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The development of plant growth systems with high yields and low maintenance
for food production is a key focus area for NASA. One of the remaining technical
challenges is keeping the plant watering systems clean without affecting plant growth,
requiring consumables, or demanding crew time. Plant watering systems, such as the
one onboard the International Space Station (ISS), provide a nutrient rich
environment for biofilm formation. Frequent maintenance is necessary to prevent
biofouling, which currently requires crew time and a mechanical means of cleaning.
Better solutions are needed. The current ISS practices for biofilm mitigation in the
water recovery and distribution system include the use of biocides (silver ion or
iodine) along with regular maintenance (e.g. flushing, filter replacement). These
biocide-based strategies could be problematic for plant watering systems, such as in
Ohalo, the Exploration Garden, and the APH, due to incompatibilities of the biocides
with plants. We propose the application of AgXX, a novel antifouling surface
treatment that meets the above requirements. This paper will report on an initial
study that was completed to determine whether AgXX would be effective in a plant
nutrient solution, and whether it would negatively impact plant growth in a
hydroponics-type system.
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I. Introduction

he development of plant growth systems with high yields and low maintenance for food production in space is a

key focus area for NASA. Plant growth systems in micro-gravity present a myriad of challenges, which must be
overcome before NASA can reach its goals of human habitation of extra-terrestrial surfaces and long-duration
spaceflights. Some of these challenges include reliable and sustainable food production, volume optimization
concepts, water and nutrient delivery system technologies, food sanitization, and, last but not least, biofouling and
contamination prevention.

The International Space Station (ISS) has experienced problems associated with biofouling of distribution
plumbing in the water lines of spaceflight plant growth hardware (e.g., the Advanced Plant Habitat (APH) on the ISS).
The Ohalo Project received an action at its principal design review in August 2021 to coordinate its design, its plans
for the prevention of biofouling, and payload maintenance requirements with Agency Subject Matter Experts (i.e.,
KSC Crop Production Team, JSC microbiology, SCLT Food/Nutrition Roadmap Lead, and LSS Water Disinfection
Team).

To achieve biofouling mitigation for space plant growth system, a technical solution is needed to keep the plant
watering systems clean without affecting plant growth, requiring biocide consumable, or demanding crew time. We
have proposed the application of AGXX, a novel antifouling surface treatment that meets the above requirement, to
meet the challenge.

Our objective was to investigate the use of a commercial off-the-self (COTS) product (AgXX) to prevent
biofouling of spacecraft plant watering systems and to evaluate any detrimental effects to plant growth and health.
Here we report the outcome of this investigation following relevant background information and some description of
the proposal.

I1. Background, State of the art, and Proposal Summary

The plant watering systems, such as the one onboard ISS, provide nutrient rich environments for biofilm formation.
These systems need frequent maintenance, which currently requires crew time to scrub biofouling surfaces between
plant growth cycles. Better solutions are needed. The current ISS practices for biofilm mitigation in the water recovery
and distribution system includes the use of biocides (silver ion or iodine) along with regular maintenance (e.qg. flushing,
filter replacement).! These biocide-based strategies could be problematic for plant watering systems, such as in Ohalo,
the Exploration Garden, and the APH, due to incompatibilities of the biocides with plants.?3

Several extensive literature reviews were carried out on the state of art technologies to identify a viable solution
for biofilm control.#587 In general, biofilm mitigation approaches include physical removal, chemical treatment,
radiation, or biological methods.* Each method has its own limitation, such as time requirements (physical removal),
potential toxic byproducts (chemical treatment), hardware installation (radiation), and limited applications (biological
method). Surface treatments or coatings have also been used for biofouling mitigation, but they often fail to provide
long term protection without re-application or regeneration of the coatings.? Antifouling coatings generally rely on
one of two principles, each having its own inherent failure mode that requires periodic recoat or risk of biofouling: (1)
antifouling through the release of a biocidal component from the coating, failure at time of biocide depletion; and (2)
varying types of hydrophobic surfaces preventing direct contact of water, failure at time of the inevitable wetting
under immersion, which leads to biofilm formation.

