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ABSTRACT
Shabnam, Rabiya, M.S., Environmental and Conservation Sciences Program, College of
Graduate and Interdisciplinary Studies, North Dakota State University, December 2010.
Interactions of Iron Nanoparticles with Microorganisms. Major Professor:
Dr. Achintya N. Bezbaruah.

Nanoparticles (<100nm) are being used in different applications such as
biomedical, personal care, industrial, and environmental remediation. NZVI particles
have unique physico-chemical properties like high surface area and high reactivity. High
reactivity of nanoparticles is a concern when it comes to various ecosystem components.
The impacts of NZVI particles on ecosystem components including endemic microbial
community are not well studied. This research is an effort to elucidate the interactions
between NZVI and some environmentally significant pram negative bacteria.
Experiments were designed to study the interactions of threc model gram negative
bacterial species (Escherichia coli 8739, E. coli IM 109, and Pseudomonas putida F1).
The growth and viability of all bacteria were evaluated in the presence of NZVI particles
with nutrients (in nutrient media) and without nutrients (in buffer solution). The
bacterial species were exposed to various NZ VI concentrations (0.09-10 mg/mL) under
stirring (800 rpm) and shaking (150 rpm) conditions at different temperatures (4, 22, and
37°C). Microorganisms exposed to 0.09, 0.2, 0.5, 0.8 and 1.0 mg/mL of NZVT in buffer
(stirring condition), showed variable viability. At very low NZVI concentration (0.09
mg/mL.) viable cells were seen until 60 min, and at higher concentration (0.2-1.0
mg/mL) no viable cells were observed after 5 min. NZVI had no significant effect on the
three strains at lower concentrations (1 and 2 mg/ml) in the nutrient media. £. coli
JM109 and P. putida F1 were significantly reduced at environmentally signiticant NZV1
concentrations. However, following an initial reduction E. coli 8739 recovered back to

the same level as the control. The recovery of E. co/i 8739 was not due to a reduction in

ii



the toxicity of NZVI as redosing with NZVI at 3 and 6 h did not affect the regrowth.
Hence it was postulated that the observed regrowth in the presence of NZVI was a result
of growth characteristics of the microorganism. Further experiment at suboptimal
growth temperatures of 22°C and 4°C resulted in reduction in bacterial viability for both
5 and 10 mg/ml of NZVI. Based on the results obtained from experiments done at
suboptimal temperature and comparing them with the results from experiments
conducted at optimal temperature of 37°C it can be concluded that NZVI toxicity on
microorganisms are microbial species/strain specific and in some cases depends on the
growth of the microorganisms. Actively growing E. coli 8739 are not affected by NZVI

toxicity while non-dividing cells are adversely affected.
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CHAPTER 1. INTRODUCTION
1.1 Definition of Nanoparticles

Nanoparticles are particles smaller than 100 nanometers in two or three
dimensions (ASTM international, 2006). Nanoparticles are small colloidal particles
which can be transported freely, and they are typically reactive species. Nanoparticles
size-related properties significantly differ from other fine particles or bulk materials.
They have unique physical and chemical properties such as particle aggregation,
photoemission, electrical and heat conductivity and catalytic activity (Liu W.T et al.,
2006). The classification of nanoparticles is based on their morphology, composition,
dimension, and agglomeration behavior (Buzea et al., 2007). Some of the common
nanoparticles are metallic (gold, iron, nickel, cobalt), semiconductor {quantum dots),
and polymeric (poly (L-lactic acid or PLA) (Liu W.T et al., 2006). In nature,
nanoparticles are formed either biotically or abiotically by weathering, precipitation and
biomineralization and are ubiguitous in the environment (He et al., 2008). Since the
early 1990s, synthetic nanoparticles have drawn interest of the scientific communities
and industry. There are numerous uses of nanoparticles in specialized and everyday

commercial products.
1.2 Applications of Nanoparticles

Nanoparticles are finding applications in personal care, energy, and biomedical
products in addition to other industrial applications. Products and applications where
nanoparticles have widespread uses include surface disinfectants, fabrics, filtration,
hazardous chemical neutralizers, automotive components, electronics, scientific

instruments, sports equipment, and flat panel displays.



Nanoparticles are widely used in personal-care products. For example, titanium
dioxide (TiO;) and zinc oxide (ZnO) are being used in beauty care products,
toothpastes, sunscreens and opacifiers (Reijenders, 2006; Serpone et al., 2007). Metal
oxide nanoparticles (TiO,, Fe;O3 and ZnO) are being introduced in commercial
products such as cosmetics and sunscreens (Nowack and Bucheli, 2007). Nanosized
iron oxides are also used in some lipsticks as pigments (Royal Society, 2004). Silver
nanoparticles are known to have antibacterial properties and are used in cosmetics,
antimicrobial hand sanitizers, and hand washes. Silver nanoparticles are also used in
fabric, and in medical textiles to reduce bacterial contamination (Bosetti et al., 2002; Ju-
Nam and Leéd, 2008).

Titania nanoparticles (TiO;) are suitable for photocatalytic activities and
photoelectric energy conversion (Schukin et al., 2003). Carbon nanotubes (CNTs),
quantum dots, and graphene are also widely used in solar cells. Cerium oxide (CeOz)
nanoparticles are finding use as an additive in fuels and as a component in oxygen
sensors (Robinson et al., 2002; Laosiripojana et al., 20035; Ju-Nam and Lead, 2008; Zhu
et al., 2009). Gold/silica nanoparticles are used in optical sensing (Kumar et al., 2006).

Nanomaterials are used in medical and biological sciences. Different
nanoparticles are used in areas such as drug delivery, gene therapy, fluorescent labeling,
imaging (as contrasting agents), tissue engineering, separation and purification (of cells
and biological molecules), and products such as DNA probes and microsurgical tools.
Silicon dioxide (SiQ;) nanoparticles are being used in dental fillers, prosthetic implants,
and as drug carriers (Calvo et al., 2001;: Akerman et al., 2002., Chen et al., 2004; Salata
et al., 2004; Balamurugan et al., 2006, Harris et al., 2006; Nel et al., 2006; Reijnders,
2006). Functionalized gold nanoparticles (<10 nm) show evidence of higher affinity for

amino acids and nucleic acids, and, hence, are used as molecular delivery vehicles (Rosi



et al.,, 2006). Magnetic nanoparticles are being used in biomedical and biological
applications such as targeted drug delivery, hyperthermia treatment, and protein
separation and biosensing. Magnetic nanoparticles are also used as contrasting agents in
magnetic resonance imaging (Chanana et al., 2009). For example, iron oxide
nanoparticles are being used in imaging tumors and in therapy (Peng et al., 2008).
Magnetic nanoparticles have a unique property to function at cellular and molecular
level of biological interactions, making them popular for biomedical applications.

Metal oxide nanoparticles (TiO;) are used in ceramics, coatings, catalysis
semiconductors, microelectronics, sensing, transport, and other applications in
biological aﬁd medical sciences (Daniel and Astruc, 2004; Aitken ct al., 2006; Nel et
al., 2006; Reijnders, 2006; Murphy et al., 2008).

Silver nanoparticles are used in dental resins, in coatings of medical equipment
such as catheters, infusion systems (Bosetti et al., 2002; Markarian, 2006). In addition,
silver nitrate and titanium dioxide nanoparticle-coated facemasks are used to protect
against infections (Li.Y et al., 2006). Bimetal nanoparticles [CdSe/Cds, CdSe/ZnS,
ZnSe/ZnS, CdTe/CdS] are used for fluorescent bioimaging (Schreder et al., 2000).

Fullerens are being used in combination with polymers as thin-films in electro-
optical devices and biomedical applications (e.g., drug delivery). Functionalized CNTs
are being used in biomedical applications like delivery of candidate vaccine antigens,
drugs, peptidomimetics, proteins, and oligo-nucleotides as well as in field of peptide
chemistry (Prato, 1999; Bianco and Prato, 2003; Bosi et al., 2003). Quantum dots are
finding uses in medical imaging and medical devices. Also, Quantum dots are finding
uses in photovoltaics, telecommunications, and sensors (Ju-Nam and Lead. 2008,

Klaine et al., 2008).



