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ABSTRACT

lodine and silver ions (Ag"), added as silver fluoride (AgF) or silver nitrate (AgNO3), are
currently being used as a biocide to control the spread of bacteria in the water storage tanks
of the International Space Station (ISS). Due to the complications of the iodine system,
NASA is interested to completely replace iodine with silver and apply it as an antibacterial
surface coating on stainless steel (SS) surfaces for biofouling control in extended space
missions. However, Ag" is highly soluble and rapidly dissolves in water, as a result, the
coated surface loses its antibacterial properties. The dissolution of NPs into Ag* and
subsequent solubilization reduces its effectivity or extended period application. This study
focuses on the in-situ nucleation of silver nanoparticles (AgNP) on stainless steel followed
by their partial passivation by the formation of a low solubility silver sulfide (Ag2S), silver
bromide (AgBr), and silver iodide (Agl) shell with various concentrations for an increased
long-term biofouling performance and a slower silver release over time. Antibacterial
activity was evaluated using Pseudomonas aeruginosa. The highest bacterial inactivation
(up to 75%) occurred with sulfidized AgNPs as opposed to bromidized (up to 50%) and
iodized NPs (up to 60%). Surface analysis by scanning electron microscopy (SEM) showed
considerably fewer particles on AgBr and Agl compared to Ag.S-coated samples. Silver
iodide was not tested in additional experiments due to its drawbacks and its poor
antibacterial performance compared to sulfidized samples. Compared to pristine AgNPs,
Ag release from both sulfidized and bromidized NPs was significantly low (16% vs 6% or
less) depending on the extent of sulfidation or bromidation. Experiments were also carried

out to investigate the effect of passivation on biofilm formation. Biofilm growth was



smaller on surfaces treated with 10 M NazS and 10-* M NaBr compared to the surface of
pristine AgNPs. Overall, sulfidation appears to be the most effective option to control
biofilm formation on stainless steel. However, future research is needed to verify the
effectiveness of sulfidized AgNPs on other metals including Inconel 718 and Titanium

6Al-4V used in the spacecraft potable water systems.
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CHAPTER 1
INTRODUCTION

1.1 Motivation of this work

The development of a long-term strategy that can control the proliferation of
microorganisms and prevent biofilm growth in drinking water systems of International
Space Station (ISS) is among the major topics that have drawn considerable attention to it
(Kim, Tengra, Young, et al., 2013; Zea et al., 2020). Currently, iodine or silver compounds
such as fluoride (AgF) and silver nitrate (AgNO3) are used as disinfectants in the potable
water systems (PWS) of the ISS (Birmele et al., 2020; Williamson & Emmert, 2013).
Although iodine has low human toxicity thresholds and it is an effective disinfectant, it
also has various disadvantages in space missions. lodine produces a poor taste, needs to be
frequently replaced as it quickly loses its efficacy, and has high total organic carbon (TOC)
which leads to disinfection by products DBPs. Therefore, NASA is considering to
completely replace iodine with silver as an alternative antibacterial and anti-biofouling
agent for extended spaceflight missions (Birmele et al., 2012, 2020; Roberts et al., 2007).

Silver is a known biocide used for disinfection in the potable water systems on the
Russian side of the International Space Station (ISS) due to its capacity to inactivate
pathogens without leaving toxic disinfection residues (Q. Li et al., 2008; Williamson &
Emmert, 2013). Besides, silver is relatively safe for human consumption at a controlled
concentration level and does not need to be filtered out of the water before consumption
(Deshmukh et al., 2019; W. Li et al., 2018; Nowack et al., 2011; WHO, 2018). However,
silver ions (Ag") have limitations when it comes to long term control of biofilm growth in

water treatment systems. The water-soluble silver forms tend to quickly react with water
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inside the water storage systems and are quickly removed from metallic surfaces over a
short period of time (Birmele et al., 2020).

Silver nanoparticles (AgNPs) have been frequently used for biofouling control on
a variety of surfaces for biomedical systems and water treatment (Q. Li et al., 2008;
Marambio-Jones & Hoek, 2010; Rice et al., 2018; Sambhy et al., 2006; Silvestry-
Rodriguez et al., 2008; Tylkowski et al., 2019). Their promising behavior is primarily due
to their high specific surface area, which enhance dissolution into silver ions or increase
contact-mediated antimicrobial effects when the bacteria come into contact with the surface
(Alissawi et al., 2012; Verkhovskii et al., 2019; Zawadzka et al., 2014). The high solubility
of silver is favorable in a biomedical setting since it allows for a quick bacterial inactivation
(Burdusel et al., 2018). However, for long-term applications, silver ions immediately
solubilize in water in the presence of oxygen, and the surface promptly loses its
antimicrobial properties (Rahaman et al., 2014).

To reduce silver nanoparticle solubility and increase the usable lifetime of silver,
the performance of silver-based reverse osmosis (RO) membranes was assessed by
passivating the AgNPs on the coated membranes to Ag/Ag»S, using NazS as a sulfidation
agent (Barrios et al., 2020). This resulted in an 85% decrease in silver release rate without
compromising the antibacterial performance compared to pristine AgNPs. The silver
release rate reduction is due to the protective, low solubility Ag>S layer forming around
the AgNPs (Figure 1) (Barrios et al., 2020). This simple passivation approach allowed the
membrane to maintain its silver loading and antimicrobial activity over time, which
resulted in improved biofouling control when compared to pristine AgNPs

functionalization.
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Figure 1: Schematic overview of passivation of AgQNPs to core-shell Ag/Ag2S NPs through
sulfidation. A partial Ag>S layer is formed around AgNPs after sulfidation (Barrios et al.,
2020).