AgXX is a novel surface coating that prevents biofouling via the passive generation of peroxide at the coating
surface. AgXX has the potential to decrease or eliminate manual system cleaning and reduce consumables (filters,
biocides, etc.). This investigation supports plant growth systems by providing a means to manage biofouling concerns
while lowering maintenance, down-time, and consumables requirements.

A. AgXX and Technology Advancement

As the result of persistent effort, AgXX was identified as a promising candidate technology for solving the
biofouling problem in plant growth water systems. AgXX is a novel antifouling coating technology that uses micro-
galvanic cells comprised of silver (anode) and activated ruthenium (cathode) to generate Reactive Oxygen Species
(ROS) such as hydrogen peroxide (H205), in the presence of dissolved oxygen and organics.
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Figure 1: AgXX Mechanism.

AgXX is a commercially available product of a novel technology, as an electroplated coating or microparticles
that can be used to coat surfaces including metals, glass, and polymers.2® It also has well-documented success in
submersed applications and proven long-term effectiveness. It stands apart from other antifouling coating applications
and traditional biofilm prevention strategies for the following reasons.

First, AgXX does not dose biocide, but rather generates H.O, from dissolved oxygen (O) at the AgXX surface.
Therefore, there are no consumables and H,O; is one of very few disinfectants that does not leave behind a toxic
byproduct. This helps to alleviate concerns of plant incompatibility, as it offers localized biofilm inhibition where
biofouling is a concern, without impacting beneficial bacteria at the plant root zone.*% 1t

Second, AgXX does not rely on the releasing of silver ions for its antifouling function, therefore, does not require
replenishment. This contributes to its long-term performance.

Third, AgXX has proven to be durable when used in multiple industrial settings as part of a biofilm mitigation
strategy for long durations (upwards of 19 months to 5 years).'?13

The well documented use and fundamental technological differences between AgXX and other coating approaches
make AgXX a good candidate technology in preventing biofilm growth in plant watering systems. However, its
performance is yet to be confirmed in plant watering system, and equally importantly, its impact on plant growth must
be investigated.

B. Project Goal and Technical Approach:

The main goal of this project was to determine whether AgXX could be used in watering systems for plants to
inhibit biofouling and in turn lower the maintenance requirements for such systems. We aimed to test the efficacy of
implementing AgXX within the water recirculation system of a plant growth test bed and did so by monitoring for
both microbial inhibition and plant health via microbial plate counts, live/dead imaging, root and vegetation fresh and
dry weights, and hydrogen peroxide concentrations among other testing.

This project was to determine the effectiveness of AgXX for biofilm control in plant watering systems, from both
a plant health and microbial control perspective. To test for biofilm prevention, we used immersion test with both
AgXX and control coupons in a nutrient solution which mimics that of a plant watering system. For plant compatibility
testing, two hydroponic based testbeds with recirculating water (one with AgXX-coated meshes and one without)
were constructed and used to perform initial proof-of-concept testing on the effects of using AgXX in plant water
systems. Multiple crop grow-outs, with short harvest periods, were grown in each system under the same
environmental conditions. Bacterial counts were performed throughout the experiment, and the growth along with the
general health of the plants was monitored. At the conclusion of the experiment, the total crop weight from each
system was measured and the water systems were deconstructed and examined for biofilm growth.
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I11. Experimental Methods and Test Results: Microbiological Tests

A. Experimental
Materials

An AgXX coated stainless steel mesh and a control stainless steel mesh were used for testing. The AgXX product,
Ae-aqua C2-100 strainer baskets, contains AgXX coated stainless steel mesh rings. It is sold as a water purification
product that is quoted as being able to “be used for two years to protect a 100L water tank against bacterial growth.”
It contains 60 rings, each made of a 2cm x 6¢cm mesh sheet rolled into a ring.

