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ABSTRACT 

Lopez, Desiré A., Study of the toxicity of synthetically- and biologically-produced 
cadmium telluride nanoparticles and an examination of the effects of S-adenosyl 
methionine amendment on bnf05 bacterial headspace. Master of Science (Chemistry), 
May, 2014, Sam Houston State University, Huntsville, Texas. 

Purpose 

The purpose of this research was: (1) to determine the toxicity of both 

synthetically- and biologically-produced nanoparticles (NPs); and (2) to determine if 

K2TeO3 could be reduced and methylated by a metalloid-resistant bacterium isolated 

from Antarctica, bnf05. 

Methods 

Cadmium telluride NPs were made both synthetically and biologically. 

Biologically-made NPs were grown under three separate growing conditions, 1) aerobic, 

2) microaerobic, and 3) aerobic for the initial growth and microaerobic after the 

introduction of a lacZ gene inducer, to determine which condition produced the most 

nanoparticle fluorescence. MIC (Minimal Inhibitory Concentration) experiments were 

conducted on both synthetically- and biologically-made NPs for two different bacteria, 

BW and LHVE, using a colony counting technique. 

The headspace of live cultures including the Antarctic bacterium bnf05, S-

adenosyl methionine, and K2TeO3, incubated for 24 or 48 hours were analyzed via gas 

chromatography using solid phase microextraction. 

Findings 

Exciting the fluorescent biologically-made NP solutions with UV light showed 

that when grown in completely aerobic conditions the most fluorescent NPs were 

produced. The toxicity experiments for synthetically-made NPs showed that LHVE could 
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grow in the presence of much higher NP concentrations compared to a wild type E. coli 

strain: an MIC of 475 mg/mL for LHVE and 35 mg/mL for BW. Through these 

experiments the first evidence that LHVE—known to be metalloid resistant—is also 

cadmium resistant was discovered. Steps were taken to determine the MICs for 

biologically-made NPs, but the chemicals used for lysing cells and dialyzing the NP 

solution back to a more neutral pH proved to interfere with MIC results. Upon using the 

precipitation and drying technique adopted for synthetically-produced NPs, the 

biologically-produced NPs were successfully isolated from their lysis and dialysis 

solution and this process could be used for future nanoparticle MIC determinations. 

The culture headspaces of SAM (S-adenosyl methionine) and Te amended 

samples of bnf05 bacteria headspace showed that SAM added at two different culture 

concentrations could not be used to methylate the elemental tellurium produced by the 

bacterium to form DMTe over the 24 and 48 hr incubation periods examined. 

 

KEY WORDS: Quantum dots, toxicology, metalloids, Antarctic bacteria.
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CHAPTER I 

INTRODUCTION 

Environmental Metalloids 

Tellurium lies in group 16 on the periodic table where it falls in a region between 

the metals and the nonmetals: the metalloids. Metalloids have properties of both metals 

and nonmetals. Te is important to consider as a metalloid in the environment, due to its 

high toxicity as more tellurium accumulates in industrial processes (Emsley, 2011). This 

research is aimed at studying cadmium telluride NPs as a biological toxicant. 

Tellurium 

Tellurium is an environmental toxicant, which has and will continue to threaten 

the ecosystem and life of living organisms by its presence in soil and water. 

Accumulation of Te can occur both by natural production from the earth and as a man-

made side-product, in coal and as anode slime from the electrolyte used in copper and 

lead refineries (Emsley, 2011; Krebs, 1998). A number of techniques have been 

employed to counteract the threat tellurium causes when this toxic element is released. 

By biomonitoring, techniques such as bioremediation processes can be implemented. By 

the use of bacteria that convert Te oxyanions to less toxic forms and plants, which can be 

used to concentrate and thereby remove environmental Te, there is a hope of continued 

elimination of Te from the environment. 

The chemical name “tellurium” comes from the Latin word tellus, which means 

earth. Tellurium was first discovered in Romania by Franz Joseph von Reichenstein in 

1782 and not named until 1798 by Klaproth (Stwertka, 2012; Bentley and Chasteen, 

2002). Von Reichenstein initially misidentified the element and for years was perplexed 
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by the rare mineral he had collected, even calling it aurum paradoxum. Reichenstein sent 

the mineral sample to German chemist Martin Klaproth in 1796, who identified the 

sample as a new element and named it “tellurium”. Te is element 52 on the periodic table 

and is the 72nd most abundant in the earth’s crust at 0.001 ppm, 0.15 ppt in seawater, and 

trace amounts are found in the atmosphere. During the formation of the Earth, a large 

accumulation of hydrogen transformed tellurium into tellurium hydride. Tellurium can be 

found in igneous rocks and sometimes found in its elemental form, but it is most often 

recovered as silver and gold tellurides (Krebs, 1998). By electrolytic reduction of sodium 

telluride (Na2TeO3) solution, elemental tellurium can be recovered as a grey powder (a 

color we sometimes see when CdTe nanoparticle synthesis fails too; see below). In 

nature, plants are able to absorb tellurium from soil at levels ranging from less than 0.05 

to 30 ppm (Emsley, 2011). 

