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ABSTRACT
Temporary immersion bioreactors (TIB) have been used extensively for plant
propagation. Nearly all designs have utilized pneumatics (air pressure) to move the culture media
either between chambers or between compartments to provide intermittent immersion of the plant
tissue. We report here a design that overcomes two disadvantages of typical designs: (1) large
volumes of gas use, and (2) a rigid culture vessel. By using a media reservoir that is raised and
lowered, the movement of liquid is completely decoupled from gas flow rates. Since the culture
vessels are not pressurized, the compartment containing the plant tissue can be constructed from a
simple plastic bag. The ability to minimize gas flows provides efficient use of gas mixtures such
as elevated oxygen or CO2 to enhance plant tissue culture growth. Liquid flows are observed to
induce small but significant suction pressures on the order of several inches of water, which
introduces the potential for contamination. This can be overcome by a simple inexpensive
manifold design for gas delivery to multiple reactors at very low flow rates. The media reservoir
manipulation is accomplished with an inexpensive stepper motor and pulley configuration that
includes the ability to provide remote monitoring. Progress on developing this reactor system
using seedless watermelon tissue will be presented. The goal of this work is to achieve superior
growth to static agar culture (as demonstrated with a rigid flask TIB operated pneumatically) or to
achieve similar growth with a system that is more scalable and adaptable than traditional tissue
culture.
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Chapter 1

The Advantages of Plant Tissue Culture
The ‘Green Revolution’, which occurred around 1945, has helped feed the exponentially
increasing population in the years since. This event saw the introduction of modern agricultural
practices, including fertilizers, intensive tillage, pest management and monoculture, and led to a
dramatic increase in crop productivity. However, this occurred at the expense of an increased
reliance on fossil fuels – which has become more of an issue since the world has started to turn to
agriculture for fuel production and recognized the energy inputs associated with fertilizer and
modern farming practices (Wang, 2009).
Because of these issues and constraints on modern agriculture in the past few years, it is
understood that in the future plants have to be grown with increasing productivity while reducing
the energy required and using lower quality land as options run low. Plants will need to perform
better in these sub-optimal conditions, with less water, fertilizer, and tillage while also fending off
pests due to decreased pest management. New technologies such as molecular-marker based
breeding show promise to significantly decrease the time requirement for breeding programs, but
these are generally being applied to large-volume crop species such as corn, soybean, and rice
because of the large investment in research and development that is necessary (Du, Wang, Fu, &
Yu, 2009). Therefore, alternative processes that increase productivity are required for many other
food crops for which traditional breeding is not effective. Many of these species have been
propagated by tissue culture, which has become a powerful technology in food production. Many
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flowers and ornamental plats have been propagated through tissue culture, but utility has also
been found for high-value trees and agriculturally important food crops (Nehra et al., 2005).
Tissue culture provides several advantages over traditional breeding techniques (Altman,
2003). Many elite varieties of plants are hybrids of different lines that exhibit hybrid vigor, which
can also result in a sterile plant. For example, seedless watermelons are created by breeding a
standard diploid plant with a ‘doubled’ tetraploid plant (chemicals are used to double the number
of chromosomes). This results in a sterile triploid fruit that does not produce seeds that can be replanted. Additionally, tissue culture can assist in the selection of plants that show resistance to a
particular stressor in the environment (Smith & Drew, 1990). Plants naturally produce highly
variable offspring as a strategy for survival. By using tissue culture, unique resistant variants can
be selected for propagation without knowing any of the genetic bases for resistance and on a time
frame of weeks or months instead of the decade or more required for traditional breeding.
Similarly, the elite product of a breeding program can be clonally propagated using tissue culture,
as just planting seeds can again result in undesirable high variability. Therefore, plant tissue
culture provides options for superior plant propagation that go beyond traditional breeding and
agricultural practices.
Two fundamentally different tissue culture processes that are commonly used for clonal
plant propagation or regeneration are somatic embryogenesis and organogenesis. While zygotic
embryogenesis requires a fertilized embryo, somatic embryogenesis is a process where an embryo
differentiates from a single undifferentiated somatic cell or a small group of cells. This is
basically convincing a somatic cell as if it was an egg. Organogenesis is the production of
unipolar plant organs from an explant tissue. This is like the ability to root a cutting of a plant.
The tissue undergoes a period of de-differentiation and then re-differentiation into a plant organ –
usually an adventitious shoot in the case of plant regeneration (Mandal & Dutta Gupta, 2001).
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Figure 1-1: (Left) Organogenic watermelon shoots. (Right) The stages of T. cacao somatic
embryo development from early globular stage in the top right to mature in the bottom right
(Image provided by Xiangling Shen).
With both methods, the production of the adventitious tissue is the result of specific
hormones in the media it is exposed to. In order to produce plantlets from an embryo or shoot, the
hormones are altered once the tissue reaches a certain stage of maturity and the development
continues. Eventually, plantlets derived in this manner can go through a ‘conversion’ phase where
they are adapted to greenhouse conditions and eventually planted in soil.
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Chapter 2

Bioreactors for Plant Tissue Culture Applications
Bioreactors have long been used for propagation of plant tissues for the production of
metabolites or proteins. One well-known example is Taxol, a widely used anti-cancer chemical
from the rare Pacific yew tree (Taxus species). Creation of cell cultures from the yew tree allowed
for Taxol to be produced without using large amounts of the rare tree material itself. Additionally,
manipulations could be done and elicitors added to dramatically increase the amount of Taxol the
cells could produce. Because these are generally cell suspensions, they could be grown in a
standard stirred tank bioreactor (Srinivasan et al., 1995). Tissues like Taxus and carrot are very
amenable to tissue culture and usually take the form of cell suspensions, so they are not too
complicated to implement. However, differentiated tissues like are produced in somatic
embryogenesis and organogenesis can be much more challenging.
To cater to very diverse applications in the world of plant tissue culture, many bioreactor
configurations have been developed and used. Stirred tanks have been used for plant cultures, but
special care has to be taken because plant cells and tissues are highly sensitive to shearing forces.
Other types of bioreactors that are commonly used, such as airlifts or bubble columns, provide an
environment with reduced shearing force (Ziv, 2010). Other configurations include the rocking
bioreactor, commercialized by WAVE Biotechnology. This bioreactor provides extremely low
shear because it tilts back and forth to provide contacting of the liquid with the headspace of the
culture bag. A temporary immersion configuration involved repeated removal and re-introduction
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of the media, sometimes termed ebb and flow or fill and drain. One version of the temporary
immersion bioreactor is the ‘twin-flask’ system, which uses one vessel to contain the culture and
another vessel to contain the media when it is not in contact with the tissue. The media is pushed
back and forth using pneumatics or another driving force (Niemenak, Saare-Surminski, Rohsius,
Ndoumou, & Lieberei, 2008). One commercialized design, called the RITA bioreactor, is similar
to the twin-flask design but puts two chambers on top of one another in one vessel (Figure 2-1).