Additionally, nanoparticles are used in identifying plant-pathogen interactions
and are expected 1o result in new ways for crop protection (Nair et al., 2010).

There are numerous instances where nanoparticles have been used for
environmental pollution control and contaminant remediation. As the present research
specifically deals with environmental applications of nanoparticles a separate section

has been devoted to discuss this topic (See section 1.3).

1.3 Environmental Applications of Nanoparticles

Because of their unique physico-chemical properties, such as high surface to
mass ratio, reactivity, and small size, there is a growing interest in the usc of
nanoparticles for environmental remediation. Nanomaterials are used for the removal of
the contaminants or pollutants from the environment (U.S. EPA, 2007). Nanoparticles
are used for water quality improvement, groundwater remediation, air pollution
prevention and control, and hazardous waste treatment (Masciangioli et al., 2003;
Balbus et al., 2006; U.S.EPA, 2007). Nanoparticles have been used in bath in-situ and
ex-situ applications for the treatment of contaminated water, soil, sediment, and solid
waste (Zhang, 2003; U.S.EPA, 2007 b; U.S.EPA, 2009).

Chloro-organics, considered to be a major group of contaminants in the US and
around the world, can be effectively remediated using different nanoparticles (Table
1.1). Other contaminants that can be remediated by various nanoparticles/nanomaterials
include halogenated hydrocarbons, certain pesticides (atrazine, alachlor),
polychlorinated hydrocarbons, dyes, and inorganics such as nitrate, perchlorate,
dichromate, and arsenate (Zhang 2003; USEPA 2007 b, Thompson, et al., 2010).
Nanometals are already being commercially used for groundwater remediation

(Gavaskar et al., 2003). Among the number of nanoscale materials explored so far for



environmental remediation are nanoscale products of zeolites, metal oxides (TiO,, iron
oxide), carbon nanotubes (CNTs), and a variety of noble metals (palladium, platinum,
nickel, silver, and gold, mainly used as bimetallic nanoparticles (Xu and Zhang, 2000;
Zhang 2003; Mauter and Elimelech 2008; Karn et al., 2009).

Table 1.1: Examples of nanoparticles used in environmental remediation

Nanoparticles Contaminant Reference
Nano zeolites Toluene,nitrogen dioxide Song et al., (2004)
Carbon nanotubes (CNTs) | p-nitrophenol benzene, Jinetal., (2007)

toluene, dimethylbenzene,
Heavy metal ions

Bimetallic nanoparticles PCBs, chlorinated methane, | Xu and Bhattacharyya (2005)

(Pd/Fe) ethane Xu and Zhao (2007)
Zhang and Wang (1997)

Ni/Fe and Pd/Au TCE and PCBs He and Zhao (2005)

nanoparticles

TiQ; photocatalyst Heavy metal ions Pena et al., (2005)

Pentachlorophenol (PCP) Quan et al., (2003)

Iron-based nanoparticles are most commonly used in environmental

remediation. Iron nanoparticles are discussed in more details in the next section (1.4).
1.4 Iron Nanoparticles for Environmental Applications

Iron is an inexpensive, and environmentally compatible. Among the iron, zero-
valent (Fe?) is very extensively used in environmental remediation. Nanoscale zero-
valent iron (NZVI) is a good sorbent and a reducing agent which can breakdown the
contaminants into benign form or less toxic substances (Liu et al., 2005). NZVI
application is of great interest in the remediation industry because of its unique
properties (Zhang, 2003; Tratnyek and Johnson, 2006; Zhang and Elliot, 2006). NZVI
particles are very reactive, and have large surface area (22-54 m*g"') which gives them
an advantage compared to microscale ZVI (surface area 1-2 m’g") (Liu et al., 2005;

Krajangpan et al., 2008; Thompson, 2008; Bezbaruah et al., 2009 b).



NZVI has a core-shell structure which makes it relatively stable yet reactive in
the environment (Liu et al.,, 2005; Nurmi et al., 2005). The oxide of the outer layer
protects the core Fe (Figure 1.1) from accelerated oxidation and helps degradation
reaction to proceed at a reasonable speed. Because of this unique structure, NZVI
exhibits characteristic of both Fe® and oxides/hydroxides (Li et al., 2006; Bezbaruah et
al., 2009 a). Iron oxides act as sorbent and metal core behave as reductant. The
oxide/hydroxide shell may also provide sites for chemosorption via chemical complex
formation.

NZVI particles are used in the remediation of groundwater contaminants like
chlorinated éompounds including dense non-aqueous phase liquid (DNAPL) (Zhang
and Wand, 1997; Lien and Zhang, 1999; Zhang, 2003; Liu et al., 2005; Liu and Lowry,
2006; Liu et al., 2007), pesticides like DDT and alachor (Joo and Zhao et al., 2008;
Thompson and Bezbaruah, 2008; Bezbaruah et al., 2009 b, Thompson et al., 2010), and
metals and heavy metals like Ag, As, Cd, Cr, Hg, Ni, Pb, and Zn (Blowes et al, 1997;
Ponder et al., 2000; Farrel et al., 2001; Alowitz and Scherer, 2002; Cao et al., 2005;
Li.X.Q et al., 2006; Sohn et al., 2006). Iron Nanoparticles are also used for the
remediation of contaminated soils (Martin et al., 2008), sediments (Zhang and

Frankenberger, 2006), and biosolids (Li et al., 2007).

Figure 1.1: The Core-Shell model of Zero-Valent iron nanoparticles. (Modified from
Li et al., 2006)



The reported mode of contaminant degradation by NZVI is reductive
dehalogenation (Matheson and Tratnyek, 1994). In a typical remediation situation Fe’
pets oxidized to Fe'' and gives out electrons in the process (Vogel et al., 1987
Matheson and Tratnyek, 1994). Contaminants accept the electrons donated by Fe” and
undergo reductive degradation.

Fe — Fe** + 2¢ [1.1]
For example in case of chlorinated compounds:

RClI+H++2¢ —RH+CI" [1.2]
Combining the reactions [ 1] and [2], the following representative reaction is obtained to
represent the degradation process.

RCI+ Fe’+H" — RH + Fe*" + CI” [1.3]

Microscale iron and iron filings have been used in permeable reactive barricrs
(PRBs) for groundwater remediation with varying degrees of success (Matheson and
Tratnyek, 1994; USEPA, 1999; Farrell et al., 2001). Given the advantages of NZVI, it
can be expected that the use of NZVI in PRBs will significantly increase the

performance of the barriers (Elliot and Zhang, 2001).
1.5 Nanoparticles and Microorganisms
1.5.1 Fate of nanoparticles

Microorganisms are the principle components of ecosystems and often they
mediate redox reactions in the environment. With the increasing popularity of
nanoparticles for biomedical, commercial, and ecnvironmental applications, the
interactions of these particles with the components of the environment need to
investigated. There are concerns about safety of human exposure of nanoparticles

during handling. Among the most commonly used nanomaterials TiO;, carbon (carbon



black and nanotubes), and transition metal nanoparticles are reported to pose health
impacts. National Institute for Occupational Safety and Health (NIOSH), (2009) has
recommended the use of respirators for protection against nanoparticles. (Biswas and
Wu, 2005; NIOSH, 2009). There are also reports about nanoparticles affecting the
aquatic environment. Certain commercial nanoscale metals like zinc oxide (ZnQ),
cerium dioxide (CeQ,), titanium dioxide (Ti0;) and also fullerenes (nano-Ceg) are
shown to have potential impacts on the aquatic population, food web dynamics, and the
overall functioning and health of the ecosystem. (Lovern et al., 2007; Battin et al.,
2009; Johnston et al., 2010). However, only limited studies have been reported on
possible impact of nanoparticles on endemic microorganisms and more particularly
microorganisms that are typically used for environmental contaminant removal. The
routes through which microorganisms may be exposed to nanoparticles can be either
direct or indirect. Nanoparticles that are used in biomedical and commercial products
may find their way to the environment via wastewater and surface water flows. Also
very reactive nanoparticles may come in contact with the components of the
environment (e.g., microorganism) when such particles are used in environmental

remediation (e.g., nanoparticles directly injected into contaminant plumes).

