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ABSTRACT

The revolutionized biomedical industry has a deep connection with the utilization of synthetic biology, to create
multi-functional, complex but minimalistic, non-invasive biomedical devices. Bioelectronics have constructed new
methods to monitor activity of cells and tissues that will likely advance the medical field to monitor the human body.
As a new industry, bio-circuits are faced with emerging problems, this research is focused on the inability to
construct and test circuits. This research proposes the implementation of a 3D printer to accurately produce the
complexity of a biosensor. The engineering goal was to print 3 dimensional algal biological circuits that would
conduct electricity at a 0.4% recovery rate of the controlled circuits voltage. Petroleum based ink cartridges
represented the controlled group while being compared to algal bio-ink representing the experimental group. Each
ink was printed onto a transparent film sheet and tested for electrical conductivity using a multimeter. The controlled
data averaged 28.16mV, 26.77mV, and 5.57mV for one layer and the experimental data averaged 0.1mV, 0.1mV,
and 0.0mV for one layer. The experimental data had an average numerical increase of y=3E-5x. With an
equalization point at 28.16mV. The algal bio-ink will need 933.33 layers creating a 2.799mm algal layer. The circuit
was engineered out of algae which meant that the goal of engineering a completely biological circuit was met. The
engineering goal was achieved because the experimental group was able to produce a 0.4% recovery rate as
compared to the controlled circuit group.

Introduction

The revolutionized biomedical industry has a deep connection with the utilization of
synthetic biology [Figure 1A], to create multi-functional, minimalistic, and non-invasive
biomedical devices. These devices have created a revolution in medicine to find new ways to
solve a situation with minimal invasion and have it serve many functions while it is being used
[1]. Many early devices such as the first novel glucose monitor which uses principles of thermal
emission spectroscopy to demonstrate glucose measurements with clinically acceptable accuracy,

created a new solution by changing one variable like daily calibration[2]. These small but



important changes have produced opportunities for others to solve more recent and advanced
problems like using nanoelectronic brain probes to overcome the mechanical mismatch between
soft tissues and hard electronics. The most apparent contributions of biomedical engineering in
medical practices involve instrumentation for diagnosis, therapy, and rehabilitation. Cell and
tissue engineering also have emerged as medical realities. In the next 25 years [Figure 1B],
advances in electronics, optics, materials, and decreasing the size of devices will accelerate
development of more sophisticated devices for diagnosis and therapy, such as imaging and

virtual surgery [Figure 1C].

A current medical advancement and an emerging method utilizes mathematically

advanced optimization of biological circuits or bio-circuits[3]. Bio-electronics have created new
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Figure 1: Top Left:[A]; analysis of publications in synthetic biology. Bottom Left: Figure[B];
technological growth of the biosensor market. Right: Figure[C]; virtual reality surgery.



ways to monitor the reproduction of cells and tissues that will likely advance the medical field to
monitor bone, muscle, soft tissue, and organ growth and functionality[4]. These bio-sensors
have begun a new challenge to integrate different modules and create circuits that are
progressively more mathematically advanced in their programming [Figure 2]. But the problems
that synthetic biologists are facing is that each biosensor is rooted with simplistic and
uni-functional design flaws, whereas the medical industry needs devices that can carry out
multiple functions and produce complex data analysis[5]. This problem on top of two other
undisputable problems; the inability to control multiple cellular processes and increasing
problems to construct and test circuits, have created a road block for scientists to advance in the
bioelectronic field[6].

The problem investigated in this research was the inability to construct and test circuits.
The construction of circuits has to be described as complex but in a simple manner; complex in

the content of bio-sensor design but created in a simple and attainable procedure. This could be
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Figure[2]; different subtopics of the biosensor market share



attained by using a 3D printer to accurately produce the full design of the bio-circuit. Testing the
bio-circuit could be done by monitoring the voltage that was produced from the bio-sensor.
Another problem that was investigated in this research was to print a biologically advanced
bio-circuit as compared to prior circuits. Many prior bio-circuits were made out of hydrogels that
contained biological materials like protein-polysaccharide chains that typically contain 90-99%
water and a silver or copper based circuitry [Figure 3A and 3B], but an entirely biological circuit
should have a living element in the circuity like algae.