Figure 2-1: Types of bioreactors used for plant cell and tissue culture including RITA (top left),
WAVE (bottom left), and air lift (right, image from Jeff Larsen).
Temporary immersion bioreactors have been recognized as a means to improve gas
contacting for the propagation of plantlets (Alvard, Cote, & Teisson, 1993). The technology has
been used for many high-value crops such as coffee and orchids, and the idea is adaptable to
hundreds of species. Temporary immersion has been shown to be particularly useful in preventing
the development of hyperhydricity, or watery tissue in culture (Gonzalez, 2005) and facilitating
scale-up of the propagation process of large masses of plant tissue such as adventitious buds. This
scale-up alternative is useful because it does not require costly agar and can still provide a means
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for sequential manipulation of the media composition for different stages of development with
minimal labor input.
The Curtis lab has extensive experience using bioreactors for tissue culture applications
over the past 20+ years. The lab has done or collaborated on projects for propagation of oak,
watermelon, loblolly pine, fir, cacao, potato, and carrot. Dr. Wayne Curtis was the only engineer
and plenary speaker at the first international conference on liquid culture propagation systems,
and presented his theoretical basis for oxygen transport limitations in bioreactors for plant tissue
culture that was also used as a basis of the work presented in Chapter 4. This theory was
subsequently experimentally verified with pine embryos by increasing the oxygen partial pressure
(Curtis, 2005; Shetty, 2005). This expertise has facilitated work on further bioreactor design using
Dr. Curtis’s ‘trash can reactor’ patent as the basis of a temporary immersion bioreactor design
(Curtis, 2004). Keeping low-cost and scalability in mind, a ‘plastic bag TIB’ was designed based
on the twin-flask design. Instead of using a rigid vessel and pneumatic force, it used a plastic bag
culture vessel and a gravity siphon to move media back and forth.

Project Objectives

•

Improve the basis of current designs by using a gravity-driven plastic bag system rather than
pneumatic force in a rigid vessel, therefore decoupling gas and liquid flow.

•

Focus on low-cost implementation and scalability of the system, while also recognizing the
value of using automation technology for the purpose of more effective research.

•

Develop a temporary immersion bioreactor system that is effective for plant tissue culture as
demonstrated by watermelon shoot organogenesis.

•

Demonstrate that Theobroma cacao can be propagated by somatic embryogenesis in
temporary immersion bioreactors and build a multiplexed system for experimental purposes.

•

Analyze the mass transfer limitations in liquid suspension tissue culture and experimentally
determine if temporary immersion culture can successfully reduce these limitations.
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Chapter 3

My Work With Temporary Immersion Bioreactor Systems
The temporary immersion bioreactor (TIB) project has been ongoing for the past four
years. It started in collaboration with a lab in plant science at Penn State University, and
continued to expand to include industrial connections with Nunhems and DuPont Agricultural
Biotechnology. This chapter details the ‘generations’ of bioreactors that were developed, from
the initial experimentation and optimization of rigid vessel systems through the development of
the imporoved low-cost plastic bag reactor system in which gas and liquid phases can be
manipulated independently.

Initial Theobroma cacao Experiment
Work with temporary immersion bioreactors started when the Curtis Lab was approached
by a group in plant science (Mark Guiltinan, et al.) that was interested in doing somatic
embryogenesis of T. cacao in temporary immersion. Previous work published in the literature had
shown that temporary immersion could be effective for T. cacao (Niemenak et al., 2008). Scaleup in a bioreactor system was a priority over their normal solid agar protocol due to the large
amount of time technicians spent moving cultures from plate to plate in traditional procedures.
Although the inital bioreactor was large, expensive, and slightly unreliable, the experiment
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proved that temporary immersion could be a viable solution and justified development of a better
bioreactor system.

Bioreactor Components
For the initial experiment, bioreactor materials were gathered from around the laboratory
to keep costs at a bare minimum. The simplistic design was based on a “twin flask” system
commonly used in temporary immersion tissue culture. After initial trials (no tissue, just media)
with 1-L Nalgene screw cap jars as both the culture vessel and media reservoir, significant
leaking was observed where the tubing was inserted into the jar using a plastic bulkhead fitting.
This emphasized the importance of having a completely airtight system when using a pneumatic
driving force to move the media between vessels.
An airtight vessel was achieved using large 5-L glass spinner flask vessels (Bellco). The
screw cap was sealed with vacuum grease and the tubing was introduced through the side arms.
Pushing metal tubing through a silicone stopper made an airtight seal. The stopper was inserted
into the side arm and secured with a media bottle cap with the center drilled out to allow for the
tubing to go through. Silicone tubing could be attached to either side of the stopper where the
metal tubing came through. In order to facilitate sterilization, 0.2 micron filters were placed on
the inlet and outlet of the system so the whole thing could be autoclaved or taken to the laminar
flow hood without risk of contamination. A three-way solenoid was used to direct airflow through
the system to push media into the culture vessel, and then reversing airflow to drain it for each
cycle.
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Figure 3-1: Spinner flask temporary immersion bioreactor before inoculation with embryogenic
cacao tissue.
Incomplete media transfer was anticipated a the bottom of the spinner flasks after media
drained out of the culture vessel, so glass ‘bead mill’ beads were used as a substrate to keep the
tissue off the bottom of the flask. Glass beads were desirable because of their high density;
therefore, tissue was rarely caught in the glass bead layer even though it fluidized during the
immersion cycle.
The space and gas delivery available for the bioreactor was in a high light Conviron
incubator. Because cacao somatic embryogenesis protocol calls for dark, the bioreactor was
placed on top of cardboard and covered with thick black fabric. Immersion times were set to 5
minutes every 6 hours after consulting with the collaborators and the literature.

Results
The experiment ran for approximately 4 months, mostly due to a lack of planning and
unfamiliarity with cacao somatic embryogenesis. Many glitches came up during the process,
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including washing out of the glass bead substrate into the media reservoir and liquid not draining
from the culture vessel. However, when the embryos were finally harvested from the bioreactor,
there were a significant number produced and many did look ‘normal’ despite the non-ideal
conditions. With the initial indication that somatic embryos could be produced using a temporary
immersion system, a smaller and more manageable bioreactor system was developed.

Mason Jar Reactor Development
After initial indications of success and with more experience in working with the twinflask temporary immersion system, we moved on to create a smaller, easier to use system that
would be more practical for extended use. Because T. cacao somatic embryogenesis can take six
to nine months or more, the reactors had to be reliable. With a modest amount of funding, a few
test reactors were built before a multiplexed system of 24 reactors for long-term experimental use
was installed in the Life Sciences building.