1.5.2 Nanoparticles toxicity

There are concerns about the toxic effects of nanoparticles on microorganisms
(Neal, 2008). A variety of nanoparticles has promising antibacterial properties and,
therefore, can be beneficial for human uses. Silver (Ag) nanoparticles are typically used
as antimicrobial agents. The antibacterial activity of silver depends on the size of silver
particles, where nanoparticles attaches to the surface of cell membrane and disrubts its

proper celi functions, like respiration and permeability, and finally causing death of the



cell. (Panacek et al., 2006; Morones et al., 2005). According to Sondi and Salopek-
Sondi (2004), bacterial inactivation depends on the concentration of nanoparticles. They
have demonstrated that when Ag-NP concentration is increased from 10 pg/ml to 100
pg/ml, there is a delay in growth of E. coli. In another study, Pal et al., (2007) has also
shown that silver nanoparticles disrupt membrane activity and damages the membrane.
Membrane impairment in microorganisms has been reported by others for ZnO
(Brayner et al., 2006), Mg (Stoimenov et al., 2002), CeO; (Thill et al., 2006)
nanoparticles. Studies with ZnO nanoparticles and E. coli show biocidal effects and
membrane disorganization, as well as cellular internalization of nanoparticles by the
bacteria (Brayner ct al., 2006). Substantially decreased viability of E. coli and S. aureus
has been reported in the presence of TiO2 nanoparticles (Tsuang, 2008). But, Fe;Osand
AlLO; demonstrated moderate toxicity on E. coli.. E. coli could attract lower charged
cations and, therefore, cytotoxicity might be exerted via the lower valent cations.
Hence in case of NZVI, the decreased toxicity is seen in NZVI as the cationic charges

begins to increase (Fe’ to Fe’* and finally to Fe'") (Hu et al., 2009).
1.6 Nanoparticles Impact on Microorganism

Researchers have reported that NZVI particles inactivated gram-negative
bacteria £. coli (Auffan et al., 2008; Lee et al., 2008). Additionally, the toxicity of
different iron nanoparticles (Fe3O4, y-Fe,Os, Fe” nanoparticles) towards gram negative
bacteria E. coli and its mutants sod A and sod E have been reported by Auffan et al,,
(2009). The toxic effect of reduced forms of iron has been reported to be higher than
that of highly oxidized nanoparticles (Auffan et al., 2008).

NZVI has been used in groundwater remediation by injecting them into the

aquifer at concentrations of 1g/L (i.e., Img/mL) to 10g/L (i.e., 10 mg/mL) This range



is typically ideal for the remediation depending on contaminant concentration (Henn
and Waddill, , 2006; Li et al., 2006).

There is not reported studies on impacts of nanoparticles on subsurface
microbial activitics in the sites where NZVI was injected However, laboratory scale
studies show bactericidal effects (pure cultures) of NZVI even at low concentrations in
the buffer solution (Leec et al, 2008; Auffan et al., 2008). These studies indicate
possible adverse effects of NZVI on microorganism but are not conclusive as the tested
microorganisms are deprived of essential nutrients in a buffer solution.

Auffan et al., (2008) studied E. coli cells attach to NZVI and found NZVI
toxicity to be dose dependent. They also compared toxicity of NZVI and iron oxide
nanoparticle (magnetite and maghemite) and concluded NZ VI to be more toxic. NZV]
toxicity on microorganisms depend on the redox state of iron .The main source of
toxicity is oxygenation of Fe species, either Fe(Il) or Fe’, inducing an oxidative stress
or by Fe(ll) release into the solution (Auffan et al., 2008). Nanoparticles may also
enhance redox reactions by generating reactive oxygen species (ROS) (Egs. 1.4-1.6,
Auffan et al., 2008). The toxicity of NZVI is hypothesized to be due to the oxidative
stress on the microorganisms caused ROS. ROS may cause the disruption of the cell

membrane or electron/ion transport chain.

Fe+O.12H ___y Fe* " +H,0, [1.4]
Fe'+H,0, ——» Fe™+20H™ [1.5]
Fe’'+H.0; ——» Fe''+OH+OH™ [1.6]

Lee et al., (2008) observed more bactericidal effects of NZVI under anerobic
conditions than under aerobic conditions. They also concluded that E. coli inactivation
is NZVI dose and size dependent. NZVI was found to be more toxic than the regular

ZV1 which concluded that it the nanosize of the particles that imparts toxicity. The
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toxicity of NZVI in the oxygen saturated conditions is less than deoxygenated
conditions, possibly because of passivating oxide layer formation around NZVI
particles. Li et al., (2010) also reported that if there is complete oxidation of Fe’ NZVI
loses bactericidal effects. Aged NZVI (partial oxidized) particles were less toxic to £.
coli than fresh NZ VI particles. (Li et al., 2010). There are studies that report no signs of
toxicity in E£. coli cell proliferation by different concentrations of iron oxide
nanoparticles (Table 1.2) at optimal conditions of growth in the Luria Bertani (LB)
media (Williams et al., 2006). But in the presence of iron oxide shell, NZVI particles
show decreased reactivity (Baer et al., 2008; Sarathy et al., 2008). However, Fe (1) was
found to be toxic under anaerobic conditions, and in the case of NZVI, the released
Fe(l1) from nanoparticles may contribute to toxicity.

However, there is also a school of thought that Fe” does not directly contribute
to the cytotoxicity of the cell where Fe (Il) is a prerequisite for cell damage and
(Grieger et al., 2010). In another study oxidized NZVI particles have shown no effects
on P. fluorescens, a gram negative bacterium but hydrated iron oxide FeO(OH)
nanoparticles have shown 100% inactivation. In Bacillus subtilis the inactivation was
95% (1 mg/mL NZVI) and 80% (0.1 mg/mL NZVI). As the concentration of the NZV]|

decreases the chances of survival of the bacteria increases (Diao and Yao, 2009).

11
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Table 1.2; Effects of iron-based nanoparticles reported in the literature

].Vano Test organism Concentrations Suspensions Observation Reference
particle Type used
NZVI Escherichia coli strain Dose-dependent toxicity (>70mg NZVI/L) Auffan et
FesO (maﬂl;emite) Qc1301 and its mutant 7,70,175,350,700 Ultrapure water | the toxicity is induced due to oxidative alu )
Fé 6 (m;unetite) sodA sodB Qc2472 mg/mL (pH 5-5.5) stress. by oxygenation of reduced Fe (2'008)
TS species (Fell and Fe0).
Strong bactericidal effect under deaerated
NZVI Escherichia coli (ATCC 19— 110 me/L 2 mM Carbonate | conditions, dose dependent, physical Leeetal.,
strain 8739) - & buffer disruption of cell membranes, Fe (1) (2008)
creating oxidative stress producing ROS.
Si- iron oxide Williams
e . . . 2.2x107 g/mL L.B. The interactions were non-specific, no overt
Silica /tron oxide, Escherichia coli . . A et al.,
media signs of growth inhibition. (2006)
Si- 3.3x10™ g/mL -
Bacillus subtilis, -Gram
positive, Complete inactivation in P. fluorescens. Diao and
NZVI, Oxidized NZV!1 | Pseudomonas fluorescens- ) when treated with 10 mg/ml of NZVI
L 0.1.1,10 mg/mL DI water . . .o . Yao
[FeO(OH)] Gram negative. = particles under aerobic condition with a (2009)
Aspergitfus versicolor- vigorous shaking. -
Fungus
NZVI, Surface coated .
; . In NZVI, aerobic exposure to 100 mg/L of
/ 1 .
NZVL (polystyrene nitial NZVI NZVI (28% Fe’ and rest oxides) led to 0.8-
sulfonate, . . concentration 100 5mM NN . .
Escherichia coli (ATCC ) . log inactivation after 60 min. Li et al.,
polyaspartate and - mg/L, Bicarbonate
strain 33876) - R . (2010)
NOM) Minimum tnhibition buffer soiution C . .
. . Toxicity is decreased in anerobic
Aged NZVI (Partially concentration (MIC) ditions: it may be d de |
Oxidation) 0.001-2 o/L con 1t(1'0ns. it may be due to oxide layer on
‘ ’ - the Fe' surface.