This promising biocidal performance of the Ag/Ag.S coated RO membranes,
together with the significant reduction of Ag release, raise the question of whether this
method will perform competently on other surfaces (Barrios et al., 2020). At present, the
inner surface of majority of ¥%-inch pipes used in the drinking water distribution systems,
water storage tanks, and even the inner surface of bellow tanks in the ISS is made of
stainless steel (Muirhead et al., 2020; Peterson & Callahan, 2007; Roberts et al., 2007).
However, the potential application of this new passivated silver coatings for biofouling
control on stainless steel has not been demonstrated. In addition, while Ag.S has shown
promising results for the control of silver release without loss of antimicrobial
performance, other passivation chemistries exist that may offer similar or even improved
performance compared to the very low solubility (Ks, = 8x10°!) Ag,S form. More
moderate passivation strategies based on silver-halide structures such as silver bromide
(AgBr) and silver iodide (Agl), with Kg, of 5.35x102 and 8.52x10°Y, respectively, have

proven to have good antimicrobial performance when tested in suspension assays (Liu et



al., 2015; Suchomel et al., 2015). These alternative passivation strategies, by providing an
intermediate solubility form between Ag® and Ag.S, have the potential to provide higher
biofouling control performance when applied to stainless steel.

In this thesis, we present a stable antibacterial silver coating that can be applied in
situ on stainless steel surfaces in water storage and distribution systems such as the one
used in the ISS. The SS surface was modified by the generation of AgNPs on the surface,
and their subsequent treatment to create different forms of passivated silver including
AQ2S, AgBr, or Agl, which are less soluble compared to zerovalent AgNPs. These different
forms of silver were compared to determine which form of silver passivation provides the
best biofouling resistance while retaining its silver loading on the surface. Antibacterial,
biofouling, and silver release assays suggest that Ag/Ag2S coatings display better long-
term bactericidal performance than Ag/AgBr and Ag/Agl coatings while showing a
desirable reduction in silver release rate. These simple coatings can be applied on SS
without needing to disassemble the system, which makes them well adapted to space
conditions, where simple chemistry and processes are preferred.

1.2 Research Question, Hypothesis and Objectives
According to the information available, the primary question that arises is whether this
passivation technique will have the same outcome on the stainless steel surface and whether
other materials can be used in this method and deliver a similar effect.
The main hypotheses of this project were:

1. By optimizing the Ag:S ratio, the solubility of nanosilver coatings on stainless steel

can be significantly reduced without compromising their anti-biofouling properties.



2. Other passivation chemistries exist that can extend the silver release duration and
preserve the antibacterial performance of the SS surface which may offer similar or
even improved performance compared to Ag.S passivation.

The following research objectives were pursued to verify the above hypotheses:

1. Form AgNP, Ag/Ag.S, Ag/AgBr, and Ag/Agl nanoparticles on stainless steel.

2. Characterize the surface of stainless steel before and after functionalization.

3. Perform antibacterial experiments to assess bacterial inactivation by silver-
functionalized stainless steel surface.

4. Develop biofilm on functionalized surfaces.

5. Determine the effect of passivation ratio in slowing down the biofilm formation
over time.

6. Quantify and compare the percentage of silver released from coatings with different

Ag:S and Ag:Br ratios over time.



CHAPTER 2
BACKGROUND LITERATURE

2.1 Applications of silver as a biocide

Silver has long been valued because it is applied for a variety of medical purposes.
Herodotus, who is often referred to as “The Father of History”, stated that Persian kings,
including Cyrus the Great, used to store and transport water in silver vessels to disinfect
and purify water (Alexander, 2009; Sim et al., 2018). Historians speculate that silver was
probably first used as an antimicrobial wound dressing by the Macedonians to treat wounds
and prevent infections before the common era (Alexander, 2009). In the early 1800s,
medical staff and scientists began to use silver as an antiseptic for post-surgical infections
in dentistry and medical devices (Melaiye & Youngs, 2005). In the last few decades, silver
has gained popularity and has been used in a wide range of applications as an antibacterial
agent. Other than their applications in clinical devices and biomedical products, AgNPs (1
nm — 100 nm in size) are also used as disinfectants in personal care products, water, air,

food packaging, jewelry, and textiles (Deshmukh et al., 2019).
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Figure 2: Applications of AgNPs as antimicrobial agents in different sectors (Deshmukh
etal., 2019).
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2.2 Toxicity of silver nanoparticles

Although the antimicrobial activity of AgNPs has proved to be highly effective
against aerobic, anaerobic, Gram-positive, and Gram-negative bacteria as well as more
than 650 other microorganisms including fungi and viruses, the exact mechanism of their
mode of antimicrobial action is still unknown and is not fully elucidated (Dakal et al., 2016;
Konop et al., 2016; Roy et al., 2019). The toxicity of AgNPs and their main method of
antimicrobial action on microorganisms did not attract researchers’ attention only until
recently (Burdusel et al., 2018; Marambio-Jones & Hoek, 2010). Regardless, several
studies have been conducted over the last decade in order to fully monitor and understand
how AgNPs interact with bacteria cells (Marambio-Jones & Hoek, 2010). Since
antimicrobial and characterization assays of AgNPs are not standardized, some
investigations have reported results that are contradictory to each other (Vazquez-Mufioz
etal., 2017). However, the three most common and possible antimicrobial actions that have
been suggested so far are: 1) Direct destruction of membrane and cell wall by AgNPs, 2)
Intracellular penetration caused by AgNPs followed by the destruction of intracellular
structures, 3) Increased production of reactive oxygen species (ROS) and causing oxidative
stress (Dakal et al., 2016; Roy et al., 2019).