For the biofilm coupon test, 1cm x 1cm AgXX coupons of AgXX coated mesh and uncoated stainless steel mesh
coupons (control) were used. These meshes have the similar microstructure as in Guridi et.al.,** a control sample can
be prepared using stainless steel mesh of similar size.
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Figure 2. AgXX product as purchased (left) and a single AgXX mesh (right).

Methods

After reviewing some published AgXX test data,*® it was determined that long term well plate coupon testing was
appropriate for the evaluation of the AgXX biofilm resistance; details of the test method can be found in the
reference.!

Coupons (1 cm?) were challenged with Pseudomonas aeruginosa (ATCC 10145), which has been isolated in ISS
water systems and is also known to produce biofilm. Cultures were prepared by inoculating 25 milliliters (mL) of
nutrient broth (NB) in a 125 mL sterile flask with a few colonies from a 24-hour culture grown on nutrient agar (NA).
The flask was incubated for 18 hours at 27° C and 150 rotations per minute (RPM) in a shaker/incubator. Sterile 12
well plates containing the AGXX mesh test coupons were inoculated with 4 mL of washed (centrifuge at 5000 RPM
and resuspend pellet in sterile water or sterile plant nutrient solution, repeat 3 times) bacterial culture adjusted to
approximately 1 x 106 cells per mL. Plates were sealed with parafilm and placed in a rotary shaker and incubated at
27°C at 110 RPM. Untreated mesh material coupon controls were included in testing. Both sterile water and plant
nutrient solution were tested to determine the effect on bacterial growth and biofilm formation. Tests were performed
in triplicate and duplicate plates were prepared: one for imaging and one for enumeration plating. The plates were
incubated in the rotary shaker/incubator at 27 °C at 110 RPM and sampled after 24 and 48 hours, one week and four
weeks. Figure 3 illustrates the plate set-up for one organism per sample time (total of 16 plates).

Sample processing

Coupons were removed from wells using sterile forceps. Coupons were then dipped individually three times in
sterile DI water to remove unattached cells. Individual coupons were placed in sterile 15 mL centrifuge tubes
containing 4 mL sterile water, vortexed for 30 seconds and placed in a bath sonicator and sonicated for 30 seconds.
This process was repeated 3 times to remove attached cells. After sonication, water was diluted and plated in triplicate
onto nutrient agar for enumeration of bacteria. Dilution and plating were also performed on the solution containing
the coupon in the 12 well plate to enumerate the unattached planktonic bacteria.

An aliquot of 1 mL of each sample was stained with BacLight, live/dead stain and filtered through 25-millimeter
(mm) diameter black filters. Filters were placed on a microscope slide fixed with oil and a coverslip and viewed using
a Zeiss axioscope fluorescent microscope.
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Stain with BacLight live/dead
stain for imaging and
quantification. (Set 1)

Rinse coupons to remove
planktonic cells and sonicate.
Dilution and plating. (Set 2)

AgXX Control

Figure 3. Plate set-up per organism and sample time point. Duplicate plates are prepared to accommodate
imaging and bacterial enumeration.

C. Results
CFU plate counts

Figure 4 and Figure 5 show the CFU plate counts of AGXX compared with the control mesh. Under test condition,
AgXX showed an impressive ability to prohibit bacterial growth both on the surface and in solution. The AgXX
meshes decreased bacterial growth to below the detection level of the plating method consistently for all time points,
while the control mesh did allow bacterial growth on the surface and in solution. In all cases, AgXX achieved greater
than a 5-log reduction.

The cell count results for the control mesh are shown in Figure 4 for DI water and Figure 5 for the plant nutrient
solution and are compared with the live/dead cell counts in the next section.