Bioreactor Components
The basic idea of the reactor system for this ‘second generation’ was exactly the same,
but more practical, cheaper, and easier to use components were used. Glass 1-L mason jars were
bought and modified for use as the culture vessel. The mason jar and metal bail clamp fastener
was kept as-is, but a new lid had to be fabricated out of polycarbonate to allow for holes to be
drilled and threaded for the appropriate polypropylene fittings. A design schematic is included in
the appendix.
For the media reservoir, a standard 500 ml media bottle was used. The same silicone
stopper technique as the spinner flasks was used to seal the bottle with a cut-out screw cap to

11
secure tubulations in place. Air was pushed back and forth through autoclavable silicone tubing
connected to the mason jar lid with a barb fitting and the media bottle by fitting over a stainless
steel tube (pushed through the silicone stopper) and securing with a cable tie.
Because the glass bead mill bead substrate had been problematic in the previous version
of the reactor, a better solution was devised. Larger 2 mm soda lime glass beads were small
enough that any tissue would not get stuck in the substrate, but large enough that they could be
prevented from backwashing into the media reservoir. Slits were cut in the bottom of an L-shaped
piece of stainless steel tubing with a Dremel tool to allow media to flow freely back and forth
while excluding the small glass beads.

Figure 3-2: (Left) Mason jar bioreactor close-up with the mason jar culture vessel on the left and
the media bottle reservoir on the right. (Right) Multiplexed system of reactors with 24 total.

Results
Several full experiments executed by the Guiltinan lab at inoculation density and the
amount of time explants were initiated on solid agar before being transferred to the temporary
immersion reactors. The results of these experiments showed that the embryos generated in
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temporary immersion culture had a higher success rate when taken through the conversion
process and eventually planted in the greenhouse. The conversion step is a bottleneck in the
embryogenesis process because many embryos do not develop a root system or survive
desiccation and transplantation.

Erlenmeyer Flask Reactors
While going through the process of setting a reactor system up as part of the T. cacao
collaboration, an industrial collaboration began with Nunhems, a vegetable seed company. They
were interested in using bioreactor systems in the ‘bulk-up’ phase of their watermelon tissue
culture propagation process. This became my first independent project – both learning the
techniques to generate and propagate watermelon tissue in vitro and building an appropriate
bioreactor system for experimentation. The goal in this phase was simplicity - a simple and easily
replicable system was developed along the same lines as previous systems, but instead using
basic 250 ml Erlenmeyer flasks as the culture vessel and media reservoir. The system was tested
with watermelon as the model and results showed that the reactors performed better than
traditional protocol on agar plates.

Watermelon Tissue Culture
Watermelon cultures were started from seeds provided by Nunhems (variety ‘0904’).
First, the shells were removed and the de-coated seed was sterilized for 20 minutes in a 20%
bleach solution on a stir plate with 20 ul of Tween 80. Seeds were transferred to a laminar flow
hood and rinsed in distilled water. The seeds were then transferred to a 24-well plate (1 seed per
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well) with 1 ml liquid LB medium in each well. The seeds were incubated for 48 hours at 25˚C on
a slowly rotating platform shaker to test for any evidence of contamination.
Non-contaminated seeds were transferred to agar-solidified (6 g/L) 1/4x MS minimal
organics medium supplemented with 15 g/L sucrose. Plates were incubated at 26˚C under 16
hours/day of low light (50-80 uE).
After 3-5 days, germinated seedlings were dissected. The cotyledons were cut into 0.5 cm
squares closest to the hypocotyl. The squares were transferred onto agar-solidified (6 g/L) MS
minimal organics medium supplemented with 30 g/L sucrose, 2.0 mg/L benzylaminopurine
(BAP), and 0.1 mg/L indoleacetic acid (IAA). Watermelon shoots were transferred to new media
approximately every three weeks. Once shoots began to form, the cotyledon and any callus was
cut away. Shoot clumps were carefully broken up and callus removed at each subculture.

Figure 3-3: (Left) Watermelon shoots initiated from dissected cotyledons. (Middle, Right)
Watermelon shoot clumps serially subcultured on solid agar.

Bioreactor Components
Two wide mouth (stopper no. 8) 250 ml Erlenmeyer flasks were used for each reactor.
The wide mouth allowed for easier introduction of tissue during inoculation. Steel tubing was
inserted through no. 8 silicone stoppers to plug each flask. One ‘dip tube’ extending to the bottom
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of each flask allows for media to be pushed back and forth, while short tubes allow for airflow
and pressurization of the headspace. The dip tubes and headspace tubes are connected to each
other with a piece of 1/8” ID silicone tubing for each reactor. Additionally, another short metal
tube is inserted into each stopper as an inlet or outlet depending on the direction of airflow. Inline filters (Pall, 45 mm diameter, 1 micron pore size) were placed on the inlet and outlet to each
reactor to allow for autoclaving and sterile transport.
Cycles were controlled by a Chrontrol interval timer that switched the 3-way solenoids
between the ‘on’ and ‘off’ positions. A humidification train ensured humid air was introduced to
the reactor system in order to prevent excessive water loss.

Figure 3-4: Four multiplexed Erlenmeyer flask reactors. The flasks in the front row are the
culture vessels, and the flask behind each is the paired media reservoir.

Experimental Conditions and Observations
A first experiment on watermelon propagation in the temporary immersion bioreactors
attempted to initiate shoots from germinated and dissected cotyledons in the bioreactor. This
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initially showed promise, as the cotyledons grew comparably in size and turned as dark green as
the agar controls. However, none of the cotyledons in the flask reactors developed shoots, though
some budding was observed. This was attributed to the waxy coating on the cotyledon tissue that
did not allow for the liquid media to get the nutrients and necessary hormones for shoot
formation. In a subsequent experiment, surfactant (Tween 80) was added at concentrations of 250
ppm and 500 ppm. Shoot formation still was not observed, and some brown pieces of tissue
showed that the surfactant might have been toxic.
The next experiments were done with shoot material that was initiated on agar and then
used to inoculate the reactors after the shoots were fully developed. The reactors were inoculated
at the normal subculture period – after shoot clumps had been growing for three weeks. Each
reactor and control was inoculated with approximately the same amount of shoot tissue (about 4
shoot clumps ~1 cm in size) that was randomly distributed. The experiment was run for 6 weeks
at 26˚C and a light intensity of ~85 uM, with a media exchange after 3 weeks. The reactors cycled
every 6 hours for 5 minutes. The cycle time and duration was determined after an extensive
literature search that compared the experimental conditions other similar species grown in
temporary immersion.

Results
After 6 weeks of growth, the tissue was removed from the reactors and solid agar control
vessels. ‘Good’ tissue, qualified by green, healthy-looking color, was compared to ‘bad’ tissue by
weight. The ‘bad’ category contained yellowing, brown, and dead tissue as well as callus. In
addition, samples were dried in a drying oven to get a fresh to dry weight ratio. Weight
measurements were used to calculate the growth rate of the tissue when compared to the weight at
inoculation by mass balance.
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The results show that the reactor produced significantly more good tissue than the solid
agar control. This was likely mainly due to the amount of callus observed on the control shoots.
Little to no callus was observed on the reactor shoots. The dry weight measurements showed that
the reactor tissue contained less water than the control. This is significant because shoot tissue
and whole plants in tissue culture on agar can suffer from ‘hyperhydricity’ or water-logged tissue.
No hyperhydricity was observed in the TIBs, and the lower fresh/dry weight ratio suggests that it
would be less likely to occur in the reactors than on solid media. Finally, the specific growth rate
of the tissue was compared based on the growth of good tissue over the entire experiment. The
higher growth rate in the reactor shows it performed at least as well as the control.