The cell membrane of microorganisms is negatively charged due to the presence of
sulfur-containing proteins and amino acids inside and outside the membrane (Deshmukh
etal., 2019). The positively charged silver ions that are released from AgNPs upon contact
and under aerobic conditions, attract the negatively charged sulfur in the cell membrane.
This electrostatic attraction facilitates the adhesion of silver ions onto the cell membrane

which further leads to the diffusion and uptake of the cell membrane (Bapat et al., 2018;
7



Dakal et al., 2016; Hsueh et al., 2015). Once silver ions penetrate the cell, they attach to
and inactivate metabolic enzymes that provide energy to the cell. This stops the transfer of
nutrients, suffocating the cell. Besides, silver ions increase the production of reactive
oxygen species which damages cell metabolism and reduce cells’ ability to survive.
Furthermore, DNA loses its replication capability that eventually leads to the cell’s death
(Hsueh et al., 2015; Morones et al., 2005; Roy et al., 2019). Finally, all the cellular contents
will leak into the environment due to the destruction of the cell wall, which is believed to

be the key toxicity mechanism of AgNPs (Dakal et al., 2016; McQuillan et al., 2012).
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Figure 3: Most prominent mechanisms of antimicrobial action of AgNPs (Roy et al.,
2019).
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2.3 Factors impacting the antimicrobial action of silver nanoparticles

Physical and chemical properties play an important role in changing the
antimicrobial performance of AgNPs Size, shape, surface area, surface charge,
concentration, and solubility are among the physicochemical characteristics that can affect
the antimicrobial action of AgNPs (W. Li et al., 2018; Roy et al., 2019). Research has
revealed that AgNPs with smaller sizes act better and are more toxic against
microorganisms (Choi & Hu, 2008). Smaller nanoparticles have a higher surface area
which provides a higher interaction area and accelerates the release of silver ions (Roy et
al., 2019).

The release of silver ions also depends on the shape of AgNPs as it directly alters
the surface area. Previous studies reported that AgNPs with hexagonal or octahedral shapes
displayed the highest antimicrobial activity while triangular-shaped particles showed the
lowest toxicity (Roy et al., 2019). On the contrary, some scientists publicized that the size
or shape of the AgNPs did not significantly impact their biocidal performance (Actis et al.,
2015). Therefore, additional research is still needed to fully understand and verify these
statements.

Solubility of the silver has a direct relationship with the rate of ionic silver release
and thus, governs the antimicrobial action. Silver compounds such as silver nitrate
(AgNQO3) and silver fluoride (AgF) are among the most soluble while silver sulfide (Ag2S)
and silver arsenate (AgsAsQOs) are the least soluble silver forms (W. Li et al., 2018).

Concentration is another property that can impact the antimicrobial performance of
silver. Certain investigations suggest that the bactericidal concentration of AgNPs is not

consistent and particularly depends on the type of bacteria strain (Singh et al., 2014). Other
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environmental conditions also influence the antimicrobial activity of these particles as
Chitra et al formerly reported that at lower pH’s, the nanoparticle surfaces are less
negatively or positively charged, which satisfies the adhesion of silver to the negatively
charged bacteria (Chitra & Annadurai, 2014). All these key physicochemical
characteristics of AgNPs must be taken into account before utilizing them as a disinfectant
in different applications.

2.4 Silver as an alternative biocide in space applications

It has been more than fifty years since the Apollo 11 spacecraft landed humans on
the moon for the first time. Over the last five decades, the advancement of technology has
helped us tremendously to broaden our knowledge about space exploration, and humanity’s
space-based capabilities have grown significantly since 1969. With the advancement of
technology, the duration of space shuttle missions has gradually extended and NASA is
looking forward to longer-duration spaceflights and traveling deeper into space eventually
(Institute of Medicine (IOM), 2001).

One of the major challenges that astronauts are facing in the International Space
Station is microbial contamination, biofilm formation, and the potential health risks that
are associated with them. Therefore, space agencies including NASA, ESA (European
Space Agency), and JAXA (Japan Aerospace Exploration Agency) are continuously
seeking methods to monitor, control, and mitigate biofilm formation in order to protect the
space crew from the risk of infection during future space exploration missions (Kim,
Tengra, Young, et al., 2013; Yamaguchi et al., 2014; Zea et al., 2020).