Monatomic ions can be formed by tellurium, which can carry charges of +4, +6, 

and -2. Te has 8 isotopes with abundances from 0.09 % - 34.08 %. 130Te has a half-life of 

7.9 x 1020 years. Like S and Se, Te forms tetra- and hexavalent oxides and salts such as 

the common water-soluble oxyanions of tellurium, tellurate (TeO4
2-) and tellurite  

(TeO3
2-). The salt compounds are only slightly soluble. By reduction, tellurates are easily 

converted to the more stable form of tellurite (Halka and Nordstrom, 2011); however, 

tellurates are poorly soluble in water.  

In the human body tellurium is present at 6 ppb in blood, 15 ppb in tissue, and 0.7 

mg total in the body. All forms of Te gas are toxic and inhalation or ingestion of the 

dust/powder can prove fatal (Krebs, 1998). Most commonly exposure to Te by the 

general population come from Te-containing salts in foodstuffs like meat and dairy 
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products (Gerhardsson, 2007). When ingested by humans, soluble tellurium is absorbed 

into the blood stream and most is excreted into the urine or moves unabsorbed through 

the gut, but some will be converted to volatile dimethyl telluride, which is excreted 

through the sweat glands and also eliminated by the lungs. Enteric bacteria probably play 

a significant role in that reduction and methylation. Tellurium ingestion has many side 

effects such as bad body odor and breath. Sunburns (with solar exposure) and rashes can 

also form when handling Te compounds. The body absorbs tellurite and tellurate much 

more easily by the gastrointestinal walls than metallic Te or TeO2. The average daily 

intake of tellurium for humans in their diet is estimated to be about 600 µg, but as little as 

2 grams of Na2TeO3 can be fatal (Emsley, 2011). Chronic tellurium poisoning causes 

tiredness, indigestion, and a garlic smell on the breath. Acute poisoning produces internal 

bleeding, respiratory failure, and inflammation of the gut (Emsley, 2011; Luckey et al., 

1975; Gerhardsson, 1986). 

For commercial uses, copper, iron and stainless steel are combined into an alloy 

mixture with tellurium to improve machinability. Tellurium can also be added to lead 

when used in batteries for infrared lamps and spacecraft; this mixture makes a more acid-

resistant environment and a harder product. Te has a number of other applications 

including components of vulcanizing rubber, tinting glass and ceramics, industrial 

catalysts in oil refining, electronic devices, and coatings of rewriteable CDs and DVDs, 

thermoelectric devices such as semiconductors, and in pigments and metal coatings 

(Krebs, 1998; Gerhardsson, 2007, Chasteen and Bentley, 2002). 
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Biodegradation and Bioremediation 

Toxic organic compounds are becoming a great problem in the ecosystem because 

of their contamination of the environment. In order to counteract the damage done by 

toxicants, bioremediation tools are sometimes used (Kerkhof et al., 2008). Some of the 

processes environmental engineers have successfully used to remove toxicants from 

water and soil include the use of antifouling agents, coagulants, sedimentation, activated 

carbon, and surfactants (Kim, 2012; Metcalf, 1972; Henze, 2002; Jain et al., 1997); 

however, the costs of these techniques are often much higher than simply using bacteria 

to remove pollutants from contaminated areas. 

Microbial biodegradation could help avoid this problem because, compared to the 

techniques described above, biodegradation works by changing the toxicants molecular 

structure in some way to a less toxic form, e.g., transmethylation and volatilization. 

Bioremediation and biodegradation are processes of using organisms to remove or 

detoxify pollutants from the environment and the use of bacteria to breakdown toxic 

materials (Mohana et al., 2013). Bacteria can be very efficient at this, and more cost-

effective than physical or chemical processes (Paul et al., 2005). Certain microorganisms 

have the ability to reduce oxyanions of tellurium and form volatile dimethyl telluride by 

methylating Te. In this less toxic form, the compound could be removed from the 

contaminated area and released into the environment via atmospheric dilution. 