Figure 3-5: Erlenmeyer flask reactor experimental results. Both the ‘Good Tissue’ and ‘Specific
Growth Rate’ data was based on dry weight, and the growth rates were calculated based on the
good tissue dry weight.

Plastic Bag Reactor
After the proof-of-concept experiments were effective in the Erlenmeyer flask reactors,
showing that the watermelon model tissue grew as well or better than the control treatment in the
temporary immersion bioreactor, a new system was designed to more fully achieve the initial
goals of the design. Rigid vessels using a pneumatic driving force, as was used in the previous
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designs, are difficult and expensive to scale up. This next design still used the ‘twin-flask’
concept, but instead used a flexible plastic bag secured to a head plate as the culture vessel and a
gravity-driven siphon to move liquid media between the vessels. After initial testing was done
with the new system, some contamination issues were encountered. Components were added to
mitigate the contamination problem, and a more optimized system resulted. Experiments have
shown this system is still effective for watermelon shoot and N. bethamiana root cultures.

Bioreactor Components
The components of the current version of the plastic bag bioreactor will be covered in
more detail in a subsequent chapter, but this will serve as a brief overview.
The plastic bag reactor still uses the idea of having both a culture vessel and a media
reservoir, but uses a gravity-driven siphon rather than air pressure to move the media back and
forth. The siphon is achieved by raising and lowering the media bottles periodically with a
stepper motor. A driver circuit interfaces the motor to a computer, and a LabView program
provides a fully programmable means of operating the motor.
Both the media bottle reservoir and the culture vessel have air outlets with 44-mm
diameter 1-micron pore size filters (Pall). The headspaces are connected with silicon tubing to
allow for sterile air displacement during a cycle, and the reactor has an inoculation port for tissue
after the reactor has been autoclaved. A gas delivery system creates a constant positive pressure
in the system with a very low gas flow through the reactor to minimize contamination risk.
One could imagine that this siphon-driven system could be implemented in a greenhouse
setting without all the computer interfacing and motor to start the siphon. A worker could raise
and lower a bar with many reservoirs attached periodically throughout the day with the same
mechanism as window blinds use to go up and down. However, in a small-scale research setting,
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the system was fully automated with the above mentioned computer interfacing by another
undergraduate student (Matt Curtis) and was monitored online. A webcam was integrated with
the LabView program to capture a movie of each reactor cycle and upload it online to Dropbox.
Therefore, anyone can log into the Curtis lab’s Dropbox account and check that the reactor is
running smoothly without watching in person at inconvenient times (especially overnight).
Though these automation and monitoring systems increased the cost of the reactors significantly,
it provided an effective means of running an experiment with minimal risk of failure due to
malfunctions.

Tubing for media siphon
and headspace equilibration

Inoculation
Port

To pulley system and
computer control

Media
Reservoir

Culture Vessel
Figure 3-6: Plastic bag reactors during an experiment with four replicates. Not shown is the pulley,
motor, and computer interfacing. These are discussed in more detail in Chapter 5.
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Contamination Mitigation
The proof-of-concept experiment with watermelon was repeated in the new system to
make sure it still was at least as effective as the control treatment. Initial experiments were
plagued with contamination in the reactors. It was hypothesized that this was because of the
negative pressure produced in the culture vessel when the media moved from the culture vessel
into the media reservoir. This problem was anticipated and initially mitigated with a tube
connecting the two headspaces, allowing for sterile gas exchange between the two vessels when
liquid moved. However, this approach was not enough to prevent outside air from entering any
small openings in the bag’s head plate or around the gasket. In order to prevent any outside air
from getting into the reactor, a separate gas delivery system was developed to deliver sterile air at
low pressure and low gas flow rates. This produced a constant positive pressure in the system,
and therefore prevented any contamination from entering the culture vessel.
The other advantage to this new gas delivery system was its adaptability for gas
supplementation. Carbon dioxide (5% in air) could be used in the case of photoautotrophic
growth conditions or ethylene suppression, and higher oxygen could be used to enhance growth.
Because the gas could be delivered at very low pressures and flow rates, a tank of any of these
gases could last for an entire experiment, greatly reducing costs compared to a system where the
supplemented gas would be used as a driving force.

Results
Several experiments were run with the new plastic bag setup, each lasting 3-6 weeks.
However, in each experiment, at least one of the four reactors was affected by contamination –
usually bacterial. Contamination was tested by streaking a sample of the media on both LB and
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potato dextrose agar plates. After the gas delivery setup was developed, the 6-week experiment
done in the Erlenmeyer flask reactors (see Figure 3-5) was repeated in the plastic bag reactors.
Similar data was taken when the reactor was harvested and the results were compared.
Again, the fresh to dry weight ratio was significantly lower in the reactors than in the
solid media control tissue (p-value < 0.1). The magnitude of the specific growth rates was lower
in the plastic bag reactor than it was in the Erlenmeyer flask reactor experiment, but the rates
were statistically the same between the reactors and control (p-value > 0.2).

Figure 3-7: (Left) The data shows that the reactor tissue had significantly lower water content
than the solid controls. (Right) The growth rates for both the reactor and the solid control were
statistically the same, so the reactor performed as well as the control in that respect.
Finally, the overall tissue production was compared. The reactors produced more total
watermelon shoot tissue based on both fresh weight and dry weight to take the difference in
fresh/dry weight ratio into account. In addition, the amount of ‘good’ tissue produced was
statistically the same between treatments. However, there was more ‘bad’/stressed tissue in the
reactors. There were some problems with the reactors cycling properly when they were initially
set up and the tissue was submerged for a longer time than was intended. This was hypothesized
to be the major cause of the significant increase in bad tissue in the reactors (as well as the
decreased growth rate) when compared to the Erlenmeyer flask experiment. A considerable effort
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was made to improve observation logging using Dropbox and will be included in Matt Curtis’s
honors thesis.

Figure 3-8: By both fresh and dry weight metrics, the reactors produced more watermelon tissue.
Even though there was more bad/stressed tissue in the reactors, the amount of good tissue was
statistically the same between treatments.
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Chapter 4

Engineering Analysis
One of the main advantages of temporary immersion in tissue culture is oxygen
availability. Many plant cultures are traditionally grown in liquid suspension in a shake flask,
which greatly limits oxygen availability. Temporary immersion takes away the liquid layer,
allowing the tissue to grow in air with a much higher oxygen concentration for a large majority of
the time. The effect of higher oxygen availability is most noticeable with faster growing tissues
because they have a higher biological oxygen demand. This chapter details a model that was done
to predict when a temporary immersion system would be most advantageous as well as an
experiment that was done to analyze the effect of oxygen limitation in temporary immersion
versus shake flask culture for plant roots.