1.7 Need Statement

There are at least two schools of thought regarding relationship between
microorganisms and nanoscale zero-valent iron (NZVI) particles. Some researchers
(Auffan et al., 2008; Lee et al, 2008) have shown that NZVI adversely affects
microbial growth. However, others (Li et al., 2010; Grieger et al., 2010) argue that
microorganisms can survive in the presence of NZVI as the toxicity of the nanoparticles
depends on various factors including the oxidation state of NZVI. To date researchers
have looked at microorganism-NZVI interactions from the perspective of iron
chemistry rather than looking at it from microbial perspective. Microorganisms are in
the environmént for millions of years and they are very resilient and adaptive to
environmental changes. While the published results on microorganism-NZVI
interactions are not questioned, they need careful interpretation vis-a-vis the
methodologies used by the researchers. For example, most of the growth studies were
conducted either in buffer solutions (Lee et al., 2008; Li et al., 2010) or deionized (DI)
water (Diao and Yao, 2009). Unfortunately, these study conditions are not
representative of real life situations (e.g., contaminant plume in the aquifer or
wastewater treatment plant) where microorganisms will have basic growth nutrients
while getting exposed to NZVI. Further, some of the studies were conducted were under
unrealistic stirred (800 rpm) conditions (Lee et al., 2008). Such extreme agitation is not
expected in any treatment situation presently in use.

Based on the observations above, there is a need to look at microorganism-
NZVI interactions from microbiological perspective and under more realistic
environmental conditions. This study is an effort to bridge the existing knowledge gap

in the area of NZVI-microorganism interactions. The needs to monitor possible toxicity



of NZVI on native microbial population and consequent ecological impacts have been

emphasized by researchers (Wiesner et al., 2009).

1.8 Hypothesis

It is hypothesized in this research that microorganisms can survive and grow
undisturbed in the presence of nanoscale zero-valent iron (NZV1) particles under typical

environmental conditions.

1.9 Objective

The general objective of this research is to better understand the interactions

between nanoscale zero-valent iron (NZVI) particles and endemic microorganisms.

The specific objectives of this study are:
l. To study growth of environmentally relevant microorganisms in the presence of
NZVI in buffer (no nutrient) solution, and
2. To study growth of environmentally relevant microorganisms in the presence of

NZVI in nutrient media.
1.10 Organization of the Thesis

This thesis is divided into four chapters. Chapter [ is the introduction which
includes background of this research, need statement, and research objectives. Chapter
2 discusses materials and a method used in this research, Chapter 3 presents the results
from NZVI-microorganisms interactions studies in buffer and nutrient media and
interprets the results. Chapter 4 includes conclusions and recommendations for future
work. This thesis also includes additional information in the form of list of

abbreviations.



CHAPTER 2. MATERIALS AND METHODS

2.1 Chemicals

All chemicals used for experiments were reagent grade. Ferrous sulphate
(FeSO47H,0, 99%, Alfa Aesar, USA), sodium borohydride (NaBH4, 98%, Sigma
Aldrich, USA), sodium hydroxide (NaOH, Alfa Aesar, USA), ethanol (CoHsOH, J.T
Baker,bUSA), and carbonate buffer 2 mM (pH 8.0) (VWR, USA), and phosphate
buffered saline (pH 7.2) (Ambersco, USA) used as received unless otherwise specified.
All materials were used as received unless otherwise stated. Chemicals were stored at

room tempera‘ture (22 £2°C) or at temperatures specified by the suppliers.
2.2 Media Preparation

Tryptic soy broth (TSB), brain heart infusion (BHI), and nutrient agar were

prepared as described by the supplier (Difco, USA).
2.2.1 Cultures

Microbial cultures of Escherichia coli (ATCC strain 8739), Pseudonomas
putida F1 (ATCC strain 70007) were purchased from American Type Culture
Collection (ATCC, USA). Escherichia coli K-12 JM109 was purchased from Promega,
Inc. (Catalog number P9751, Madison, WI, USA). E. coli 37°C) and P .putida Fl
(30°C) were grown in a brain heart infusion (BHI) and tryptic soy broth (TSB),

respectively, for 20 h before using in the experiment.
2.3 Preparation of Nanoscale Zero-valent Iron (NZVI) for Microbial Studies

Iron nanoparticles were synthesized using the sodium borohydride reduction of

ferrous ion (FeSO4.7H,0) in an aqueous phase (Li et al., 2006; Bezbaruah et al., 2009 a;
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Krajangpan et al., 2008). The synthesized NZVI was dried under flowing N, and
vacuum overnight (>5 h). The dried NZVI was air-stabilized (passivated) overnight (>5
h) and stored in the sealed vial.

The reaction scheme for the synthesis is as follows:

2 Fe*" + BHy+ 3H,0 © 2F¢’| + H,BOy +4H' + 2H, [2.1]

The nanoparticles were not characterized within this research but during
previous work done by others (Thompson and Bezbaruah, 2008; Bezbaruah et al., 2009
a; Krajangpan et al., 2008). The particle size (diameter) of the synthesized nanoparticles
ranged from 10 to 90 nm (average diameter = 35 nm), and they were spherical in shape
(Thompson and Bezbaruah, 2009). The surface area was reported to be 25 m*/g. For this
research, the NZVI particles were autoclaved in a vial sealed with a Teflon-coated
rubber septum for sterility before performing any microbial study. The autoclaving

procedure included 20 min sterilization at 121°C.
2.4 Experiments with Buffer Solutions
2.4.1 Bacteria growth study in buffer solution with NZVT (stirring condition)

The goal of this experiment was to study the growth of different bacterial strains
under stirring (800 rpm) conditions when exposed to different concentrations of NZVI
in carbonate buffer.

A 100 pL aliquot of overnight (~18 h) bacterial cultures (E. coli 8739, E. coli
JM109, and P. putida F1) were inoculated into 50 mL of BHI and TSB grown at 37°C
(both E. coli strains) and 30°C (P. putida) for 18 h. Bacteria were harvested by
centrifugation at 1000 g for 10 min, washed twice with 50 mL of 150 mM phosphate-

buffered saline (PBS, pH 7.2) and resuspended in 50 mL of PBS. A | mL aliquot of



this bacterial-PBS stock was transferred to 50 mL of 2 mM carbonate buffer (pH 8.0) to
get a final concentration of approximately 1x10° CFU/mL.

Required amounts of NZVI were added to the buffer to achieve NZVI
concentrations to 0.09, 0.2, 0.5, 0.8, and 1.0 mg/mL. The bacteria with NZVI in
carbonate buffer were incubated at room temperature (22°C+2°C) for 60 min while
stirring at 800 rpm in a magnetic stirrer. The 50mL Pyrex bottles remained uncapped
(exposed to air) throughout the experiment. Samples (1 mL) were collected at definite
intervals (0,5, 10,30,60 min), and bacteria was enumerated following spread plating of
serial dilutions on nutrient agar plates. The agar plates were incubated at 37°C and 30°C
for 24 h and colonies were counted. The counted colonies were plotted as viable
cells/mL versus time. Experiments were performed in triplicate. The experimental

procedure is presented in Figure 2.1.
2.4.2 Bacterial growth study in buffer solution with NZVI (shaking condition)

The goal of this experiment was to study the growth pattern of the bacteria when
exposed to different concentrations of NZVI in carbonate buffer under shaking
conditions (150 rpm).

