno R3 Microcontroller
The current design has real-time voltage monitoring and current calculations in addition to the Arduino
Uno R3 accurately controlling to voltage independently. The voltage monitoring is achieved using Analog-In ports
connected to the positive and negative nodes across the well. The difference between the two is calculated and then
compared to the target voltage. If the measured voltage is found to be less than the target voltage, the Duty Cycle is
incremented up. The opposite occurs if the measured voltage has gone higher than the target voltage. Given that the
six-well plate does not have a known resistance, this measured voltage across the six-well plate isn’t useful for
calculating the current across the Well. To solve this, a resistor is installed in series between the negative electrode
and ground. Just as before, Analog-In ports are used to measure the voltage across the resistor, however due to this
resistor having a known value, this reading gives us the ability to accurately measure the current across the resistor
!
and thus across the well: I =    .
!
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Figure 3: Arduino Uno R3 and customized circuit board
In order to create an easy to use experience for the end user, it was important to use a familiar software user
interface. The undergraduate students in the Biomedical Engineering Department utilize LabVIEW in several of
their academic courses as well as supporting labs. This philosophy led to LabVIEW being the interface for
communication to the six-well plate. The straightforward GUI elements and simple but effective serial connection to
the Arduino Uno R3 further supported the decision to work with LabVIEW. The main GUI elements, which include
the following, allow the user to set their preferences for the electric stimulus and record the desired outputs: user
selected target voltage values, measured voltage chart read-outs, and real time voltage outputs.

Figure 4: LabVIEW user interface
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Figure 5: LabVIEW static voltage code
The mechanical design was intended to be lightweight and sturdy such that students are able to maneuver
the bioreactor assembly in and out of the incubator while applying an electric current to the cell culture. The
microcontroller must be able to be removed and replaced without difficulty. Disassembly must be ergonomic and
quick. The six-well plate must be able to be positioned onto the electrical contact connectors and fully constrained
within place. The wires passing from the microcontroller to the electrical contact connectors are to be concealed by a
plate that is housed by the back of the assembly and contacting a machined surface.
All parts of the assembly are either cut using a band saw, milled on a CNC or vertical mill, drill pressed for
counterbores and dowel pins, and grinded for surface finish. Parts were designed for fit and function to minimize
stackups when assembled. Specifically, features on parts were referenced off of a common surface that would be
used to mate with an adjacent part on the bioreactor. This surface, called a datum, has to be precise to allow for the
features to be machined in the correct location. This precision then provides a flat surface to ensure a good fit.
Several design changes to the mechanical aspect of the electric bioreactor were updated as constraints and
preferences became further defined. The initial bioreactor design was majority build with Aluminum parts. Acetal
Delrin Plastic was only used for the two back plates. After the first build, it was observed the strength qualities of
the plastics were preferred over aluminum for this project and a similar material will be applied to the walls and base
plate in addition to minimizing weight. The wall thicknesses were decreased from .75 inches to .50 inches to
minimize weight and the front wall was connected to the lid to act as a sub-assembly. The length of the back plate
was also decreased and an attached part was added to hold the electrical contact connections. A slot was then added
to replace pins to allow for the positioning of the well plate. The latch was repositioned to apply a force only in one
direction and to allow for more ergonomic use.
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Figure 6: Oblique view of assembled electric bioreactor housing unit with six-well plate inserted

Figure 7: Back view of assembled electric bioreactor housing unit with six-well plate inserted
RESULTS AND DISCUSSION
The final product is capable of delivering an appropriate voltage across a bed of cells while housing the
cells in an environment required for culturing cells. Using the user interface, an individual is capable of adjusting the
voltage from 0 V to 0.8 V, at increments of 0.05V, with a static voltage. The system allows for the removal of the
culture device so that imaging and general maintenance of the cells may be performed without disturbing the entire
system. In addition, the system design is ergonomic and lightweight, and in conjunction with the manufacturing and
assembly manuals, an individual is capable of performing any necessary maintenance on the system as well as
performing a rebuild if so desired.
The success of the final product can only be determined if the cells are not only alive, but viable at the end
of every run. A run refers to an experiment that extends over a period of time. During the second iteration of Test
Plan 8, the cells were able to survive for 7 days when running at 0.2 V and 0.5 V. However, peeling was observed
due to high cell density. The third iteration of Test Plan 8 corrected this by ensuring a low cell density with 3000
cells per well. This was run with 0 V and 0.8 V, with 0 V ensuring that the electrode and Sylgard were not toxic to
the cells. Day 2 pictures were captured to show that the cells were healthy and adherent.
Through several tests, the system was capable of meeting most of the engineering requirements. As of this
time, only two engineering requirements have not been fulfilled. Engineering requirements S2.h (signal frequency)
and S2.i (square voltage waveform) are related to customer requirement CR2.1, which asks for the ability to choose
between a static or cyclic voltage across the cells for up to 3 weeks. The current program is incapable of applying a
cyclic waveform, and thus meeting these engineering requirements, due to a lack of experience with the LabView
software package. Customer requirement CR2.1 is considered a design constraint, however, in continued talks with
the customer, it was determined that the ability to apply a cyclic voltage is a preference only. Should the ability to
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apply a cyclic voltage be later considered a necessity, then it is recommended that an individual well-versed in
LabView or general programming languages be considered for the task.
CONCLUSIONS AND RECOMMENDATIONS
Recommendations for future work include developing the LabVIEW code to include a cyclic voltage mode.
The current static voltage code is written in LabVIEW but the cyclic voltage code was unexpectedly complicated to
program. It was not realized until the end of the final multidisciplinary senior design phase that the code could have
been written in Arduino running virtually in LabVIEW. This method would have greatly simplified the cyclic code.
The electrical bioreactor housing unit can be further adjusted to include more ergonomic features in the design.
Overall the design of the mechanical and electrical components integrated well together. The initial design of the
electrical bioreactor housing was found to be too robust and thus had an unnecessarily high weight. It became
evident working with the electrical bioreactor housing unit during cell culture that more focus was given to the
mechanical portion and designs had to be adjusted accordingly. As the only components being supported by the
housing are the 6-well plate and the Arduino, the second-and-final housing was designed to be much lighter
(swapping out the aluminum for PLASTIC). Ergonomic features were also improved in the second design to
incorporate a smoothly-operating Arduino housing hinged-door, an easier slotted design for easy insertion of the 6well plate, and the 6-well plate latch was relocated making it much easier to operate.
The team consisted of Biomedical and Mechanical Engineers who worked cautiously and meticulously to
determine voltage values to produce optimal cell culture results. Reflecting back on this project, it is evident that our
team composition would have been well served with the addition of an Electrical Engineer, which would have
allowed more resources to be focused on both the electrical and software development. A recommended 0.2V - 0.8V
range selection was determined following cell culture results where the initial maximum of 2V was found to not
suitable for cell growth and development. The end product, following the senior design process from Problem
Definition through Integrated System Build & Test, is a functional electrical bioreactor that the Advanced Cell
Culture Techniques course can utilize as a tool to study the effects an electrical stimulus will have on tissue
engineering cells.
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