Supply and Demand Modeling and Analysis
The advantage of a temporary immersion bioreactor system lies in the control over both
nutrient (either liquid or solid) and gas contacting. Both phases provide things essential to growth,
so the hope is that neither will be limiting, especially in slower growing organ cultures. Tissue
culture on solid media provides excellent exposure to the gas phase, but only allows for limited
nutrient contact on the nutrient agar surface. Liquid suspension culture allows for superior
nutrient contacting in the liquid phase, but limits gas phase accessibility to its solubility in water,
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which is very low at culture conditions. This does not tend to be a problem when working with
cell suspensions, but quickly becomes limiting when larger or faster growing tissues are in
suspension (Curtis, 2005b).

Approach
To further analyze this mass transfer effect, a model was constructed using mass transfer
correlations and biological demand calculations. In this model, the oxygen supply due to
sedimentation in liquid media was compared to the biological oxygen demand of fast and slow
growing tissues used in the temporary immersion bioreactor experiments. In this case, the slow
growing tissue model was based on watermelon shoot organogenesis (doubling time ~2 weeks),
and the fast growing tissue was based on N. benthamiana root cultures (doubling time <4 days).
In the root culture model, both root bulk tissue and root meristems were considered because their
oxygen demand is significantly different. The model was used to calculate the mass transfer
coefficient required to satisfy biological oxygen demand (ks,required) or supplied due to
sedimentation (ks,available). These supply and demand curves were plotted against each other over a
range of tissue sizes to provide a quantitative visualization the oxygen limitation of larger, faster
growing tissues in submerged liquid culture.

Supply Modeling
Mass transfer correlations for a sedimenting sphere was used to approximate the ks,available
(supply side) for watermelon cultures, and correlations for a sedimenting cylinder (assuming
large L/D) was used for root cultures. The sedimentation velocities of the tissues were measured
by timing how long it took a sample to fall through a section of a graduated cylinder filled with
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water. The density, viscosity, and oxygen diffusion coefficient of the media were estimated using
the properties of water. The model was then plotted over a range of particle diameter based on the
literature correlation for mass transfer for a spherical particle (Shulman, Ullrich, Proulx, &
Zimmerman, 1955). A similar correlation exists for a cylinder.
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Eq. 4-1

Demand Modeling
The growth rates of tissues were estimated using an average growth rate calculated from
several experimental data sets. This was used, along with other stoichiometric calculations to
determine the biological oxygen demand of the tissue. A mass balance for oxygen transfer was
used to calculate the mass transfer coefficient that would be required at the tissue-media interface
to satisfy that demand. Density was estimated as 1.04 g/ml, and the concentration of oxygen at
the surface, cs, was estimated as half of the concentration in the bulk, cb (Curtis, 2005b). The bulk
oxygen concentration was assumed to be equal to the equilibrium concentration of oxygen in
water according to Henry’s Law. This is consistent with mass transfer at the gas-liquid interface
that is much higher than the liquid-solid interface.

ks,required =

BOD ⋅ ρtissue ⋅Vtissue
Atissue (CL − CS )

Eq. 4-2

Results and Analysis
The results of this scenario modeling showed that the oxygen demand of a tissue can
become greater than the oxygen available as the size of the tissue gets larger, and the point of
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limitation happens much sooner with tissues that grow more quickly. Slower growing tissues like
watermelon do not quickly deplete the available oxygen even though the tissue is generally larger
(diameter ~1cm). Root bulk tissue is on the edge of limitation, considering the approximate
diameter of a root is 0.2 cm. However, root meristems are undergoing rapid division and their
BOD is 100 times greater than non-dividing bulk tissue. As a result, they become oxygen limited
almost immediately.

Figure 4-1: Model of oxygen supply as a result of sedimentation mass transfer in a liquid culture
(solid lines) versus oxygen demand according to the biological oxygen demand and the theoretical
rate of transfer into the solid phase (dotted lines). The
Using engineering principles to model the supply and demand of growing tissue allows
for the prediction of the usefulness of a temporary immersion system versus traditional liquid
culture based on the nature and magnitude of the oxygen limitation. Because the temporary
immersion bioreactor is effective at minimizing the solid-liquid mass transfer boundary layer and
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mixing limitation at that boundary, the limitation can be overcome and a significant growth
increase can be expected for certain conditions.

Experiments with N. benthamiana Root Cultures
After analyzing the oxygen limitation model above, it was obvious that a faster growing
tissue should have more of an advantage in temporary immersion over suspension culture.
Because all previous work had been done with slow-growing watermelon shoots, a faster growing
tissue was desired, as it would be more likely to show the advantage of temporary immersion.
The Curtis Lab has extensive experience with plant root cultures over the past two decades
(Bordonaro & Curtis, 2000; Carvalho & Curtis, 1998; McKelvey, Gehrig, Hollar, & Curtis, 1993;
Divakar Ramakrishnan & Curtis, 2004; Divakar Ramakrishnan, Salim, & Curtis, 1994).
Traditionally, root cultures are maintained in liquid suspension in shake flasks on a gyratory
shaker. The contrast in conditions between the shake flask control and temporary immersion
bioreactor, familiarity with the tissue, and much faster growth rate made Nicotiana benthamiana
a good candidate for an experiment to demonstrate the supply/demand model. The results showed
that the tissue in temporary immersion had a higher growth rate at higher density, where growth
would normally tend to slow down due to oxygen (and other nutrient) limitation in a typical
submerged culture.

Materials and Methods
Reactors and Erlenmeyer flasks were inoculated with 2-week-old N. bethamiana roots at
a density of 5 gFW/L in autoclaved B5 medium. This quantitative inoculation involved removing
a root clump from a flask and pulling it apart to gain access to the meristems. They were then cut
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into relatively uniform 3 to 5 mm segments, and the segments were blotted on a piece of sterile
filter paper. After blotting, the root segments were transferred to a balance in the hood to make
sure the inoculation weight was correct. Roots were immediately transferred to their flask or
reactor to minimize stress from desiccation.
There were four (4) treatments with 4 replicates each: TIB reactor with 200 ml media,
125 ml flask with 50 ml media, 500 ml flask with 100 ml media, and 1000 ml flask with 200 ml
media (equal to reactor volume). Media was sampled every one or two days, at which time the
flasks were taken to the laminar flow hood and 200 ul media was removed with a sterile
pipetman. A tee fitting with a syringe port on each reactor between the bag and reservoir allowed
for simple sampling with a 1 ml syringe and 25g needle. The ports were wiped down with 70%
ethanol before sampling and were sprayed with 70% ethanol and wrapped in foil after sampling.
Refractive index (RI) of the media was measured using a Leica automatic refractometer (model #
AR600 ). Once the sugar content reached below 5 g/L, the flask or reactor was harvested.