The previous procedure (Section 2.4.1) was followed to wash the bacteria (£.
coli 8739) and 1 mL aliquot was transferred from the PBS-bacterial stock to 50 mL of
carbonate buffer (pH 8.0) and brought it to approximately 1x10° CFU/mL. The
required amount of NZVI was added to the buffer to bring the final concentrations to 1,
2, 5, and 10 mg/mL. The suspension of bacteria and NZVI in carbonate buffer was
incubated at 22°C for 120 min and shaked at 150 rpm. Aliquots (1 mL) were collected
at definite intervals (0, 5,10,30,60,120 min), following spread plating of serial dilutions

on nutrient agar plate.



Incubate E. coli 8739, E. coli IM109, P. putida and 0.09, 0.2, 0.5,
0.8, and 1.0 mg of NZVI/mL at 22°C in carbonate buffer and
stirring at 800 rpm in a magnetic stirrer for 60 min

A

Collect 1 mL aliquot at
definite interval (0-60 min)

h

Serial dilution and nutrient
agar plating

3
Incubation at 37°C (E. coli) and
30°C (P. putida)for 24 h

A

Plate count and plotting
of Cells/mL vs Time

Figure 2.1: Schematic for the growth study of bacteria in buffer solution with NZVI (stirring
condition).
The agar plates were incubated at 37°C (E. coli) and 30°C (P. putida F1) for 24 h and
colonies were counted. The counted colonies were plotted as viable cells/ml. versus
time. Experiments were performed in triplicate. The experimental procedure is

presented in Figure 2.2.



Incubate E. coli 8739 with 1, 2, 5, and 10 mg
of NZVI/mL at 22°C in buffer solution shaking
in a orbital rotating shaker (150 rpm) for
120 min

Collect 1 mL aliquot at definite
intervals (0-120 min)

Serial dilution and
nutrient agar plating

Incubation at 37°C for 24 h

Plate count and plotting of
Cells/mL vs Time

Figure 2.2: Schematic for the growth study of bacteria in buffer solution with
NZVI (shaking condition).

19



2.5 Experiments with Nutrient Media
2.5.1 Bacteria growth study in nutrient media with NZVI (stirring condition)

The goal of this experiment was to study the growth pattern of the bacteria when
exposed to different concentrations of NZVI in nutrient media under stirring conditions
(800 rpm).

A 250 pL aliquot of an E. coli 8739 culture was inoculated into 25 mL of BHI
medium and incubated at 37°C for 6 h with NZVI (1, 2, 5, 10 mg/mL). Cultures
exposed to the different concentrations of NZVI were stirred using a magnetic stirrer at
800 rpm. Aliquots (1 mL) were collected at one hour intervals for 6 h followed spread
plating of serial dilutions on nutrient agar plates. The agar plates were incubated at
37°C for 24 h and colonies were counted. The counted colonies were plotted as viable
cellsymL versus time. All the experiments were performed in triplicate. The

experimental procedure is presented in Figure 2.3,
2.5.2 Bacterial growth study in nutrient media with NZVI (shaking condition)

The goal of this experiment was to study the growth pattern of different bacteria
when exposed to different concentrations of NZVI in nutrient media under shaking
conditions.

A measured volume (250 pL) of 2-3x107 CFU/mL of E. coli 8739, E. coli
IM109 and Pseudomonas putida F1 were inoculated into 25 mL of BHI medium and
TSB medium, respectively. They were incubated at 37°C and 30°C respectively for 10
h with NZVI (1, 2, 5, and 10 mg/mL). The inoculation temperatures were chosen as

these are optimal temperatures for £. coli (37°C) and Pseudomonas putida F1 (30°C)
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Incubate E. coli 8739 with 1, 2, 5 and 10 mg of
NZVI/mL at 22°C in nutrient broth stirring using
magnetic stirrer (800 rpm) for6 h

Collect 1 mL aliquot at definite intervals (0—6 h)

y

Serial dilution and nutrient agar plating

y

Incubation at 37°C for 24 h

A

Plate count and plotting of
Cells/mL vs Time

Figure 2.3: Schematic for growth effects of E. coli 8739 in nutrient media with NZVI
(stirring condition).

growth. Controls were also incubated at 30/37°C without NZVI for all the three strains.
All the cultures incubated with different NZVI concentrations were shaken at 150 rpm
using an orbital rotating shaker. Aliquots (1 mL) were collected at approximately every
1 h for 10 h followed by spread plating of serial dilutions on nutrient agar plates. The
agar plates were incubated at 37°C and 30°C for 24 h and colonies were counted. The
counted colonies were plotted as cells/fmL versus time. All the experiments were

performed in triplicate. The experimental procedure is presented in Figure 2.4.
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Incubate E. coli 8739, E. coli IM109, at 37°C
in BHI media and P. putida at 30°C in TSB
media and shaked in an orbital rotating
shaker (150 rpm) with 1, 2, 5 and 10 mg

NZVi/mL. Controls were run without NZVI

v

Collect 1 mL aliquot
every hour for 10 h

A\

Serial dilution and
nutrient agar plating

A4

Incubation at 37°C for

A4

Plate count and plotting of
Cells/mL vs Time

Figure 2.4: Schematic for the bacterial growth study in nutrient media with NZV]
(shaking condition).
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2.5.3 Growth of E. coli 8739 in nutrient media with intermittent dosing

with 10 mg/ml of NZVI

The goal of this experiment was to further study the growth characteristic of the
strain E. coli 8739 with repeated dosing with 10 mg/mL NZVI.

E. ¢oli 8739 was inoculated into BHI media containing 10 mg/mL of NZVI and
incubated at 37°C (shaking speed of 150 rpm). Aliquots (1 mL) were collected every 1 h
for 10 h followed by spread plating of serial dilutions on nutrient agar plates. The agar
plates were incubated at 37°C for 24 h and colonies were counted. The counted colonies
were plotted as cells/mL versus time. At 3 h and 6 h, additional 1 mL samples of the
culture were (taken and the NZVI was removed using a magnet (Dynal, MPC-S,
Norway). The sample (without NZVI) was transferred to a sterile nutrient broth
containing 10 mg NZVI/mL. and was incubated at 37°C for additional 7 h and then for
another 4 h shaking at 150 rpm).

As a control, E. coli 8739 was grown for 3 h in nutrient broth without NZVI. 10
mg/mL NZVI was added to this control at 3 h and further incubated for 7 h at 37°C.
Aliquiots (1 mL) were collected every hour for the entire length of the experiment
followed by spread plating of serial dilutions on nutrient agar plates. Experiments were

performed in duplicates. The experimental procedure is presented in Figure 2.5.
2.5.4 Growth of E. coli 8739 at sub-optimal temperatures

The goal of this experiment was to study the growth characteristics of £. coli
8739 under suboptimal temperatures (22°C and 4°C) in nutrient media. The growth
studies were performed at the suboptimal temperatures at 22 + 2°C on the bench top,
and in 4+2°C in a cold room. Experimental procedure similar to the one enumerated in

section 2.5.2 was followed.
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Incubate E. coli 8739 at 37°C in
nutrient broth shaking in an orbital
rotating shaker (150 rpm) with 10 mg

NZVI/mL
h 4 A
Collect 1 mL aliquot Collect additional Collect additional
every hour for 10 hours 1 mL aliquot at 3 1 mL aliquot at 6

y

« Remove NZVI using magnet

Y A 4
Serial dilution and Incubate at 37°C in nutrient

nutrient agar plating broth shaked in a orbital

rotating shaker (150 rpm)
with 10 mg NZVi/mL.
Additional 7hand 4 h

/ incubation for samples

Incubation at 37°C for collected at3hand 6 h,

respectively

3 A

Plate count and Collect 1 mL aliquot every
plotting of Cells/mL vs

Tirma

Figure 2.5: Schematic for the bacterial growth redosing of E .coli 8739 with NZVI
(shaking condition).
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2.6 Transmission Electron Microscopy (TEM) Studies

The goal of this experiment was to visualize the NZVI along with bacteria. The
5 h and 2 h sample were used to capture bacteria-NZVI interactions, while the bacteria
numbers were actively diving.