Live/Dead Images

When we closely examined the live/dead cell images, additional details on the AgXX effect were revealed. The
green (live) and red (dead) trendlines in Figure 4 (DI water) and Figure 5 (plant nutrient solution) below show the
live/dead stain counts for the control mesh and the AgXX mesh. These figures also break the counts down by location,
showing bacteria found on the meshes themselves (top graphs) as well as in the solution (bottom graphs).

Figure 4 shows the live/dead imaging counts along with plate counts in DI water. It was revealed that due to the
low nutrient level in DI water, for the control mesh, the plate counts decreased throughout the test. The live cell counts
decreased slower than the plate counts, as cells became unculturable before losing membrane integrity. At day 1, the
plate count was higher than the live cell count, likely due to the presence of ultrasmall cells that are culturable, but
difficult to count. The AgXX mesh greatly affected bacterial growth in DI water and directly impacted cell viability.
This is evidenced by the large number of dead cells (with compromised cell membranes) in water.

When combining these observations with the cell count results in Figure 4, we can see that on the control mesh
the cell numbers increased over time, indicating the growth of the biofilm. However, the plate counts decreased at the
end, likely due to starvation. On the AgXX mesh, the live cell numbers decreased after day 2, indicating the biofilm
resistance of the AgXX surface.

Figure 5 shows the live/dead imaging counts and plate counts in plant nutrient solution. The data shows that the
nutrient solution with the control mesh supported bacterial growth until day 7. The plate counts were higher than the
live cell counts, likely due to the presence of ultrasmall cells that are culturable, but difficult to count. The AgXX
was successful in preventing bacteria from growing in the nutrient solution, as evidenced by the live cell count
decreasing overtime while the dead cell count increased.

When comparing the control mesh with the AGXX on the mesh surface: on the control mesh, the plate counts
decreased more slowly at the end (Day 7 to Day 28), indicating that the biofilm helped to preserve the culturability of
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the cells as the nutrients were consumed in the solution. During the test, there were fewer cells on the AgXX mesh
than on the control mesh, as expected.

In summary, the AgXX prevented bacteria from growing, achieving greater than 5 log reduction, in DI water and
in the plant nutrient solution. The AgXX also directly impacted cell viability as evidenced by (in DI water) the large
number of dead cells (with compromised cell membranes) in water and with a lower total cell number on the mesh at
day 28; and (in the nutrient solution) a decrease of the live cell number in the solution, and the lower cell number on
the mesh.

Live/Dead and Plate Count: comparison

Figure 4 and Figure 5 show the comparison between the CFU plate count and the live/dead cell count for DI water
and the plant nutrient solution respectively.

In DI water, the live/dead cell counts showed that AgXX also directly impacts cell viability as evidenced by the
large number of dead cells (with compromised cell membranes) in water and a lower total cell number on the mesh at
day 28. In the nutrient solution, AgXX similarly impacts cell viability.

It is also evident that the total bacterial growth is much higher (and the growth period longer) in the nutrient
solution than in DI water, due to the higher nutrient level.
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Figure 4. Live/Dead cell count compared to CFU cell counts: DI water.
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Figure 5. Live/Dead cell count compared to CFU cell counts: Plant Nutrient Solution

IV. Plant Growth Experiments

The purpose of the Plant Growth experiments was to determine whether the use of the AgXX in a plant watering
system has detrimental effects on plant health and growth. To do this, we performed five consecutive growth tests and
harvests in an Aerogarden Farm 24Plus system.

A. Methods
Crop & Fertilizer Selection

Red romaine lettuce, Lactuca sativa cv ‘Outredgeous’, was selected for use throughout the five growth experiments
for its short growth cycle (~3-4 weeks to harvest) and known sensitivity to environmental stressors. The fertilizer
provided by Aerogarden was used along with the recommended dosing recipe and strategy.

System Assembly and Pre-run

Prior to any experiment, the Aerogarden Farm 24Plus system was assembled based on manufacturer instructions
and a test batch of lettuce was grown in it as assembled, to assess any potential problems. All standard sanitization,
daily checks, and final harvest data collection was performed during this test to provide an opportunity for procedural
changes prior to starting experimentation.