In the work reported here, headspace analysis will be used to determine if bnf05 

and a common biomethylation reagent, S-adenosyl methionine, can work together to 

reduce and methylate tellurite to its much less toxic form, dimethyl telluride (DMTe), a 



5 

 

volatile metalloidal compound that has been found in microbial headspace before (Bird 

and Challenger, 1939; Van Fleet-Stalder and Chasteen, 1998; Swearingen et al., 2004). 

S-Adenosyl Methionine Amendment Experiments 

S-adenosyl-L-methionine, SAM, has a chemical formula of [C15H23N6O5S]+. 

Giulio Cantoni discovered SAM in 1953 and observed its transmethylating ability (Mato 

and Lu, 2005). Proteins, phospholipids, DNA and RNA are all acceptor molecules that 

have been shown to accept a donated methyl group from SAM. 

Recent work by Ye et al. (2014) with a protozoan has shown that removal of 

TpyArsM, an arsenite (As(III)) methyltransferase gene found in the free living-protozoan 

Tetrahymena pyrifomis, decreased the As tolerance of the protozoan. This gene was also 

placed in hypersensitive E. coli and methylation ability was observed. This shows great 

potential as a bioremediation agent for As to be removed from contaminated 

environments by bacterial methylation. The experiments reported here examine similar 

bacterial variables and use the bacterium bnf05, a Te-resistant strain which has the ability 

to reduce the metalloid-containing compound K2TeO3, (to visible, gray/black Te0 

deposits) but does not have the ability to methylate the reduced tellurium and produce 

detectible amounts of volatile dimethyl telluride in bacterial headspace (~350 ppbv in a 

6-mL headspace sampled with a SPME fiber). Since S-adenosyl methionine is a 

cosubstrate that is able to transfer methyl groups to reduced metalloids (Zhao et al., 1997; 

Bentley and Chasteen, 2002; Thomas et al., 2011; Ye et al., 2014), addition of SAM to 

growing cultures of bnf05 and subsequent examination for volatile dimethyl telluride 

(DMTe) can shed light on the possible missing link in this bacterium’s production of 

reduced and methylated tellurium. 
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Nanoparticles: Introduction and Applications 

There is no clear indication of when nanoparticles (NPs) where first used by 

humans, but their history dates back to glassmakers producing glasses that contained 

silver and gold NPs in the fourth-century A.D. Michael Faraday attempted to explain 

these nanosized particles and their optical properties in 1857. Not until 1908 were 

nanoparticles discussed again when Gustav Mie linked the idea of color being related to 

metal type and size (Poole and Owens, 2003). It was not until the 1980s that 

nanotechnology took off and a method was developed for the fabrication of NPs. Today, 

much time and resources are being spent on developing new nanotechnology for a 

multiplicity of applications (Chan, 2007; Poole and Owens, 2003). 

Nanoparticles are fluorescent, nanosized (1-100 nm) light-emitting particles 

consisting of elemnts such as Cd, Te, Se and S (Chan, 2007; Monrás et al., 2012). NPs 

display high conductivity, reactivity, and optical sensitivity (Hood, 2012). The nanoscale 

material can have layer, pore, complex, or in line-shape structures, which can form 

nanotubes, nanowires, nanorods and nanotrenches (Chan, 2007; Lambauer et al., 2013). 

Semiconductor NPs are most commonly synthesized from group 15, as in InP and InAs 

or group 16 elements, forming NPs such as CdSe, CdTe, CdS, and ZnSe (Singhal et al., 

2004). 

Cadmium telluride (CdTe) nanoparticles have been described as crystals that are 

nanometer-sized and made up of semiconductors (Rosenthal et al., 2011; Hardman, 

2006). These CdTe NPs are synthesized and biosynthesized by using cadmium and salts 

of the metalloid tellurium. Cadmium telluride NPs have attractive optical properties such 

as strong photostability and broad absorption with a narrow emission, and they have 
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gained popularity in biomedicine as fluorescent probes due to their ability to produce 

multi-color fluorescence when excited by a single wavelength (Dubertret et al., 2002; 

Alivisatos, 2004; Liu and Yu, 2010; Pérez-Donoso et al., 2012). These small NPs 

fluoresce when excited by UV light and the particles turn from green to red in visible 

light during the synthetic procedure when allowed to sit in aqueous solution at 90° C for 

extended periods of time. The color that they produce is a product of their size; particles 

range from 3.3 nm for green emission to 5 nm for red emitting NPs (Pérez-Donoso et al., 

2012). CdTe NPs are toxic to cells due to their production of harmful by-products such as 

free, soluble cadmium cations and reactive oxygen species (Lovríc et al., 2005; Su et al., 

2010; Cho et al., 2007). 