Results and Analysis
The initial conditions of the culture were used along with the refractive index of the
samples at each time point to create a growth curve (based on dry weight). The mass balance used
to calculate this had been developed previously in the Curtis lab when doing large-scale
bioreactor experiments with roots in order to easily and unobtrusively keep track of biomass
growth over time (Figure 4-2). A key component of the mass balance is water – since water is
taken up by the tissue, evaporates over time, and is also taken out during sampling. With a few
simple calculations, the water can be accounted for at each time point, and therefore the actual
amount of biomass (by dry weight) can be calculated using an apparent yield correlation of 0.623
g DW/VRI determined from previous data (D Ramakrishnan, Luyk, & Curtis, 1999).
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Figure 4-2: Growth curve on a dry weight basis. The 125 ml flask data is scaled 4x to normalize
the three growth curves.
By plotting a growth curve of the experiment for each treatment and calculating growth
rates, observations showed that even though the reactors started off slowly (likely due to
oxidative stress) they ‘caught up’ in the end of the experiment. The growth rates reflected this as
well; after dividing up the experiment into ‘first half’ and ‘second half’, which represented
slightly different periods of time for different replicates depending on when they were harvested,
the growth rates between the flask treatments and the reactor showed significant differences
(Figure 4-3). In the first half of the experiment, the reactor growth rate was significantly lower
than both the flask treatments, while in the second half of the experiment it was higher. This
showed that the reactor actually grew more when the roots were at a higher density, when
cultures usually become limited. The temporary immersion system provided the high-density
roots, therefore increasing the growth rate.
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Figure 4-3: Comparison of root tissue growth rate in different phases of the experiment
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Chapter 5

Details of the Plastic Bag Bioreactor Design
After demonstrating that temporary immersion could be a viable method of plant
propagation with our model tissue (watermelon shoots), a better system was desired. The rigid
vessel pneumatic design previously used (see Chapter 3) was effective; however, operation
required a coupling of the gas and liquid flow, because the gas was used to pressurize the system
and move media one way or the other. Ideally, the gas and liquid would not be coupled, allowing
for independent control over both phases. Additionally, this design would require much lower gas
flows, thus allowing for use of gas mixtures at minimal cost.
In order to achieve this de-coupling of gas and liquid, the driving force to pump the
media between vessels could not be the gas flowing through the reactor. Though a peristaltic
pump could be used, they are expensive and become very complicated when considering scale up
– a greenhouse or growth room could contain 100+ reactors. Therefore, a simple gravity-driven
siphon was envisioned. In order to achieve this, a media reservoir would have to be lifted up to
start a cycle, and then would siphon media back when lowered back down. This design ended up
being much more complicated than a simple siphon, however a reliable and effective system has
now been built, tested, and replicated.
Details on the sources of various parts and pieces of this reactor system are provided in
the appendix. It includes part vendors, catalog numbers, and important specifications.
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Figure 5-1: An overall schematic of the gas and liquid connections in the plastic bag reactor
system. Furthest to the left is the gas delivery system, in the middle is the culture vessel bag, and
on the right is the media bottle reservoir. Not shown are the pulley, motor, and computer control
component.

Gas Source
In various experiments, both gas tanks and a ‘house’ gas line have been used depending
on the location and availability of a gas line. In the case of compressed gas cylinders, a two-stage
regulator was used to drop the outlet pressure to around 2 psi. In the case of a house gas line, a
small low-pressure in-line regulator (McMaster-Carr) with a range of 0-60 psi was used.

Figure 5-2: A typical in-line pressure regulator for low pressure (0-60 psi)
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Humidification Train
A humidification train assured humid gas was introduced into the system to minimize
evaporative losses. The incoming gas was bubbled through three Erlenmeyer flasks, with a fourth
empty flask at the end to prevent any liquid water from going further down the gas line into
valves and filters. The first two flasks bubbled through sintered glass spargers, while the third
bubbled through a glass tube which allowed bubble counting for relative flow rates.

Figure 5-3: An in-line air humidification train in use.

Flow Control and Water Manometer
A small needle valve (McMaster-Carr) was used to restrict flow further just before the
pressure monitoring manometer. In order to restrict pressure at very low levels on the order of
inches of water (~33 ft of water equals 1 atmosphere), a simple in-line water manometer was
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implemented as shown in Figure 5-4. The gas line entered a tee fitting after the needle valve, so
the gas flow went straight through with the backpressure forcing water down in a dip tube in the
manometer. A larger piece of clear plastic tubing was filled with water to an arbitrary visible
level. The needle valve was adjusted until there was a small difference in the water level between
the dip tube and the larger tube. This small difference represented the pressure in the gas line
going into the reactor system. With no pressure into the system, the water levels would be the
same.

To	
  Reactor
From	
  Valve Dip	
  
Tube

B

OUT

A
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Figure 5-4: (A) Two water manometers set up for gas delivery. (B) A close up image of the
meniscus in the manometer. The difference in height between the meniscuses in the inner an outer
tube is used to measure the pressure. (C) The mini needle valve used for flow control into the
manometer.
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Gas Manifold
An aluminum manifold was fitted with threaded luer-lock fittings (McMaster-Carr) to
evenly distribute gas between replicate reactors. It was designed so that the pressure difference
across the manifold would be minimal relative to the back pressure provided by the filters on the
manifold outlets, therefore evenly distributing gas to all reactors connected to it. Teflon filters
were connected to each luer fitting (Restek, 0.22 um, 13 mm diameter, PTFE) to deliver gas to
the headspace of the culture vessel and media reservoir of each reactor after splitting at a tee
fitting. This not only provided back pressure, but also sterilized the gas.
An early problem was encountered when the filters became clogged due to condensing
water on the surface because the gas flowing through was so humid. In order to prevent this, a
small resistive heating pad was affixed to the aluminum manifold. This heated the gas just enough
to prevent humid air from condensing on the filters and allow gas to flow freely through all of
them at the same rate.

Figure 5-5: (Left) Gas manifold set up for connection to four reactors. A resistive heating pad is
attached to the aluminum manifold (black) to heat the air moving through and prevents
condensation on the filters. (Right) A gas manifold implemented for T. cacao conversion with 5%
carbon dioxide supplementation. The heating pad can be seen attached here (red/brown).
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Culture Bag and Head Plate
In initial versions, a 2-mil polypropylene bag (8”x10”, VWR) was hung from an
aluminum block with an oblong opening in the middle and concentric ridge to fold the bag over.
The plastic bag was held in place by a matching piece of ¼” polypropylene sheeting that fit into
the ridge depression and secured the bag – similar to a garbage can with a lid. This design was
later improved upon. The bag was fit over a rectangular ring made from ¼” polypropylene
sheeting. A silicone gasket cut out from a 1/8” soft silicone sheet (McMaster-Carr) was then
placed between the ring and a piece of clear ¼” polycarbonate (US Plastic) with the same outer
dimensions as the ring. The pieces were sealed (with the bag in between) with four small Cclamps. Necessary fittings (US Plastic) were affixed in the polycarbonate head plate.