Grow-out Procedure

Each of the five growth tests followed the same general procedures which are outlined below. The first growth test
was to determine an appropriate amount of AgXX to use, the last four growth tests all used the same planting and
harvesting procedure with no changes to system water or test coupons in between growth tests. At the start of test #1,
the AgXX trial amount growth test, the Aerogarden system was sanitized by first scrubbing all components with soap
and water followed by a 10 min soak in a 5% bleach solution, rinsing with copious amount of DI water, and filling
the system with a dilute peroxide solution which was recirculated through all components for 24hrs prior to draining
and re-rinsing with sterile DI water. At the start of test #2 the system was sanitized and new sterile DI water was used
to fill each water bowl. This sanitization step was also repeated at the end of the 5™ harvest cycle (not between
harvests).
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Within the Aerogarden, there are two separate water bowls and grow decks. One contained AgXX in the form of
mesh rings purchased from ae-aqua, the other acted as a control and contained an equivalent amount of stainless-steel
mesh rings. For test #1, three 2cm x 6cm AgXX mesh rings were tested and determined to be too harmful to plant
health at that loading. For tests 2-5 one mesh ring was used but was cut in half and each half was placed on opposite
ends of the water bowl to distribute the product. Ten round plastic coupons were also placed throughout each system
at the start of test #1 to be used as biofilm indication coupons. Two of these were pulled from each system at the end
of each test, from approximately the same area.

Seeds were planted in the Aerogarden pods upon the start of each experiment using the following method. Prior
to planting all of the supplied Aerogarden growth media pods were adjusted by filling it in with extra pod media so
that the hole depth for each pod was approximately 1/8" inch. All pods were also autoclaved before used and soaked
in sterile DI water for ~1hr prior to planting to ensure they were all fully wetted. Two Outredgeous lettuce seeds were
planted in each pod to ensure successful germination. Daily checks were performed, details are outlined in AGXX-
SLP-002-Daily Experimental Checks. Temperature, humidity, light height, pest presence, pH, and conductivity were
all monitored daily. Water samples were also taken 2-3 times per week to measure hydrogen peroxide levels in both
systems. A Hach DR3700 was used to measure peroxide levels, using the Peracetic Acid and Hydrogen Peroxide
programs.

Harvests and Sampling

Harvests were broken up into a mid harvest (the four central plant pods) and a final harvest (remaining eight plant
pods) so-as to give adequate growing space and minimize overcrowding. Each harvest went through the same
procedure, which is described below. For each plant, the following were measured and recorded: height and width
dimensions, anthocyanin content, chlorophyl content (using a SPAD meter), and both wet and dry weights of the
vegetation and roots. For vegetation weights, each plant was cut at the base just above the roots and plug. For root
weights, the roots were carefully trimmed from the outside of each growth plug and patted dry with a paper towel
prior to measuring the wet weight. All plants were also photographed after each harvest on both black and white
backgrounds.

During each final harvest, water samples were pulled from each system for plate counts and chemical analysis.
Plastic biofilm coupons (two/system/harvest) were also taken to perform plate counts.

Microbial Growth Sampling

During each final harvest, water samples were pulled from each system for plate counts and chemical analysis.
Autoclaved polycarbonate biofilm coupons (two/system/harvest) were also taken to perform plate counts. The solution
was taken and vortexed for 30 seconds in a 50ml falcon tube before dilution of 100 pl in microcentrifuge tubes
containing 900 microliters (uL) sterile water in series. The tubes were then vortexed for five seconds before
immediately plating 100 pL each onto Tryptic Soy Agar (TSA) or Inhibitory Mold Agar (IMA). While TSA is a non-
selective growth medium, IMA inhibits bacterial growth which allows for selectivity of filamentous fungi and yeasts.
All plates were inverted and placed in a 30°C incubator for seven days. On day seven, a count of the colony forming
units (CFU) was taken to estimate the original sample population density.