The first study on biofilm formation in space was published in 1999 (McLean et

al., 2001). Before that, however, more than 100 microorganisms had been previously
10



identified and isolated from water recycling systems in the Soviet Salyut 6 and 7 and the
former Mir space station by scientists (Klintworth et al., 1997; Leys et al., 2009). These
challenges still continue after all these years and biofilms are still present and have been
detected on different surfaces in the International Space Station, especially in the water
recovery system (WRS) which consists of two parts, the Urine Processor Assembly (UPA)
and the Water Processor Assembly (WPA), which purify human urine and hygiene waste
and recycle them into potable water with more than 74% recovery (Yamaguchi et al., 2014;
Yang et al., 2018; Zea et al., 2020). More importantly, it is critical to find an effective
disinfectant as a surface coating that can be applied in situ in water systems of ISS without
the need of disassembly, and that can minimize microbial growth especially because the
cost of water is very high and approximately $83,000 per gallon (Aeronautics, n.d.).
Currently, the American side of the ISS uses iodine (I2) in their potable water
system as a disinfectant, whereas the Russian side has been using silver to disinfect their
water supplies since the operation of the Russian Mir Space Station (Birmele et al., 2020).
lodine has high initial Total Organic Carbon (TOC), eventually accumulates in the thyroid,
and must be removed from the water supply before being consumed by the space crew
(Birmele et al., 2012; W. Li et al., 2018; Roberts et al., 2007). Compared to this traditional
disinfectant, silver is emerging as a potential disinfectant because of its capacity to
inactivate microorganisms without leaving toxic disinfection residues and is highly
effective even below 500 parts per billion concentration which is the concentration limit in
water that is safe for human consumption (Birmele et al., 2020; Silvestry-Rodriguez et al.,
2008). Since the 1980s when it was first introduced in the Russian space stations, this

potent biocide has positioned itself as the preferred disinfectant because of its ability to
11



control microbial growth (Q. Li et al., 2008; Williamson & Emmert, 2013). These
significant drawbacks of iodine have led NASA to consider replacing silver as an
alternative antimicrobial additive for future space missions (Birmele et al., 2020; Yang et

al., 2018).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials and chemicals

Silver nitrate (AgNO3), sodium borohydride (NaBH4), sodium sulfide (NazS),
sodium nitrate (NaNO3), Isopropyl alcohol (IPA), sodium phosphate dibasic (NazHPO4),
potassium chloride (KCI), D-glucose monohydrate (CsH1407), and potassium bicarbonate
(KHCOs3) were purchased from Sigma Aldrich (St. Louis, MO). Potassium phosphate
monobasic (KH2PO4), 20 mM propidium iodide (P1), 3.34 mM SYTO 9 nucleic acid stain,
and agar were purchased from Fisher Scientific (Waltham, MA). Ammonium chloride
(NH4Cl) and magnesium sulfate heptahydrate (MgSO.) were purchased from ACROS
Organics (Columbus, OH). Luria-Bertani (LB) broth and nitric acid (HNO3) were
purchased from VWR International (Radnor, PA). Sodium chloride (NaCl) was purchased
from Carolina (Burlington, NC). All the required materials and chemicals were of ACS
grade or higher except trace metal grade HNOz. The 444 stainless steel (SS), a corrosion-
resistant form of stainless steel containing between 2 — 3% molybdenum used as a model
surface for treatment in the potable water systems of the International Space Station (ISS)
was provided by Cactus Materials, Inc. (Tempe, AZ) and used in all the observations. All
the solutions were made and surfaces were washed using deionized (DI) water from a
Barnstead™ GenPure XCAD Plus Ultrapure Water Purification System (Thermo

Scientific, Waltham, MA).
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3.2 In situ formation of silver nanoparticles

Coupons of stainless steel 444 (1cm x 1cm) were soaked in a 20% isopropanol
solution for 20 minutes and rinsed 3 times in DI water. Then, they were placed in 50 mL
Eppendorf tubes and submerged in a DI water solution containing 300 mM silver nitrate
(AgNO3) and agitated for 20 minutes. Subsequently, the AgNOs solution was removed
from the tubes and functionalized coupons were rinsed in DI water, and a 300 mM
concentration of sodium borohydride (NaBHs) solution was added to the tubes as a
reducing agent, and tubes were agitated for 5 minutes to nucleate the Ag* ions to AgNPs
on the SS surface following the previously developed protocol (Barrios et al., 2020; Ben-

Sasson et al., 2014).

3.3 Passivation of silver nanoparticles

The previously prepared AgNP-modified surfaces were rinsed in DI water to
separate loosen or weakly attached AgNPs from the SS surface. During the sulfidation,
bromidation, or iodization procedures, the AgNP-functionalized SS surfaces were
introduced to a DI water solution containing 0.01 M NaNOs (constant) with different
concentrations of either sodium sulfide (Na2S), sodium bromide (NaBr), or sodium iodide
(Nal) ranging from 107, 103, and 10"* M. The samples were agitated for 24 h to form an
Ag2S, AgBr, or Agl layer around the AgNPs and to generate Ag/Ag2S — Ag/AgBr — Ag/Agl

NPs of different Ag:S — Ag:Br — Ag:l ratios.

3.4 Characterization of functionalized stainless steel surfaces
Contact angles (CA) were analyzed on an Attension Theta by Biolin Scientific

(Gothenburg, Sweden) using a 1001 TPLT Hamilton syringe (Reno, NV). At least 6
14



different CA measurements were taken per sample from different areas of the pristine and
functionalized SS to account for variability. The software recorded ~200 data points over
10 seconds for each measurement (18 megaohm DI water). Subsequently, CA values were
averaged and documented as a final mean and presented as average * standard deviation
(Barrios et al., 2020).