The strains (£. coli 8739) were incubated at 37°C with 10 mg/mL of NZVI for
2h and 5 h, by shaking at 150 rpm. The same bacteria incubated at 37°C without NZVI
were used as controls. Transmission electron microscopy (TEM) was done at NDSU’s
Electron Microscopy Laboratory. The bacteria was washed three times in ultrapure
water, fixed with 2.5 % glutaraldehyde in Millonig's phosphate buffer (pH 7.4) for 24 h
at 4°C then fixed with osmium tetraoxide at 25°C and dehydrated in a graded series of
acetone (30, 50, 70, 90, and 100%) with en bloc saturated uranyl acetate staining during
the 70% acetone step. After completion of the dehydration, the bacteria were embedded
in an epon-araladite epoxy resin. Ultra-thin sections of 60 nm were cut using an RMC
Powertome XL ultramicrotome equipped with a diamond knife. The sections were post-
stained with lead citrate and examined using a JEM-100CX 1l transmission electron

microscope.
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CHAPTER 3. RESULTS AND DISCUSSION

Experiments within this research were conducted with two E. coli strains
(ATCC 8739 and JM 109) and Pseudomonas putida F1. E. coli was selected because it
is a well studied microorganism. The species has been used by other researchers (Lee et
al., 2008; Auffan et al., 2008; Li et al., 2010) and, thus, it would be easier to compare
the data obtained from this research with that obtained by others. Pseudomonas putida
F1 was selected for this experiment as it is a heterotrophic degrader with a track record
in bioremediation applications (Parales et al., 2000).

Auffan et al., (2008), Lee et al., (2008), Diao and Yao (2009), Williams et al.,
(2009), and Li et al., (2010) have studied the effects of different iron-based
nanoparticles [e.g., NZVI, y-Fe;03 Fe;0y4, FeO(OH)] on the gram-negative bacteria and
gram-positive bacteria. Studies reported so far have tested the effects of NZVI on the
bacteria in either buffer solution or deionized (DI) water. Buffer solution and DI water
do not contain nutrients needed for microbial growth and it was felt necessary to study
the impacts of NZVI on the bacteria in environmentally relevant media (e.g., media
where basic nutrients for microbial growth are present). It was also felt that experiments
with buffer solution generated valuable data for comparison. Even though buffer
solutions do not remotely represent real environmental system, the decision to work on
buffer was taken such the results obtained by others can be reproduced and additional
inferences made if possible. It was decided to work on microorganisms in both buffer
solution and nutrient media and expose them to environmentally relevant concentrations
of NZVI. The experiments involved exposing gram negative bacteria to NZVI in a
carbonate buffer system and nutrient broth separately. Growth of the bacteria was

monitored over time and the collected data were analyzed to draw conclusions,
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3.1 Effect of NZVI on Bacteria in Buffer Solution
3.1.1 Microbial growth in carbonate buffer under stirring condition

The growth studies in buffer solution (see Section 2.4.1) were carried out in the
air saturated conditions to ensure adequate supply of oxygen to the microorganisms.
Based on work by others (Lee et al.,, 2008) the microorganisms were exposed to a
concentration of 0.09 mg/mL NZVI. Experiments were also conducted with higher
NZVI concentrations (0.2-1.0 mg/L) to determine NZVI-microorganism interactions in
environmentally relevant concentrations of NZVI. The samples in the reactor and
controls (no NZVI) were stirred at 800 rpm using a magnetic stirrer. The number of
active cells was monitored over time, and the results are represented in Figures 3.1, 3.2,
and 3.3. The exposure of NZVI at concentrations as low as 0.09 mg/mL in carbonate
buffer with stirring resulted in  2-log or more reduction of E. coli (from 2.1x10° to
6.8x10™* cells/mL) and Pseudomonas putida F1 (from 1.8x 10 to 7.0x1 0’ cells/mL) in
60 min. The experiments within this research were carried out under similar conditions
to those reported previously by Lee et al., (2008) and similar reductions were observed
(they reported 2.6 and 3.6 log inactivation of E. coli in 60 min). At higher NZVI
concentrations (1.0 mg/mL) no viable cells were detected after 5 min. Similar
reductions were observed with E. coli IM109 and Pseudomonas putida F1. The controls
run without NZVI for all microorganisms have also shown marked reduction (1.1-log)

in 60 min in the buffer solution indicating the lack of a conducive environment for

microbial survival.
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Figure 3.1: E. coli 8739 survival with NZVI in carbonate buffer solution under stirring

condition.
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Figure 3.2: E. coli JM 109 survival with NZVI in carbonate buffer solution under

stirring condition.
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the chains of transport of electron and ions after the strong adsorption of iron-based NPs
onto the bacteria wall”. Their (Auffan et al., 2008) research has established that toxicity
may be because of the oxidative stress due to the generation of reactive oxygen species
(ROS) during NZVI oxidation. NZVI (Fe%) gets oxidized to Fe** (Fe’+O,+2H" —
Fe?*+H,0,, Fe"+H,0, — Fe?*+20H", and finally Fe**+H,0, — Fe** + OHe + OH,
Auffan et al., 2008) and generates ROS in the process. The interplay between Fe?* and
Fe’ results in formation of ROS. ROS create oxidative stress in microorganisms and

inactivates them quickly.
3.1.2 Microbial growth in carbonate buffer under shaking condition

While stirring experiments done by others were reproduced well in this research,
it is felt that stirring experiments do not accurate. It represent NZVI-microorganism
interactions in the environment as such high speed (800 rpm) of stirring will not be
encountered in the environmental situations. It is acknowledged that the NZ V1 particles
and microorganisms should be in suspension to ensure proper contacts between them
but a milder form of mixing would serve the purpose. So, the bacteria and NZVI
particles were shaked at 150 rpm in orbital shaker within this experiment.

Experiments were performed by shaking E. coli 8739 at room temperature
(22+2°C) for 120 min. The hypothesis for this study was that the microorganisms will
survive better if stirring at very high speed is avoided. The experiments were conducted
with higher concentrations of NZVI (1, 2, 5 and 10 mg/mL). The initial trial was done
with 1 mg/mL which was the highest concentration for the stirring experiments (see
Section 3.1.1 above). It is important to note that 1-10 mg/mL (i.e, 10 g/L) are
environmentally relevant concentrations and typical values for environmental

remediation applications. With 10 mg/mL, no viable cells were seen after 5 min
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survival cells was observed. Auffan et al., (2008) also observed that NZVI showed dose
(concentration) dependent toxicity on E. coli Qc1301 as did Diao and Yao (2009). This
NZVI concentration specific behavior of bacteria may be explained based on
possibilities of contact. At higher concentrations more NZVI came in contact with the
bacteria while at lower concentrations chances of contact (collision) were markedly
reduced. However, agglomeration would have been even higher at higher NZVI
concentrations and, thus, should have been equal or less toxic as in lower
concentrations. Alternatively, the possible mechanism for this can be explained with the
theory of generation of reactive oxygen species (ROS) as discussed earlier. While
aggiomeratién of the NZVI particles reduced the effective reactive surface area and,
hence, Fe*"ROS generation rate, at higher NZVI concentration (10 mg/mL) there was
adequate surface area available for oxidation reaction to take place and produce enough
ROS. The results obtained with 10 mg/mL NZVI under shaking conditions are
comparable with | mg/mlL NZV!I under stirring conditions in buffer solution. Further,
with slower movement NZVI particles might have reacted with dissolved oxygen in
buffer solution and oxidized to more stable y-Fe;O; before they came in contact with
bacteria. NZVI gets oxidize in the presence of oxygen and this may reduce its toxic
effect on the bacteria (Li et al., 2009). y-Fe,O3 is known to be less toxic than Fe’ and
other Fe*™ oxide (Auffan et al., 2008). It well established that the reactivity of NZVI
decreases because of the iron oxide shell formation (Baer et al.,, 2008, Sarathy et al.,
2008). Studies by Auffan et al, (2008) and Lee et al., (2008) have indicated that
oxidized NZVI show no effects on E. coli 8739. Diao and Yao (2009) have reported
that completely oxidized (to Fe®*) NZVI particles show no effects on P. fluorescens, a

gram negative bacterium.
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An analysis of the buffer study results obtained from stirring (800 rpm) and
shaking (150 rpm) experiments leads to the following observations:

1. NZVI is very toxic to microorganisms even at very low concentrations (0.5-

1.0 mg/mL) in buffer solution if the samples are stirred at high speed (800
rpm). However, similar concentrations (1 and 2 mg/ml. NZVI) are less toxic
under shaking conditions.. NZVI is toxic only at higher concentration (10
mg/mlL. NZVI) when shake at a moderate 150 rpm. The toxicity of 10
mg/mL NZVI under shaking conditions is comparable to the toxicity of 0.5-
1.0 mg/mL NZVI under stirring conditions.