Figure 5-6: Culture bag hanging from plastic headplate with N. bethamiana roots growing inside
Media flows into the bag through a piece of 3/8” stainless steel tubing bent into an ‘L’
shape. The bottom of the ‘L’ sits below the glass bead substrate to prevent tissue from being
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sucked into the tubing. Glass beads are excluded by cutting slits in the tubing and plugging the
end with silicone glue. The top end of the metal tubing goes through a plastic bulkhead fitting in
the head plate. The bulkhead fitting was created by carefully drilling out a ¼” NPT (US Plastic,
Item #58174). This was done by placing in drill press and placing fitting in vice and using and
incrementally adjusting the drill depth stop until it drilled out the backside of the fitting but did
not damage the internal O-ring. A piece of silicone tubing connects it to the media reservoir.
A smaller straight piece of the stainless steel tubing is fit through another bulkhead fitting
into the headspace of the reactor. This is used to introduce gas from the gas manifold setup.
Finally, a polypropylene threaded barb fitting is used to connect a 0.2 micron filter (Pall, 43 mm
diameter) with a small piece of silicone tubing to act as a gas outlet. Finally, a ¾” diameter
threaded polypropylene fitting with a cap served as an inoculation port.

Figure 5-7: (Left) Head plate detail from side and top. (Right) Pieces of the head plate including
the media distributor (L-shaped).
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Media Bottle Reservoir
Though a cheaper version of this could be substituted (even another plastic bag could be
used!), a standard media bottle was the simplest way to make an airtight and watertight reservoir
for this application. The top was sealed in the same way as previous designs; a #6 silicone stopper
(VWR #59590-222) was fitted with 3 pieces of stainless steel metal tubing through it. Two pieces
extended to the bottom of the bottle – what would be the headspace when the bottle was upsidedown during reactor operation. One headspace tube served as an outlet, with a 44 cm 1 micron
filter (Pall Life Sciences through VWR) attached to the other end of the stopper. The other
headspace tube connected to the bag headspace to allow for sterile gas exchange when the reactor
cycled. The third piece of metal tubing extended just to the inside surface of the silicone stopper
and connected the media flow to the bag.

Figure 5-8: (Left) Media bottle with cut out lid to hold the silicone stopper in place. (Middle) Media
bottle hardware. (Right) Assembled media bottle reservoir.
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The reservoirs were held in place by a piece of ¼” polypropylene sheeting (US Plastics
#46205) with 2.25” holes cut for the bottles to sit in upside-down. The sheet was stabilized on
one side with a piece of aluminum corner bar (McMaster-Carr). This piece was hug from another
aluminum T-bar that was attached to the pulley system that was controlled by the Labview
computer program.

Figure 5-9: (Top) Media bottle reservoir that is made to support four bottles. (Bottom) Side view
showing the aluminum corner support and the fastening hardware.
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Motor and Pulley System
In this application, a very precise motor was needed to raise and lower the media bottles
to the same position every time, and that height needed to be easily controllable with very small
intervals in order to control the siphon efficiently. The ideal motor was determined to be a stepper
motor (Anaheim Automation), which uses magnets to rotate ‘teeth’ that move step-wise as the
motor rotates, with 200 steps per rotation. Because the motor could be controlled step by step, a
very high level of precision could be achieved. In order to control the motor’s movements, a
LabView program was created and a $20 DIY stepper motor driver circuit
(www.hobbyengineering.com) interfaced between the motor and the computer. Similar
controllable driver circuits sold by companies such as Texas Instruments sell for $300+.
In order to decrease the load on the small stepper motor, a block and tackle pulley system
was developed to raise and lower the media bottles. Subsequently this was simplified and the
block and tackle was replaced with a gear system with a 2:1 gear ratio. The gears attached to a
three-pulley system. The middle pulley attached to the gear/motor system. A second pulley in the
middle extended the line to two pulleys on either side of it that stretched the length of the media
bottle holder. A detailed schematic is included in the appendix.
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Figure 5-10: The stepper motor (top) drives a gear. The attached pulley drops to a lower pulley
(bottom) that extends out and drops the line to either end of the reservoir holder below.

Culture Bag Stand
In order to facilitate a plastic bag culture vessel and have it at the appropriate height for
the siphon, the head plate of each reactor had to be supported by a ‘stand’, with the bag hanging
underneath. This was achieved by building a PVC frame with slots cut for each head plate to fit
into. PVC fittings such as corner pieces and tee-fittings are not found at local hardware stores, so
they were ordered from ACF Greenhouse’s website (www.littlegreenhouse.com). Standard white
PVC pipe with an inside diameter of ¾” was bought at Lowe’s. AN attempt was made to make
the stand look more visually appealing and use clear PVC pipe, but the standard PVC fittings
were slightly too small for the clear pipe, and the appropriate fittings could not be bought in the
required configuration.
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Figure 5-11: The reactor stand has partial cut outs to fit the head plate and allow the bag to hang
underneath.
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Chapter 6

Conclusions
Over the past four years of my research experience, a low-cost temporary immersion
bioreactor system that achieves the goal of independent control of gas and liquid phases has been
developed and optimized. This was possible after several extensive rounds of experimentation
and troubleshooting, especially to mitigate contamination risk since it is such a large problem in
sugar-based heterotrophic tissue culture. The work was also greatly enhanced by the work of
another student (Matt Curtis), who created the LabView program for automation and monitoring.
Initially, it was shown that temporary immersion tissue culture could be a viable method
to produce T. cacao somatic embryos using a ‘twin-flask’ rigid vessel design with pneumatic
driving force. The bioreactor system used for initial studies was optimized and multiplexed for
experimental use. In the meantime, I developed a simple, miniature version of the same system
for easier experimentation using watermelon shoot tissue as the model. This system was shown to
be effective - possibly more so than traditional protocol for growth on solid agar.
This success prompted the development of the new gravity-driven plastic bag system,
which achieved the goal of independent phase control. However, initial experimentation without
gas supplementation resulted in many experiments that were plagued with contamination.
Because it was believed to be caused by a negative pressure in the culture bag when the media
siphoned back into the reservoir bottle, a gas delivery line was added with a water manometer to
measure the pressure in the bag. Without gas supplementation, a small negative pressure was
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observed during the liquid exchange cycle. With the addition of a low gas flow through the
system, a low positive pressure (1-2 inches of water) kept a constant positive pressure in the
culture bag for the entire experiment.
Because one of the main advantages of temporary immersion culture over liquid
suspension culture is the increased oxygen availability to the tissue, we set out to model and
demonstrate that advantage. The Curtis Lab is very familiar with root cultures, which are much
faster growing than watermelon shoots (and therefore have a higher demand for oxygen) and are
traditionally grown in shake flasks. Using mass transfer correlations and biological oxygen
demand calculations, a model was used to show that root meristems can become limited by the
low transport rate of oxygen provided by sedimentation in liquid culture and are predicted to
show an increase in growth in temporary immersion. An experiment was carried out to
demonstrate this and showed that although growth in the bioreactors initially lagged (likely due to
oxidative stress) the growth rate was higher at the end of the growth curve when the roots were at
a higher density.
The plastic bag temporary immersion system has been developed with the goal of being
able to use it in any number of tissue culture applications. Because the immersion time and
frequency is completely adjustable with the LabView program, and the gas phase can be
manipulated independently (and at low cost due to low gas flows), the system is completely
adaptable to any number of plant species and tissue types.