The surface roughness of pristine and Ag-modified SS coupons was measured by
atomic force microscopy (AFM). AFM was carried out using tapping mode with a Bruker
Multimode 8 AFM (Digital Instruments, Plainview, NY) equipped with an NCHV (Bruker,
Camarillo, CA. Roughness parameters were analyzed using the Bruker NanoScope
Analysis version 1.9 software.

The zeta potential of the stainless steel surface was assessed by streaming potential
measurements using a ZetaCAD analyzer with a flat surface cell (CAD Instruments, Les
Essarts-le-Roi, France). An electrolyte solution containing 5 mM KCl and 0.1 mM HCOs3
was used throughout the analysis. Measurements were conducted over a pH range of 4 —
10 with a pressure range from 30 — 70 psi, and step durations of 30 and 60 seconds
following previously published procedures (Barrios et al., 2020; Rice et al., 2018).

Morphology and elemental identification of the SS surface were characterized
using scanning electron microscopy (ESEM-FEG XL-30, Philips Hitachi SU-70,
Hillsboro, OR) at an acceleration voltage between 5 — 25 kV. Energy-dispersive X-ray
(EDX) analyses were conducted to detect silver, sulfur, bromine, and iodine on the SS

surface.
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3.5 Antibacterial activity of functionalized stainless steel

Pseudomonas aeruginosa (ATCC 25668), a biofilm-forming bacterial model, was
employed in this project to evaluate the antibacterial performance of silver-functionalized
SS substrates in static antimicrobial experiments. Bacteria cultures were kept in enclosed
LB agar Petri dishes and stored at 4°C in the refrigerator. P. aeruginosa was grown
overnight in 50 mL LB broth placed in a Barnstead orbital incubator shaker at 37°C and
rotating at 140 rpm. Subsequently, bacteria solution was diluted in fresh LB (1:25) while
maintaining the same conditions used in the previous procedure for 2 h until cell culture
reached to an optical density of 1.0 at 600 nm. Portions of bacteria cells were washed 3
times with 0.9% NaCl solution in 1 mL Eppendorf tubes by centrifugation for 1 minute at
5000 rpm to separate bacteria culture from LB broth and to withdraw the cell remains.
Pristine and functionalized 444 SS coupons were deposited in 50 mL falcon tubes and were
then exposed to a suspension of P. aeruginosa (10’ Colony Forming Units/mL) in simple
sterile saline (0.9% NaCl) solution. They were agitated for 3 h at room temperature. The
SS coupons were removed from the bacterial suspension and the excess solution was
removed by slowly touching the edge of each coupon on a clean kimwipe paper. Coupons
were then added to new tubes containing 10 mL of 0.9% NaCl solution and bath sonicated
for 10 minutes to desorb the attached cells. The collected cells were diluted, plated on LB
agar plates, and incubated overnight at 37°C to count the number of viable colony forming

units (CFU).
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3.6 Quantification of silver release rate

Prepared coupons of functionalized 444 SS were weighed to serve as a measure of
the total sample mass/surface area and then placed in sealed acid-washed (trace metal-free)
50 mL polypropylene tubes. A 4.15 mL volume (used for 1 cm x 1 cm coupon) of DI water
solution was placed in the tubes and the tubes were each labeled and sealed. Tubes were
continuously agitated using an orbital shaker for 4 h time points. After the 4 h contact time,
SS coupons were removed and dried by placing the corner of each sample on a kimwipe
paper. Once the coupons were removed and dried after the 4 h contact time, 70% trace
metal grade HNOz was added to a final concentration of 10% in each tube to quantify the
amount of silver leached to the water. Dried coupons were then placed in a new set of tubes.
This time, the solution inside the tubes had already been acidified and contained 0.85 mL
of 70% HNOz and 4.15 mL DI water. Samples were agitated for 24 h and afterward,

quantification was done by Inductively coupled plasma mass spectrometry (ICP-MS).

3.7 Biofilm development on functionalized stainless steel

Biofilm formation was monitored using a microscopy flow cell designed to hold
pristine and silver-modified coupons of the specified size (1 cm x 1 cm). Initially, bacteria
were added in a sterile glass flask containing 50 mL LB broth, incubated in a Barnstead
orbital incubator shaker, and were grown overnight at room temperature. Bacteria
suspension was then diluted in LB broth (1:25) and placed inside the orbital incubator
shaker for an additional 2 — 3 h. Once the cell culture reached an optical density of 1.0 at
600 nm, aliquots of bacterial cells were washed 3 times following the previously

established procedure. A peristaltic pump was used to circulate a synthetic growth medium
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(M9 minimal medium) supplemented with P. aeruginosa (2x10’ Colony Forming
Units/mL). Fresh synthetic growth medium was made by supplementing 6 g of sodium
phosphate dibasic (Na;HPO4), 3 g of potassium phosphate monobasic (KH2POs), 0.5 g of
sodium chloride (NaCl), 1 g of ammonium chloride (NH4CI) in 1 L of DI water and
autoclaving it. Once media was autoclaved, 1 mL of 1M magnesium sulfate (MgSOa), 1
mL of 0.1M calcium chloride (CaCl.), and 20 mL of 10% (w/v) glucose were added, and
then stirred on a stirrer. All three ingredients were prepared in a sterile environment before
being added to the solution.