2. The microbial toxicity of NZVI is dose dependent in buffer solution.
Toxicity of NZVI particles towards microorganisms increases with increased
in particle concentration.

3. The toxicity of NZVI may be bacterial species or strain specific. Some
species or strains of bacteria are more resistant to the adverse affects of
NZVI than others.

While it could reproduce most bacteria inactivation results reported by others,
bacteria would not typically be in a nutrient deficient situation (like buffer or DI water).
While the experiments done in buffer solution throws some light on possible
mechanism of inactivation of bacteria by NZVI and results are non-conclusive. From
the experiments in buffer solution it is, however, very apparent that NZVI is less toxic
in environmentally relevant low speed shaking condition than in high speed stirring
condition. High speed stirring condition is not expected in the environmental
remediation. During this study, variability in toxicity was observed depending on the
species or strain of microorganism used. However, more experiments were warranted to

conclusively supporting that NZVI toxicity is bacterial species or strain specific. To
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conduct such experiments in environmentally relevant conditions, it was decided to run
rest of the experiments in nutrient solution such that microorganisms are not deprived of
their basic growth nutrients. To further evaluate the growth characteristics of the
bacteria in the presence of NZVI, studies may need to be conducted in the nutrient
media at optimum temperature (for microbial growth) and followed by sub-optimal

temperatures.

3.2 Effect of NZVI on Bacteria in Nutrient Media

3.2.1 Microbial growth in nutrient media under shaking condition

Growth studies were carried out for the three gram negative bacteria (E. coli
8739, E. coli IM109, and P. putida F1) by growing them in nutrient broth with different
concentrations of NZVI (treatment reactors) and without NZVI (control). These
experiments (as per method described in Section 2.5.2) were carried at at 37°C and
30°C which is the optimal temperature for E. coli and P.putida F1 growth. The gram
negative bacteria were found 1o be not affected by the low NZVI concentration (1 and 2
mg/mL, Figures 3.5, 3.6, and 3.7). While the microbial growth (of all three species) in
controls and in samples with 1 mg/mL NZVI followed almost the same pattern of
growththe growth of P. putida F1 with 2 mg/mL NZVI was initially reduced but
recovered back towards the end of the experiment. It was observed that there was no or
little to the same level as the control reduction in growth for £. coli strains even with 2
mg/mL NZVI. Exposure of P. putida F1 and E. coli JM 109 to 5 and 10 mg/mL NZVI
resulted in a significant reduction in bacterial numberrelative to the control (Figures 3.5
and 3.6). The population of P. putida F1 (Figure 3.5) was found to suffer a non-
recoverable damage with 5 and 10 mg/mL NZVI while E. coli strains recovered over

time (E. coli 8739, Figure 3.7) or maintained more or less the same populations (E. coli
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JM109, Figure 3.6). Interestingly the two E. coli strains behaved differently under high
NZVTI concentrations (5 and 10 mg/mL) E. coli IM109 numbers decreased during the
first 3h of exposure and recovered back to the initial cell concentration (Figure 3.6). In
contrast E. coli 8739 not only recovered from the initial reduction in numbers during the
first 2 h of treatment but recovered to the same levels as the control after 10 h (Figure
3.7). Sondi and Salopek-Sondi (2004) have also seen a growth delay in E. coli at higher

concentrations of the Ag nanoparticles.
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Figure 3.5: Pseudomonas putida F1 growth with NZVI in nutrient media under shaking
condition.

Interpretation of the results from the growth studies in nutrient media indicates
that growth of microorganisms (all three types) under optimal growth conditions
(nutrient media, and mild shaking) is not affected when NZVI is present in low
concentrations (I-2 mg/mL). The bacterium E. coli IM109 does not grow well and

Pseudomonas putida F1 shows significant or total inactivation. While E. coli 8739 in
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the presence of high concentrations (5-10 mg/mL) of NZVI did not show any signs of
toxicity even with 10 mg/mLof NZVI consolidates the inference drawn from buffer
studies that toxicity of NZVI may be bacterial species or strain specific, and some
bacteria are more resistant to the adverse affects of NZVI than others. The

characteristics specific to the strain of E. coli
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Figure 3.6: E. coli M 109 growth with NZVI in nutrient media under shaking
condition.

that allows the bacteria to resist NZVI toxicity are not apparent from the experiments so
far conducted within this research.

Additional experiments were necessary to understand whether the recovery in
growth of E. coli 8739 in 5 and 10 mg/mL NZVI (Figure 3.7) is due to a reduction in

toxicity of NZV1 or some growth characteristics of the E. coli strain.
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Figure 3.7: E. coli 8739 growth with NZVI in nutrient media under shaking condition.

During the studies with microorganisms in the presence of NZVI in the nutrient

media a number of observations were made which include:

1. NZVI toxicity on microorganisms is particle concentration dependent, and
higher NZVI concentrations showed increased toxicity.

2. NZVI toxicity is microbial species/strain specific. Different species/strains
of microorganism behave differently in the presence of NZVI.

3. Some microorganisms have the ability to recover back from the initial
toxicity affect of NZVI. This ability to recover from the initial shock may
have to do with their growth. Possibly actively growing bacteria are less
affected by NZVI1.

The first two observations were established during NZVI-microorganism studies

conducted in nutrient solution under shaking conditions (Section 3.2.1). It was

necessary to see whether similar inferences can be drawn under stirring conditions
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(Section 3.2.2). Further, the third observation needs additional investigation and

separate experimental design would be needed to support the inference (Section 3.2.3).
3.2.2 Microbial growth in nutrient media under stirring condition

This experiment was designed to evaluate the growth characteristics of E. coli
8739 in the presence of NZVI under stirring (800 rpm) conditions in nutrient media at

room temperature (22+2°C).

The microbial growth curve obtained for various NZVI concentrations are
presented in Figure 3.8. At lower NZVI concentrations there was no marked difference
in microbial growth in the samples (1 and 2 mg/mL NZVI) and the control (i.e.. no
NZVI). However, the microorganisms exposed to 5 and 10 mg/mL NZVI affected. With
5 mg/mL NZVI, E. coli 8739 did not show either any active growth or inactivation till
~4 h from the start of the experiment and then started actively growing until the end of
the experiment (at 6 h). The microorganism suffered major inactivation with 10 mg/mL

NZV]1 and there was recovery over time.

3.2.3 Microbial growth in nutrient media under shaking condition with
intermittent exposure to additional NZVI

Active growth of E. coli 8739 in 10 mg/mL NZVI in nutrient solution under
shaking conditions was intriguing because this is the typical dose of NZVI (10 g/L or 10
mg/mL) that is injected into the aquifers for groundwater remediation (Henn and
Wadill, 2006; Li et al.,, 2006). As can be seen from Figure 3.7, E. coli 8739 recovers
after initial 2 h of reduction in numbers and there is no difference in the final cell
population for microorganisms exposed to different concentrations of NZVI and the

control.
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2.5.3 and Figure 2.5) for detailed experimental method). The new reactor was dosed
with 10 mg/mL NZVI and samples were collected for next 7 h at an hourly interval. An
additional sample of culture from the original treatment reactor was collected at 6 h and
reactors were monitored for additional 4 h with samples collected every hour. The
growth curves for the control and the treatment reactors (original, with 3 h culture, and
6 h culture) are shown in Figure 3.9 and Figure 3.10, respectively. Regardless of
whether the control or treatment reactor was dosed with 10 mg/mL NZVI at3h and 6 h,
the growth of microorganisms was not affected. Rapid growth was observed in all
reactors. The growth curve obtained from the NZVI dosed control experiment (Figure
3.9) was similar to one obtained from the control experiment without NZVI in nutrient
media under shaking condition (Figure 3.7, Section 3.2.1). Further, the growth curve
obtained from cultures collected at 3 h and 6 h (Figure 3.10) replicated the growth
pattern of the control and the original treatment reactor.