Ongoing and Future Work
The most recent phase of development of the plastic bag reactor system was funded by an
NSF grant with the goal of improving somatic embryogenesis of T. cacao with transcription
factors. Work has been done to find relevant transcription factors that take part in early embryo
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development using bioinformatics techniques. A liquid system like the plastic bag TIB is ideal for
this application because these transcription factors could be introduced by adding an
Agrobacterium vector into the media through injection into the syringe port incorporated into the
design.
We think the plastic bag TIB design that has been developed could make this process
more efficient. Traditional tissue culture protocols on solid agar do not facilitate transient
expression with Agrobacterium. A liquid phase reactor allows for simple introduction of
Agrobacterium (which will deliver the transcription factor gene) through the inoculation port, and
the fill/drain cycle of the reactor could also assist in transformation efficiency. When the media
drains away from the tissue after a cycle, a thin film of media is left. This allows the Agro to be in
contact with the tissue for several hours without being disturbed. One of the possible problems
with transformation in liquid in a shake flask is the fact that the culture is constantly shaking and
that may inhibit bacterial attachment to the tissue.
The current NSF grant proposes an experiment that will serve as a proof-of-concept that
T. cacao will respond to the introduction of appropriate transcription factors using transient
expression in the early stages of somatic embryogenesis. If it is successful, this technique could
be widely applicable to many recalcitrant species that cannot currently be propagated clonally.
At the moment, my final effort includes helping a graduate student run the plastic bag
reactors to see if the system is effective for conversion of mature embryos, during which time
they develop roots and leaves in preparation for transfer to the greenhouse. Conversion is usually
one of the bottlenecks to plantlet production, because many mature embryos do not successfully
develop. If the conversion rate in the bioreactor is equal to or higher than the conversion rate on
solid agar, the bioreactor system could provide a way to convert a larger number of embryos at
any one time with minimal labor cost. While only 4 to 6 embryos are placed on each agar plate,
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more than 50 embryos or more could be converted in each reactor at the current scale, and a
larger system could be built to accommodate an even larger process.
Ultimately, the most useful envisioned application would include eliminating sugar,
increasing light and carbon dioxide levels for photoautotrophic production of plantlets with
minimum contamination risk and maximum potential for implementation at a larger scale in a
greenhouse. This would fully utilize the potential of this improved temporary immersion
bioreactor design by taking advantage of the independent control of the gas and liquid phases.
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APPENDIX

Mason Jar Reactor Lid Fabrication Details

Figure A-1: Details of the mason jar reactor custom polycarbonate lids. (Top) Schematic drawn
by Jeff Larsen. (Bottom L) Implementation on the mason jar reactor. (Bottom R) Side detail with
rubber gasket glued to the bottom edge for airtight seal between glass and polycarbonate. The lids
were machined from sections of a polycarbonate rod.
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Pulley System Details

Figure A-2: Details of the pulley system fabricated by Don Lucas used to raise and lower the media
bottle reservoirs.

The actual experimental design deviated somewhat from this after experiencing some
difficulty with binding and torque. After several alterations of the original design produced better
pulleys, and the geometry of the system stayed the same as originally envisioned.
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Reactor Parts List
Online document here includes links to product pages (named ‘Reactor Part Sourcing’ on
CurtisLab GoogleDocs).
Table A-1: Compilation of needed information for all specialty parts for plastic bag TIB reactors.
Gas Delivery
Mini needle valve
In-line pressure regulator
Tee fitting for manometer
Gas manifold
Luer fittings
Filters
Heating pad
Heating pad pwr supply

Vendor
McMaster-Carr
McMaster-Carr
US Plastic
McMaster-Carr
McMaster-Carr
Restek
McMaster-Carr
DigiKey

Specifications
1/8" NPT to 1/8" push-fit
NPT Threads
PP Tee 1/8"
Aluminum standard
Threaded, male 1/4"
PTFE, 0.22um pore, 4mm diameter
1"x3" adhesive backed
15V, 0.4A (must be 15V or less)

Item/Catalog #
2273K31
3823T312
61209
5469K113
51465K153
23974
35765K265
T985-P5P-ND

Reactor
Glass beads
Push-fit fittings
PP Sheeting
PC Sheeting
Inoculation port
Inoculation port cap
Silicone gasket
Aluminum bar for c-clamp
Thumb screws for c-clamp
Filters
Barb fittings
Silicone stoppers
Media bottles
Plastic bags
Luer tee fitting
Luer barb fitting
Syringe port

VWR
US Plastic
US Plastic
US Plastic
US Plastic
US Plastic
McMaster-Carr
McMaster-Carr
McMaster-Carr
VWR
McMaster-Carr
VWR
VWR
VWR
Cole Parmer
Cole Parmer
MediDose

2-mm soda lime glass
(OD x Thread MNPT) 3/8" x 3/8"
1/4" thickness
1/4" thickness
3/4" X 3/4" NPT
3/4" NPT
1/8" or 3/16" thickness works
1 1/4" base, 1/8" thickness
5/8" diameter, 1/2" long
Pall, 1 um pore, 4.5 cm diameter
1/4" NPT to 1/4" ID tubing
#6 fits in media bottles
250 ml glass bottle
8x10" polypropylene
Female luer tee
Male with lock ring to 1/8" barb
Injection port 4, sterile

26396-506
58155
42622
42516
63183
62167
9010K841
9001K36
91185A332
28145-553
2974K127
59590-222
89000-236
95042-564
EW-45500-56
EW-45503-04
IV2004

Computer Interfacing
Stepper motor driver
Stepper motor
Power supply - driver
Power supply - motor

Hobby Engineering
Anaheim Automation
Amazon.com
DigiKey

Unipolar stepper motor driver kit
262 oz-in torque
9V, 1A (must be 9-12V)
3.3V, 2A (must be >1.5A)

12591
23Y204S-LW8
VCT VX-79NP
62-1129-ND

(continued on next page)
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Support
PP Sheeting
Aluminum corner bar
Aluminum T-bar
U-bolt
PVC fittings
PVC cutter

US Plastic
McMaster-Carr
McMaster-Carr
McMaster-Carr
ACF greenhouse
McMaster-Carr

1/4" thickness
1/2" by 1", 1/8" thick
3/4" by 1.5", 1/16" thick
3/4" wide
corners (3-way), tee, 4-way [3/4"]
3/4" pipe size

42622
8982K911
1668T11
3043T11
N/A
8336A13
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