In all the experiments, two coupons of the specified size of each sample were placed
in the flow cell in every experiment. The synthetic growth medium was poured into a
modified plastic beaker placed inside a secondary container to avoid any possible
contamination in case of spills. Bacteria suspension was then recirculated inside the flow
cell using a peristaltic pump (Masterflex) at a constant flow rate of 3.2 mL min* for 120
h, which resulted in the formation of biofilm on the surface of SS coupons. Subsequently,
the length of biofilm on the surfaces was quantified using Optical Coherence Tomography

(OCT) microscope (Ganymede Il, Thorlabs, Germany) and ImageJ analysis of biofilm.

3.8 Data analysis and statistics

All experiments were performed in at least three independent replicates (n = 3). The
standard deviation in each experiment was calculated and the results were standardized
relative to the control. By performing a one-way analysis of variance ANOVA, followed

by a Tukey post hoc test using OriginPro 2018 software, statistical differences between the
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control and Ag-functionalized samples were obtained, with a p-value of less than 0.05

acknowledged as being significant.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Stainless steel surface characterization

The functionalization of the SS surface was validated by both SEM microscopy and
XPS (Appendix A). The functionalization procedure was performed in two steps: 1) in situ
formation of AgNPs on the SS surfaces and 2) functionalization of AgNPs by sulfidation
or halogenation. Silver nitrate and a reducing agent (NaBHa4) are the only two reagents that
are used in the first step; the second stage requires sulfidation (sodium sulfide) or
halogenation (sodium bromide and sodium iodide) agents. Once the first stage was
completed and AgNPs were formed on the SS surface, different solutions comprising
different concentrations of Na>S, NaBr, or Nal were put in contact with the samples to form
Ag: AgaS, Ag: AgBr, or Ag: Agl particles on SS surface.

Figure 4 exhibits SEM images of pristine SS, AgNP-modified SS, sulfidized SS,
bromidized SS and iodized SS (Figure 4A-E). All the images represent the flat and smooth
surface of stainless steel, however, the difference between the pristine and coated surfaces
of SS is evident. Image C, D, and E show the small AgNPs on the SS surface. Image (C)
clearly shows that the surface is entirely covered by NPs after sulfidation without any signs
of particle agglomeration. Conversely, images (D) and (E) show fewer AgNPs on the
surface, and there are evident signs of agglomeration. The uniform surface coverage of
AgNPs after sulfidation can increase the anti-biofouling properties of the surface as the

particles are more stable and have a higher surface area when the surface is evenly covered.
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Figure 4: Functionalized stainless steel characterization. Scanning electron microscopy
imaging of A) control, B) AgNPs functionalized, C) sulfidized AgNPs, D) bromidized
AgNPs, and E) lodized AgNPs stainless steel. All images were taken at a scale of 1um.
Concentrations of 101 M Na2S, 10" M NaBr, and 10" M Nal were used to passivate AgNPs
in A, B, and C images, respectively.

4.2 Silver nanoparticles passivation improves the antibacterial activity

The Ag* ion is known to be the main driver for the toxicity of AgNPs to bacteria
(Xiu et al., 2012). Therefore, reducing Ag* release can also reduce the antimicrobial
properties of the AgNPs on the stainless steel surface. Previous studies have shown that
highly sulfidized Ag>S NPs have low toxicity to P. aeruginosa and Escherichia coli
(Barrios et al., 2020). However, Barrios et al showed that it is possible to partially sulfidize
AgNPs and achieve a slower release rate without significantly impacting antimicrobial

activity (Barrios et al., 2020).
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To determine the passivation conditions that can achieve this balance between
silver release and bacterial inactivation for the different passivation chemistries considered,
pristine and functionalized SS coupons coated with AgNPs, Ag:Ag.S, Ag:AgBr, and
Ag:Agl of different passivation extents were placed in a suspension of P. aeruginosa which
was selected as a biofilm-forming bacteria model as it has been repeatedly identified in the
International Space Station over the years (Birmele et al., 2012; Kim, Tengra, Shong, et
al., 2013; Zea et al., 2020). After 3 h of contact, bacteria cells were detached from the
surface and incubated to quantify the number of viable CFU. Figure 3 shows the average
viable CFU counts on each sample relative to the control. CFU count decreased to 60.95 +
23.72, 41.24 £ 17.86, 30.3 £ 12.3, and 25.17 + 11.26% for coupons functionalized with
AgNPs or AgNPs treated with 10, 103, and 10° M NazS, respectively. All three Na,S
concentrations confirm the effectiveness of silver sulfidation in reducing the number of
viable CFU. All the sulfidized samples except for the 10 M NazS diminished P.
aeruginosa CFU count on SS in a statistically significant way, similar to the previously
obtained results for reverse osmosis (RO) membranes (Barrios et al., 2020).