The engineering goal was to 3 dimensionally print algal bio-circuits that could conduct
electricity at a 0.4% recovery rate as compared to the controlled group. The 0.4% recovery rate
was used to show a statistical measurement between the controlled and experimental groups. The
rate was found by dividing the average controlled group voltage by the voltage that the group
was given from the power source. The controlled group had highly conductive materials
(2-pyrrolidone, butane-1, 4-diol, and glycerol) and the experimental group contained
non-conductive materials, (algal culture medium and algae) so the conductivity difference

needed to be represented in the recovery rate, thus why the 0.4% was used as a baseline.

Left: Figure[3A]; biocircuit design'? Right: Figure[3B]; biocircuit design'



Materials and Method

Chlorella vulgaris, a freshwater algae that was low cost and locally abundant, was
cultured in 5 flasks each filled with 100 mL of Alga-Gro©: algal culture medium, that had a pH
of 7.6- 7. 8. The Chlorella vulgaris was put onto a shaker table at 50 rpm with white fluorescent
lights providing 1500 lumens/m?. A timer was set for 8 hr of darkness and 16 hr of light to
represent the daily cycle of natural light from the sun [Figure 4A].

Phase 1:

An ink-cartridge was modified to be able to print Chlorella vulgaris in the liquid growth
medium. For the controlled group, a regular ink cartridge was placed in the printer and then a
series of shapes were sent through the printer and printed [Figure 4B]. The experimental group
was conducted by replacing the ink-filled cartridges with the algae-filled cartridge. Once all trials
were completed they were microscopically analyzed with photo-recognition technology and a
microscope with photography capabilities to determine the printed area of ink [Figure 4C and

4D].

Left: Figure[4A]; shapes used to analyze the dimensions. Middle Left: Figure[4B]; Controlled
environment for algae. Middle Right: Figure[4C]; 400x scale microscopic reference of algae. Right:
Figure[4D]; Microscopic reference of printer ink.



Phase 2:

A second set of trials was used to determine if the printer was capable of printing a circuit
out of algae. The same ink cartridge was filled with the biological ink and was placed into the
printer to demonstrate the ability. After the dimensions of both groups' shapes were equalized,
another set of trials was produced to determine the amount of electrical output that both of the
inks could produce. For controlled group data, the pigment based ink was placed in the printer
and was printed out and hooked up to 7.6 V of direct current battery from silver alligator clips.
This was tested by using a voltmeter set to 2 mV [Figure SA]. The experimental group followed
the same conditions with the exception of algae instead of pigment-based ink (n=10) [Figure 5B

and 5C].

Phase 3:
After analysis of the printer dimensions, A third analysis was needed to figure out the statistical

advancement of layer-by-layer printing in the experimental trials. The same process was used but

Left: Figure[5A]; circuit voltage testing set-up. Middle: Figure[5B]; controlled group. Right: Figure[5C];
experimental group.



the algae was printed out layer-by-layer on the same piece of a clear sheet for 20 trials. This
analysis was needed to find equalization points between the controlled and experimental groups

and to obtain theoretical measurements of the experimental group’s printed ink.

Results

Phase 1:

The first phase of research revolved around analyzing the printer dimensions. After 30
trials of printing 3 different shapes, the dimensions showed a 0% deviation between the
dimensions.

Phase 2:

For the singular analysis of circuit voltage testing 10 trials (N) of the controlled data set
produced an average voltage of 28.16V mV+ 3.3 mV for the left leg, 26.77 mV+ 2.8 mV for the
right leg, and 5.57 mV+ 2 mV for the back leg. For the experimental group, 10 trials (N)
produced an average voltage of 0.1 mV=+ 0.4 mV for the left leg, 0.1 mV + 0.03 mV for the right
leg, and the back leg was not traceable on the electrometer that was used [Table 1 and 2].

Table 1. Demonstrating the average voltage recorded from the dye-based ink trials.

Controlled Group Data (mV) Dye-Based Ink ||
Left leg (mV) Right leg (mV) Back leg (mV)
Layers (n) 10 10 10
Average 28.16 26.77 5.57
SD+ 3.36 2.79 2.04




Table 2. Demonstrating the average voltage recorded from the algal bio-ink trials.