Apparently fresh (reactive) NZVI could not stop or reduce the growth of E. coli
8739 once it the bacteria has grownin the media for3-6h. This indicates that the
undisturbed growth after additional NZVI introduction is due to the characteristics of
this strain of E. coli rather than some reduction in NZVI toxicity. Looking at the plots it
can be inferred that the microorganisms were in an active growth phase when additional
NZVI particles (10 mg/mL) were introduced. This observation paves the path to
speculate that the possibility that when microorganisms are in an active growth phase,
bacteria are resistant to the effects on NZVI. Non-replicating or minimally multiplying
bacteria are more susceptible to NZVI toxicity as can seen in the initial period of this

study and with the microorganisms grown in buffer solution.
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susceptibility to NZVI when they are not actively dividing. This indicates that NZVI

toxicity on E. coli 8739 is dependent on growth phase of the microorganism.

3.3 Electron Microscopy Analysis of Bacteria Samples

Based on analysis of the TEM images obtained within this research, it is
difficult to conclusively infer the location of the nanoparticles with respect to the
bacterial cell (e.g., whether the nanoparticles have penetrated through the cell wall or
not). The NZVI was definitely observed to adhere to the cell wall of E coli. However,
there is no evidence of cell disruption.

From the TEM images it can be observed that nanoparticles had adsorbed onto
the bacterial cell surface/membrane (Figures 3.13 and 3.14), while some of them might
have penetrated into the cells (Figures 3.13 and 3.15). Smaller particles might have
entered into the cell and some of them got deposited between the outer cell and
cytoplasm. In some of the images (e.g., Figures 3.13 and 3.16), the NZVI particles
appear to have gone inside the cytoplasm but that could not be conclusively proved or
disproved. Other researchers (Li et. al., 2010; Williams et. al., 2006) have claimed that
NZVI particles have entered the cell but their conclusions were drawn based on similar
images as within this research. Looking at Figure 3.17, one can see the bulging of the
cell wall possibly because of internalization of NZVI. It appears from the image that
NZVI was deposited in a space between the cell wall and cytoplasm. However, there is
no explanation on the mechanism how they penetrated into the cell wall. There are not
enough data to interpret the TEM properly. Further, stains used in sample preparation
makes it difficult to locate NZVI in and around the cells. Samples were usually stained
by heavy metal-based (osmium tetraoxide) and organic (glutaraldehyde) compounds to
improve the contrast. The osmium tetraoxide stain may interfere in locating the NZV]

particles within the cell or outside. There is hardly any difference between TEM images
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This study has demonstrated that there is toxic effect on all the three types of
bacteria grown in nutrient media at lower NZVI concentrations. At higher NZVI
concentrations the effccts were strain specific. The results from the effects in buffer
indicate the dose dependent activity and faster inactivation as the cells remain inactive
without nutrients. Further, with nutrients the cells tend to grow and show either
susceptibility or resistance towards the NZVI. In the E. coli 8739 interactions, it was
observed that actively growing bacteria are not affected by NZVI, i.e., Non-dividing
cells/ bacteria are more susceptible to NZVI toxicity at higher concentrations (5, 10
mg/ml.). The effect of NZV! on bacteria is prevented when bacteria were in the nutrient
broth, bukt E. coli 8739 shows a significant growth in presence of NZVI(10 mg/mL).
The redosing result indicates that the NZ VI effects may depend on the characteristics of
the strain. In the TEM images, NZVI particles were seen in the cytoplasm, though it is
not clear how the NZVI have entered the cells (Figure 3.16 and 3.17). Finally, this
study shows that NZVI has no effects on the specific strain at optimal growth

conditions, but shows bactericidal effects in a buffer solution.
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

This research investigated nanoscale zerovalent iron (NZVI) and microorganism
interactions in environmentally relevant conditions. Microorganisms were exposed to
various concentrations of NZVI in buffer solutions and nutrient media under stirring
and shaking conditions.

NZVI (0.09- 1.0 mg/mL) showed bactericidal effects on all the three strains (E.
coli 8739, JM 109, and P. putida F1) in buffer solution under stirring (800 rpm)
condition. The bacterial cells showed better viability in a buffer solution when stirring
(800 rpm) was replaced by shaking (150 rpm). Stirring condition does not represent any
real environmental situation while shaking possibly is the closest representation of real
world situation. So, it can be concluded that microorganism may survive for some time
when exposed to NZV1 under nutrient deficient (buffer solution) conditions.

The growth studies for Pseudomonas putida F1, E. coli JM 109 and E. coli
8739 in nutrient media were carried out with different NZVI concentrations (1, 2, 5, 10
mg/mL). All the three strains of bacteria have shown no effect of NZVI with lower
NZVI concentrations (1 and 2 mg/mL). In P. putida F1 and E. coli JM109 were
inactivated and shown limited growth, respectively with 5 mg /mL NZVI. However, E.
coli 8739 shows a remarkable recovery from initial setback (at both 5 and 10 mg/mL
NZVI). It can be concluded that NZVI toxicity on microorganisms is dose dependent
and microbial species or strain specific. When E. coli 8739 was intermittently dosed
with 10 mg/mL NZVI, it was observed that NZVI has no effect on microbial growth
after certain time lapse. Experiments conducted at sub-optimal temperatures (22°C and

4°C) to study the growth of E. coli 8739 indicated that susceptibility of E. coli to NZVI
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was dependent on the phase of the cell growth. The actively growing (or dividing) cells
are not affected by NZVI toxicity.

TEM micrographs could not conclusively show how NZVI interacted with the
microorganisms. Most of the images indicated that NZVI particles are deposited on the
bacteria ( i.e. outside the cell wall). While it appears that some NZVI entered through
the cell wall with no disruption of the cell wall observed. In some images, it appears
that NZVI has penetrated through the cell wall and got deposited in between cell wall
and the cytoplasm. More work is needed to understand how NZVI interactswith
bacteria.

Based on this research the following can be concluded:

1. NZVI-microorganism interaction studies should be conducted in nutrient solution
such that microorganisms are not deprived of the essential growth nutrients.

2. Toxicity of NZVI on microorganism is NZVI concentration dependent. Higher
NZVI concentrations are more toxic to microorganisms.

3. Toxicity of NZVI on microorganisms is microbial strain or species specific.

4. Microorganisms are not affected too adversely by NZVI, if they are in their active
growth (or dividing) phase. Microorganisms in their lag phase of growth (i.e. non-

dividing) cells are adversely affected by NZVI.

4.2 Future Work

To fully understand the interactions of NZVI- microorganism, further work need
to be conducted. Following are a few areas where future research is needed.
1) When bacterial strains were exposed to NZ V], there is generation of oxidants
which causes the toxicity or cell damage. In order to gain an insight to this

mechanism an oxidative stress test/assay can be performed.
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2) Better TEM images are needed to understand the possible mechanism how the
nanoparticles have penetrated inside the cell and the interactionsbetween the
bacteria and NZVI. The use of high-resolution transmission electronmicroscopy
(HRTEM) and high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) may help in this process. Avoiding the use of
heavy metals based compounds such as OsO, for staining will give a clear
visualization of the bacteria-NZVI images without any background interference.

3) There is a need for sstudy to see whether there isis any adaptation in the strain E.
coli 8739 in the presence of NZVI or if there is any mutations taking place.

4) Stﬁdy the interactions of the gram positive bacteria with NZVI1. Gram-positive
bacteria lack the outer membrane but have a peptidoglycan layer and as such it

may behave quite differently than the gram-negative bacteria.
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