A similar trend is observed for bromidized and iodized AgNPs (Figure 5). After 3
h of contact time, viable CFU counts for the AgNPs treated with 10, 103, and 10° M
NaBr decreased to 60.53 + 8.74, 47.98 £ 17.46, and 59.34 + 19.23% compared to the
control, respectively, while for the Nal-treated samples with same passivation
concentrations, the viable CFU count decreased to 60.8 + 23.3, 47.16 + 25.61, and 38.66 +
13.43%, respectively. Results demonstrate that there is no statistical difference between
bromidized or iodized samples and the AgNP-functionalized stainless steel. When

compared at the same molar concentrations of passivating agents, all sulfidized AgNPs
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showed slightly lower numbers of viable CFUs compared to bromidized and iodized
AgNPs, with the 103 M and 10° M NazS passivation treatment having the best static
antimicrobial performance with a 70 — 75% decrease in viable CFU on the surface,

compared to the control sample.
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Figure 5: Number of viable colony forming units (CFU) on SS coupons after 3 hours of
contact with a 10° CFU/mL P. aeruginosa suspension at room temperature. Grey, green,
blue, orange and yellow columns represent control, AgNP, sulfidized, bromidized, and
iodized coupons respectively. 101 M, 10° M and 10° M in the X-axis represent the
passivation concentration that was used in the functionalization process. Results were
normalized with respect to the control (n=5).
4.3 Silver nanoparticles passivation slows down biofilm formation

Silver iodide was not tested in additional experiments due to its poor performance
against silver sulfide and also because of its adverse effects on human health and also
imparting a bad taste to drinking water as previously reported by NASA (Birmele et al.,

2020; Roberts et al., 2007). Biofouling experiments were carried out to measure the
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thickness of biofilms on pristine and silver-modified stainless steel surfaces over time.
Surfaces were continuously in contact with M9 minimal medium containing P. aeruginosa
suspension (2x10” CFU mL™) for 5 days and with constant recirculation. Figure 6
demonstrates that the length of the biofilm formed on the surface of AgNP, 101 M, 103 M,
10°M Na,S and 101 M, 10° M, 10> M NaBr functionalized coupons was reduced to 53.69
+12.08, 53.38 £ 7.8, 29.83 £ 6.97, 43.11 + 15.69, 36.33 £ 12.47, 29.9 + 9.07, and 53.38 +
20.01% respectively, compared to the control sample. ImageJ analysis of biofilm length on
the fifth day of exposure suggests that sulfidized and bromidized SS samples demonstrate
a similar or even improved biofouling resistance compared to AgNP-coated samples. Less
biofilm was formed on the surface of SS coupons with 10° M NazS and 10° M NaBr
concentrations compared to the surface of AgNP impregnated coupons. This can be
explained by the fact that sulfidation slows down the dissolution of AgNPs and therefore,
silver remains at a higher concentration on the surface for a longer time, which allows for
better biofouling mitigation. On the other hand, 10 M NaxS and 10* M NaBr
concentrations form a thicker passivation shell around the AgNPs which limits its

antibacterial performance when compared to the 10 M concentration.
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Figure 6: Biofilm length (mm) on the surface of pristine and silver-modified SS coupons
after 5-day exposure to M9 minimal medium with a 2x10” P. aeruginosa concentration in
an electrochemical cell set-up. Results have been normalized with respect to control.

These results indicate that both AgBr and Ag.S-modified SS surfaces can reduce
biofilm formation, however, there is a threshold of sulfidation and bromidation (10 M
concentration) that proves to be more effective in slowing down the formation of biofilm

on the SS surface for extended periods of time.

4.4 Silver nanoparticles passivation decelerates silver release

The release of Ag* from AgNPs is an extremely important factor to consider in
space missions as it partly controls the long-term biofouling performance of the surface.
The formation of low-solubility forms of silver (Ag.S, AgBr) around AgNPs is expected
to reduce silver release from the functionalized stainless steel surfaces, as it was shown

previously for membranes (Barrios et al., 2020) and polymers (Sambhy et al., 2006). Based
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on the Ksp of the different forms of silver generated, the silver release rate should decrease
in the order of AgBr > Ag>S. However, the total silver release may differ from this order
due to potential partial passivation of the AgNPs on the surface. Therefore, silver release
was quantified for the different passivated surfaces to assess the effectiveness of each

passivation strategy in retaining the silver on the surface over time.

Figure 7. depicts the total percentage of silver released from stainless steel coupons
functionalized by pristine AgNPs, and AgNPs passivated with 10 M, 103 M, 10° M NazS
and NaBr. Sulfidation was found to decrease the percentage of silver released after 4 h
from 16.23 + 3.88% for AgNP-treated samples to 0.72 £ 0.49, 2.91 + 1.72, and 2.24 +
1.86% for 10t M, 10° M, and 10° M Na.S-treated samples, respectively. For the
bromidized samples the silver release percentage reduced to 3.25 + 1.73, 2.02 £+ 1.44, and
2.25 + 1.24% for 10t M, 103 M, and 10°> M NaBr-treated samples, respectively. These
results are in agreement with similar silver release experiments and confirm the effect of
sulfidation in slowing down the Ag release process (Barrios et al., 2020; Lee et al., 2016;

Levard et al., 2011; Sambhy et al., 2006)

When the two strategies are compared, no statistical difference is found between
sulfidized and bromidized samples and both passivation techniques show a significant

reduction in the percentage of Ag released after 4 h compared to AgNP-treated samples.
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Figure 7: Percentage of silver released from AgNP, sulfidized and bromidized samples
after 4 h agitation in a DI water solution. Ag was quantified using ICP-MS. Different letters
indicate statistical difference (p <0.05) n=3.