These fluorescent particles have found a wide range of applications in areas such 

as optoelectric devices and biomedicine, including biosensing and bioimaging. This 

includes CdTe NPs extensive use in solar panels (photovoltaic panels) for generation of 

electricity (Emsley, 2011; Monrás et al. 2012). In 2011, CdTe NPs produced about 8% of 

the total photovoltaic production in thin film technology (Fraunhofer, 2012). In 

biomedicine, NPs are used as target drug delivery systems, protein trafficking, and as 

fluorescent probes for detection of such diseases as cancer (Chan, 2007; Jain, 2008; 

Hood, 2012; Pérez-Donoso et al., 2012; Singhal et al., 2004). 

Until recently, NPs have been made synthetically, but a new type of nanoparticle 

is emerging that may prove to be less toxic and more environmentally friendly. Synthetic 

cadmium telluride NPs, produced using completely inorganic processes, are made using 

unfavorable synthetic conditions requiring an anaerobic environment, high temperatures, 

and insoluble and toxic substrates (Azzazy et al., 2007). By the use of bacteria, 
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nanoparticles can be produced at temperature suitable for bacterial growth; the process is 

more cost-efficient, and production requires less toxic substrates. For example, the use of 

GSH in its reagent form for synthetically-made NPs provides more chances for human 

contact with the toxic substrate than bacterially-produced GSH for biologically-made 

NPs. Monrás et al. (2012) synthesized CdTe fluorescent nanoparticles with the use of the 

E. coli AG1 strain pCA24NgshA, which this work has adopted in the production of 

biologically-produced NPs.  

Nanoparticles: Synthesis and Biosynthesis 

In order for NPs to be used in the field of biomedicine they must be compatible 

with the biological conditions of a cell. Synthetic NPs have been engineered to do this by 

using glutathione (GSH) as a capping agent, forming a layer on the NP surface. GSH is a 

biological thiol that has redox properties and is found in eukaryotes and gram-negative 

bacteria (Schafer and Buettner, 2001). NP structural, optical, and electronic properties are 

greatly influenced by their surface properties due to their high surface-to-volume ratio in 

their crystalline form. The capping agent allows for these properties to be manipulated 

and tailored (Singhal et al., 2004). 

This research focuses on GSH’s abundance in the Escherichia coli strain 

AG1/pCA24NgshA (Monrás et al., 2012). Due to GSH’s reducing power, relative 

abundance, and previous work testing this tripeptide’s stabilization of CdSe and CdTe 

NPs, GSH has been used as a capping and reducing agent in the production of these CdTe 

NPs (Tian et al., 2009; Zheng et al., 2007). Furthermore, the reducing power of GSH also 

allows tellurium in K2TeO3 to be reduced to Te-2 in the presence of Cd2+ to form CdTe 

nanoparticles in our synthetic procedures. Synthetic NPs use the inorganic, powder form 
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of GSH to reduce K2TeO3 allowing formation of CdTe NPs and to cap the newly formed 

particles. This process uses higher temperature environments and toxic substrates for 

their production.  

Alternatively, biological NPs can be made with GSH-producing bacteria, gshA. 

The bacterial strain gshA overexpresses the gene gshA, which encode the enzymes 

necessary for glutathione biosynthesis in E. coli (Monrás et al., 2012). These 

biologically-produced NPs could be less toxic and more in tune with the conditions of the 

human body, an important parameter for medical applications in humans. This thesis 

describes the determination of the relative toxicity of NPs made biologically as compared 

to NPs made without using bacteria. 

Nanoparticle Toxicity 

Toxicology is a science that focuses on the effects chemical substances have on 

living systems. The Minimal Inhibitory Concentration, or MIC, is a toxicological tool 

used to determine the concentration of a toxicant or antimicrobial agent that will inhibit 

growth of bacteria in a culture (Lederberg, 1992; Timbrell, 2009). The MIC is used to 

determine toxicity of chemical species on bacterial strains (Primm and Franzblau, 2007) 

and is therefore a relative measure of toxicity. In the past 50 years alamar blue, also 

known as resazurin dye, has been used to study cell viability and cytotoxicity of 

biological systems (Rampersad, 2012). Resazurin dye works by evaluating the cells 

reducing environment, a characteristic of cell growth. Resazurin and other dye assays are 

used as colorimetric or fluorescent determinations of cell viability by working as markers 

in identifying cell metabolism. Classic dyes used in toxicity testing include MTT 

(methylthiazol tetrazolium) and NR (neutral red), but these dyes, have been shown to 
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produce invalid results in NP systems, due to the interaction of these dyes with NPs 

and/or the NP light absorption with the dye present (Monteiro-Riviere et al., 2009). Work 

was conducted with various dyes, but these methods proved inconclusive and the method 

of colony counting was adopted. 