Coupons pulled from the Aerogarden were transported individually in a sterile 15 mL centrifuge tube with 10 mL
of solution from the immediate vicinity of the coupon in the Aerogarden. The solution was drained and the coupon
transferred to a fresh tube of 4 mL sterile water before being vortexed for 30 seconds. This was followed by sonication
for 30 seconds, and one more vortexing round for 30 seconds to help release whatever microbial loads might be on
the coupon. The solution was then diluted and plated like the previous solution samples. The same process was done
with the filters but in 15 mL of solution due to the size of the filters.

B. Plant Growth Test Results — Plant Measurements & Environmental Conditions

A summary of the final harvest data is presented in this report, as it is representative of the same trends that were
seen in the mid harvest data. Additional charts will be included in the Appendix section. Figure 6 shows the
environmental conditions throughout the entire five month growth test period, including humidity, temperature,
lighting adjustments, system pH, and conductivity. There were no appreciable impacts from the environment on either
crop. The pH was only adjusted at the end of each growth test or if the system pH dipped below a pH of 4, and was
adjusted by adding equal amounts of 1M KOH to both systems. Apart from the first growth test, the pH in both systems
was nearly identical. System conductivity did appear to be slowly increasing in both systems over time, which is
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understandable and expected considering that the water reservoir was not being turned over or cleaned in between
tests.

ENVIRONMENTAL CONDITIONS
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Figure 6: Environmental conditions throughout the 5 month Grow Out period.

Hydrogen peroxide concentrations were monitored throughout the plant growth experiment by collecting water
samples 2-3 times per week and measuring the H,O, immediately after sampling. This was done to determine whether
the peroxide would accumulate over time in the AgXX system if the water is not fully changed out in between GOs.
Figure 7 shows the H,O, data for the entire plant growth experiment, with the AgXX system data shown in blue and
the Control shown in orange. Both systems trended together the entire time indicating that there was no significant
buildup of H20 in the bulk water from the AgXX.
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Figure 7: Hydrogen peroxide concentrations in the water bowls of the AgXX and Control systems through the

plant growth experiment.

The following plots and figures show a summary of some of the harvest data that was gathered in all five growth
tests. Figure 8 shows images of the growth trays at the ends of week 1-4 for test #3, where the control crop is shown

Figure 8: Week end images of Control (left) and AgXX (right)
crops throughout growth test #3.

crop yields.

10

in the left tray and the AgXX crop is shown
on the right. This growth test was typical of
what was seen for tests 2-5 and showed no
visible difference between the control crop
and the AgXX crop.

Figure 9 shows the final harvest averages
(shown as bar plots) and individual plant
measurements (shown as points) for both the
plant wet and dry mass and root wet and dry
mass for the control and AgXX crops. As
stated earlier, growth test #1 was a trial to
determine an appropriate amount of AgXX to
utilize in the water system. The amount used
was clearly too much, harming both the
vegetation and roots. This first growth test
was also harvested early, since it was only a
practice run, but is shown for totality in the
plots below. Once the AgXX amount was
adjusted, tests 2-5 showed no statistical
difference between the vegetation or root
mass of the AgXX crop vs the Control. It was
important to show that this trend would
continue over time to show that there is not an
accumulation of peroxide or other ROS forms
over time that would have greater impacts on
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Figure 9: The two charts above show the final harvest wet (left) and dry (right) mass of the plant (top) and
roots (bottom) for both the AgXX (blue) and Control (orange) crops for all 5 growth tests. The averages for each
harvest are represented as a bar plot, whereas the individual values for each harvest are shown as scatter plots.