4.5 Functionalization effects on the surface properties

Surface functionalization can change the fouling tendency of any surface.
Therefore, it is of paramount importance to assess how these divergent modifications of
silver can alter the surface characteristics with respect to the pristine stainless steel. The
zeta potential of stainless steel samples slightly decreased to more negative values after
functionalization (Figure 8). In addition, the surface zeta potential of functionalized
samples follows a similar trend, with the sulfidized SS being slightly less negative
compared to the unsulfidized one since the AgNP are more negatively charged (Reinsch et

al.,, 2012). Overall, since most of the surface is still stainless steel even after
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functionalization, and stainless steel surface has a negative zeta potential (Wu et al., 2018),

the zeta potential of the samples remained negative ranging from 0 to — 20 mV.
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Figure 8: Zeta potential measurements of (A) sulfidized and (B) bromidized samples from

pH 4 to pH 10.

Further analysis using AFM imaging indicated that functionalizing SS surface with
AgNPs and different concentrations of the less soluble forms of silver (AgBr — Ag»S)
significantly (p>0.05) impacts the SS surface roughness when compared to pristine SS. As
quantified by AFM, control SS showed an average surface roughness of 30.95 nm + 5.00,
while the treated SS had values of 35.8 nm + 7.17, 54.02 nm + 8.56, 61.57 nm + 1.7, and
36.37 nm = 4.14 for AgNP, 10! M, 1073 M, and 10> M Na,S-treated samples, respectively.
Following, bromidized samples showed an average surface roughness of 50.3 nm + 11.66,
43.82 nm * 4.74, and 33.65 nm + 9.09 for SS surfaces functionalized with 107! M, 1073 M,
and 107> M NaBr concentrations. Although functionalization did not significantly affect
the SS surface roughness of AgNP and bromidized samples, the surface roughness of 10!

M and 10° M Na,S-treated coupons increased significantly compared to the control
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coupon, and roughness tends to decrease as the Na,S and NaBr concentration decreases

(Figure 9).
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Figure 9: AFM surface roughness (root mean square) parameters of pristine and
functionalized stainless steel. Different letters indicate statistical difference (p < 0.05) n =
4,

Hydrophobicity/hydrophilicity of SS surfaces was assessed by measuring the water
contact angle (CA). Functionalization of SS did not significantly impact the SS
hydrophilicity when compared to the control sample, with measured contact angles of
74.99 + 0.86°, 69.55 + 2.44°,68.28 + 1.64°, 75.94 + 3.29°, 75.78 + 2.88°, 66.14 + 10.49°,
70.48 + 8.31°, and 76.7 + 6.23° for the pristine, AgNP, 10™' M NazS, 10> M NazS, 10° M
Na.S, 10°' M NaBr, 10> M NaBr, and 10> M NaBr SS samples, respectively. However,

when compared together, CA of 10 M NaBr and 10> M NaBr were significantly different

from each other.
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Figure 10: CA of pristine and Ag-functionalized SS measured by surface contact angles.
Different letters indicate statistical difference (p < 0.05) n = 6.

Therefore, based on the surface characterization results, surface roughness tends to
slightly increase by functionalizing the stainless steel with different forms of silver which
is due to the agglomeration of AgNPs on the SS surface as shown on the scanning electron
microscopy images (Figure 4). Previous studies have shown that there is a positive
correlation between surface roughness and the formation of biofilm. However, there are
contradictory theories as to whether roughness has a significant impact on bacterial
adhesion and biofilm formation on the surface or not (De-la-Pinta et al., 2019). In this
research, since both sulfidation and bromidation techniques have shown a considerable
increase in anti-biofouling and antibacterial performance of the SS surface, it can be
concluded that the higher bactericidal activity and biofouling resistance of silver-
impregnated surfaces are mainly due to the inherent biocidal properties of AgNPs attached

to the SS surface not the physical properties of the SS surface.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
Biofilm proliferation on the inner surface of the International Space Station’s WRS is
among the most challenging issues that NASA is facing today and this has raised several
concerns regarding the potential harms it can cause to astronauts' health. Therefore, NASA
is striving to find a permanent solution for this issue to prevent it from occurring in future
long-term spaceflights that could range from several months to several years. This study
provides insight into how a simple in situ nucleation of AgNPs followed by their partial
passivation by sulfidation, bromidation, and iodization with different extents can increase
the durability, antibacterial performance, and biofouling resistance of stainless steel
surface. All three strategies showed bacteria inactivation, however, Agl was not tested in
these further investigations due to its drawbacks and lower antibacterial performance.
Sulfidation and bromidation of AgNPs reduced biofilm thickness by >70% and
significantly decreased the percentage of silver release from 16% for AgNPs to less than
3% and 6%, respectively. In general, sulfidation seems to be the most effective choice for
biofouling mitigation on stainless steel as it exhibited the highest antimicrobial activity and
durability, and it is also a more preferable option as it does not result in the halogenation
of organic compounds as opposed to the other techniques. Future research must be
conducted to identify appropriate alternative reagents with a lower toxicity class (<2) that
are compatible with space exploration, and to evaluate the effectiveness of sulfidation on
other metals including Inconel 718 and Titanium 6AI-4V used in the water distribution

systems of International Space Station.
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APPENDIX A

EDX IMAGES
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Figure Al: EDX image of pristine stainless steel
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Figure A2: EDX Image of AgNPs-functionalized stainless steel
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Figure A4: EDX Image of 10 "*M NaBr-functionalized stainless steel
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Figure A5: EDX Image of 10 "*M Nal-functionalized stainless steel
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