Experimental Group Data (mV) Biological Ink
Left leg (mV) Rightleg (mV) Back leg (mV)

Layers (n) 10 10 10
Average 0.1 0.1 0
SD+ 0.42 0.03 0

Phase 3:

The secondary analysis for the layer-by-layer testing was increasing by 0.1 mV at
roughly every fourth trial increment. Because of this incrementation, a more in-depth analysis
and equation was needed to mimic the relationship between the increments [Table 3].

Table 3. Demonstrating the voltage increase in trial increments of 0.1mV from the biological ink.

Layer |Left Leg(mV)|Right Leg (mV)| Back Leg (mV)| Battery (V)
1 01 0.1 0 7.6
2 01 0.1 0 7.6
3 01 0.1 0 7.6
4 01 0.2 0 7.6
5 0.2 0.2 0 7.6
6 0.2 0.2 0 7.5
7 0.2 0.2 0 7.5
8 0.3 0.2 0 7.5
9 0.3 0.2 0 7.5 !
10 0.3 0.3 0 7.5
11 0.3 0.3 0 7.5
12 0.4 0.3 0 7.5
13 0.4 0.4 0.1 7.5
14 0.4 0.4 0.1 7.5
15 0.4 0.4 0.1 7.4
16 0.4 0.4 0.1 7.4
17 0.5 0.5 0.1 7.4
18 0.5 0.5 0.1 7.4
19 0.5 0.5 0.1 7.4
20 0.5 0.5 0.1 7.4 |




Discussion

This research was designed around bio-circuits and the two issues of focus were, the
inability to test and construct circuits and to construct that circuit out of only biological
materials. The testing features were analyzed using an electrometer and the circuit was
constructed using a customizable 3D printer. The 3D printer was able to meet specific design
requirements like being customizable, cheap, low maintenance, and simple to use. The circuit
was engineered out of algae which meant that the goal of engineering a completely biological
circuit was met.

The engineering goal of this project was to 3-dimensionally print algal bio-circuits that
could conduct electricity at a 0.4% recovery rate as compared to the controlled group. This goal

was achieved because the experimental group was able to produce a 0.4% recovery rate as

The Comparison of Voltage through Dye-based Ink and Algal
Bio-Ink
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Figure[7]; the comparison of voltage in circuit voltage testing graphic.



compared to the controlled circuit group [Figure 7]. After analyzing the layer-by-layer testing
trials, an equation was procured to demonstrate the incrementation; the equation of y=3E-.05X
was used to model this relationship. This equation used the increments from the 20 trial
procedure to create a theoretical pattern demonstrated in the trials. Once the equation was
obtained, it was then used to determine how many layers it would take to produce a voltage equal
to the controlled voltage averages [Figure 8 and 9] . The number of layers that was found was
933 layers and a relative algal size at 2.8 mm for the left leg and 892 layers and a relative algal
size at 2.7 mm for the right leg. These numbers were calculated to obtain a theoretical

representation of the layer-by-layer analysis.
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Figure[8]; progressional reference of incrementation in the layer by layer analysis



Improvements that could be to this project include, using a stable power source, using a
more dense algae, and using a more advanced voltmeter. The power source that was used was
decreasing in voltage as the trials went forward and it had a 7.6 V voltage. If the circuits were
allowed a stable and stronger voltage then they would be able to produce a higher voltage which
could be used to make the circuit perform electrical functions. With both improvements being
said, the power supply was able to pick up a traceable voltage for five of the six data points
which yielded the data necessary for this research. The electrometer that was used was only able
to read a voltage for the right and left leg of the experimental circuits, but it could not read the
back leg. Although this was not necessary to have that number, this finding completed the data
point.

Studies that are being run now consist of a growth analysis of the algae after being
printed to see if the algae is living and reproducing after being printed and the size of the circuits
were decreased to demonstrate a more industry standard application in the synthetic biology
field. Future studies include a photosynthetic analysis to see if the algae can use their abilities of
photosynthesis to obtain the energy. This would make the system more efficient and abundant.

Another study is to use a hydrogel as a base to complete the biocircuits model.
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