Figure 10 shows the anthocyanin and chlorophyl content measurements from all five final harvests. As in Figure
9, the harvest averages are shown as bar plots while the individual measurements are shown as a corresponding scatter
plot. In can be seen that for test #1, which had a higher amount of AgXX, that the AgXX crop had much higher levels
of anthocyanin on average and lower chlorophyl levels than the control crop. This may be due to an increased stress
response in the AgXX crop due to the higher-than-necessary surface area of AgXX in that system for that growth test.
While tests 2-5 show no statistically significant differences between the two crops for anthocyanin or chlorophyl
content, the last three tests did show a consistently higher average for both values in the AgXX crop. A longer-term
study and a more in-depth nutrient analysis of the plants will need to be performed to determine if this trend continues
over time and indicates a potential for a healthier crop in the AgXX system.
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Figure 10: Anthocyanin and chlorophyl content measurements from all 5 final harvests. The harvest averages
are shown as bar plots while the individual reading are shown as a corresponding scatter plot.

C. Plant Growth Test Results — Microbial Sampling

At the end of each harvest, several coupons were placed within the Aerogarden bowl during planting sessions, and
two were pulled for testing at each harvest. When comparing the solution samples of the four harvests, the control
samples had higher microbial counts in comparison to the AgXX circulating solution in TSA, but the difference was
less than an order of magnitude (Figure 11A). However, the AgXX maintained a lower count consistently without full
cleaning between harvests. IMA growth over the harvests continued to increase in both the AgXX and control
environments, but still had a higher population count in the controls by the final sample (Figure 11B). The increase of
IMA media population could be due to those species outcompeting of the overall bacterial load in the initial
Aerogarden population, although further testing would be required in which the species growing could be isolated and
identified.

A TSA: Water Samples B IMA: Water Samples
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Figure 11. Comparison of microbial count in the control (blue) and AgXX (orange) conditions. Non-selective
TSA (A) growth, and selective IMA (B) of the solutions pulled from the Aerogarden during harvests.

When comparing the TSA coupons, the first samples (coupon 1 and 8) for the second harvest had over an order of
magnitude of population concentration difference. The rest of the harvests did not show as big of a difference between
the control and AgXX conditions as the first set, nor a trend in decrease/increase of populations. The release of
peroxides by the AgXX could account for the difference in population in the second harvest samples, though why
there would be a population increase in harvest 3 is unclear. Coupon placement could have also affected population
comparisons due to the effects of pump flow, which saw some movement of coupons from their original locations.
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The fungal counts did not grow past 10* CFU/mL but showed no consistently higher count when comparing the AgXX
and control coupons in harvests 2 and 3 (Figure 12). Harvest 4 had the highest population for both AgXX and controls,
but there was an overall decline at harvest 5. For harvests 4 and 5, control coupons had a higher population. Though
there were variations in pH, a clear correlation between the conditions documented in the previous section and the
microbial growth could not be determined.
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m Control mAgXX m Control  mAgXX
3 00E+06 | . | 4.50E+04 . | |
Harvest 2 Harvest 3 Harvest4 - Harvest5 Harvest2 . Harvest3 . Harvest4 . Harvest5
R , i , 4.00E+04 : . .
z 1 1 1 2 3.50E+04 1 1 1
o . ) - .
2 2006405 1 : 1 2 3006404 : 1 1
H | | H | |
2 1506406 ! ! ! § 2.50c+04 ! ' !
© I 1 | O 2.00e+04 1 | |
s . . 5 . .
5 100406 ! 1 | 8 150E+04 1 | |
S . S . ' '
= | ] | = 1.00E+04 1 1 1
2 5008405 . I 2 . . .
| ] | 5.00E+03 I ] I I
0.00E+00 I - - L— - 000E+00 — — N L BN .

Coupon 1 Coupon 8 Coupon 3 Coupon 4 Coupon 2 Coupon 4 Coupon 1 Coupon 2 Coupon 1 Coupon 8 Coupon 3 Coupon 4 Coupon 2 Coupon 4 Coupon 1 Coupon 2

Coupon Number Coupon Number

Figure 12. TSA (A) and IMA (B) counts from coupon samples pulled from each harvest.

The filter in front of the pump in each bowl was taken out and tested for growth. The overall microbial growth
was in the range of low 10° CFU on TSA (Table 1), but the IMA samples were two orders of magnitude lower (Table
2). On TSA, the count was higher in the control, though there was not as much difference as the control versus the
AgXX samples on the IMA. At this point, contact with AgXX could be minimized by the circulation of water,
therefore lowering the potency of released peroxides. Whereas coupons and the solution itself are more directly in
contact with the meshes downstream.

Sampling of the stainless-steel control and the AgXX meshes indicated a higher microbial load by at least an order
of magnitude in both the IMA and TSA growth plates. While the control filter showed growth within the range of 10*
CFU, the AgXX filter was below the detection limit of the plating dilution, indicating if there was a surviving
population it would be below 1x10% CFU. Apart from the AgXX filter, both left and right mesh samples and the TSA
filter sample had higher control condition microbial loads. Overall, no indication of biofilm formation was seen with
the naked eye on the coupons (Figure 22A), control mesh (Figure 22B), or AgXX mesh (Figure 22C).

Table 1. TSA microbial counts of the filter, right mesh, and left mesh in either control or AgXX environments.

Table 2. IMA microbial counts of the filter, right mesh, and left mesh in either control or AgXX environments.

TSA
Control AgXX
Filter 2.17E+06 1.53E+06
Right Mesh 2.96E+05 4.15E+04
Left Mesh 3.07E+05 2.35E+04
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IMA
Control AgXX
Filter 3.80E+04 6.80E+04
Right Mesh 1.80E+04 <1x103
Left Mesh 1.55E+04 <1x103
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Al
Figure 13. A polycarbonate coupon (A), stainless steel control mesh (B), and AgXX mesh (C) after being pulled
from their respective Aerogardens. No biofilm was noted on the samples. The textured effect on the coupon was
due to both the coupon itself, as well as a film of Aerogarden solution still on the coupon prior to replacing the solution
with sterile water.

V. Conclusion

This study aimed to determine whether the use of a novel antifouling coating, AgXX, would be effective and safe
in a plant water environment. To do this the task was broken into two separate sets of experiments: a coupon test to
determine AgXX effectiveness in plant nutrient solution; and a plant growth test to determine if AgXX had any
negative impacts on plant growth and health. Both tests yielded successful and promising results that indicate that
AgXX may be a useful tool in maintaining cleanliness in plant watering systems. Growth test #1 (with three AgXX
coupons rather than one) also provided valuable results as it proved that there is still an upper limit of AgXX usage
that will have detrimental effects on plant health. This first test emphasizes the importance of targeted AgXX
placement, such as for use in tubing and valves that are further away from plant roots but more susceptible to clogging
from biofilm.

In the coupon testing, AgXX achieved a 5-log reduction resulting in CFU counts that were below the detection
limit for all timepoints both in solution and on the mesh itself, whereas the control coupons showed CFU counts above
detection for most timepoints and of upwards of 2.00E+06. In the plant growth testing, growth tests 2-5 showed no
statistical difference between the vegetation and root growth of the AgXX crop versus the control crop. Microbial
testing of each system throughout the four growth tests also showed an overall decrease (but not elimination) in the
microbial population in the AgXX system compared to the control for both bacterial and fungal cultures. Equally
important are the microbial results from the meshes themselves at the conclusion of the plant growth testing, which
showed CFU counts for the AgXX meshes that were below detection for aerobic bacteria and lower than the control
in fungal counts.

These experiments and results show that AgXX is a promising tool to mitigate against biofouling in plant watering
systems at a level that is safe for the crops being grown in them. Further investigations into optimizing the specific
placement and amounts of AgXX in real spaceflight systems are necessary to understand the full potential of this
technology.
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