Evaluation of relative toxicity using minimum inhibitory concentration (MIC) 

was carried out to compare the relative toxicity of both synthetically- and biologically-

produced NPs. The bacterium LHVE is metalloid-resistant and was used to determine cell 

viability upon addition of NPs with varying concentrations. Using this metalloid-resistant 

organism allows for working at higher concentrations of the NPs; these higher 

concentrations ensured that cell death was caused by the NPs, and will presumably 

decrease the effects of side-reactions on the MIC determined. For example, NP surface 

oxidation reactions or adsorption contaminants might produce significant effects in low 

concentration experiments that would influence the toxicity of the CdTe nanoparticle 

MIC measured. 

MICs for wild type E. coli strain BW was also determined for comparison to a 

metalloid-sensitive microorganism. The data reported here used synthetically- and 

biologically-produced CdTe nanoparticles to inhibit the growth of the bacteria LHVE and 

wild-type BW, to find the MICs. 

Bacterial Strains 

The bacteria LHVE and BW were used for MIC determinations of synthetically- 

and biologically-made NPs. The bacterium gshA was used for the biological production 

of glutathione for the reduction of potassium tellurite to form CdTe NPs and the 
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bacterium bnf05 was used for the reduction of tellurium to its elemental form. This can be 

seen in Table 1. 

Table 1 

Summary of all Bacterial Strains used for this work. 

Bacterium Name Strain 

LHVE Bacillus sp 

BW Wild-type Escherichia coli 

gshA Escherichia coli 

bnf05 Wild-type ECA47/48 
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CHAPTER II 

MATERIALS AND METHODS 

Synthetically- and Biologically-Produced Cadmium Telluride Nanoparticles 

Synthesis and MIC Determination 

Reagents. Reagents used in these experiments include: Bacto™ tryptone (Becton 

Dickson, Sparks, MD, USA), yeast extract (EMD Chemicals, Gibbstown, NJ, USA), 

sodium chloride, tris hydrochloride, proteinase K (VWR International, LLC, West 

Chester, PA, USA), agar, isopropyl β-D-1-thiogalactopyranoside (IPTG, Amresco, Solon, 

OH, USA), cadmium chloride hydrate, potassium tellurite, chloramphenicol (Alfa Aesar, 

Ward Hill, MA, USA), sodium citrate, calcium chloride (Fisher Scientific, Fair Lawn, 

NJ, USA), sodium borate, trizma base, L-glutathione reduced (GSH) (Sigma-Aldrich, St. 

Louis, MO, USA), ethyl alcohol (Pharmco, Brookfield, CT, USA), sodium hydroxide, 

potassium dihydrogenphosphate, and potassium hydrogenphosphate (Aldrich Chemical 

Company, Milwaukee, WI, USA). 

Equipment and instrumentation. Equipment for preparation, separation, and 

processing of bacterial cultures and nanoparticle samples: pre-sterilized 15- and 50-mL 

falcon tubes, 1.5-mL Eppendorf tubes, water bath, incubator (VWR) , desiccator, RiOs 3 

water purification system from Millipore (Billerica, MA, USA) for deionization of water, 

4 kDa Tube-O-Dialyzer (GBiosciences, St. Louis, MO, USA), centrifuge 5810 R 

(Eppendorf International, Hamburg, Germany), digital sonicator (Misonix, Farmingdale, 

NY, USA). 

Instrumentation for sample sterilization, fluorescence screening and spectral 

scanning, and nanoparticle isolation: Tattnauer autoclave (Brinkmann Instruments, 
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Westbury, NY, USA), white/dual UV transilluminator (VWR), V-550 UV/vis 

spectrophotometer (Jasco International Co., Tokyo, Japan), F-4500 fluorescence 

spectrophotometer (Hitachi High-Technologies Co., Tokyo, Japan), FreeZone® 4.5 liter 

freeze dry system (lyophilizer) (Labconco Corporation, Kansas City, MO, USA), and 

Varioskan Flash- Thermo Scientific SkanIt multimode plate reader (Thermo Fisher 

Scientific, Vantaa, Finland). 

Overview of experimental steps. The following figure (Figure 1) shows the 

experimental steps taken to produce synthetic- and biologically-made NPs.  

 

Figure 1. The experimental steps for production of synthetically- and biologically-made 
NPs. 

 

Synthetic cadmium telluride NPs synthesis. CdTe NPs were synthesized from 

salts of cadmium and tellurium using GSH as the reducing agent in a buffer solution. 
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Stock solutions of CdCl2 (25 mM), citrate-borax buffer (30 mM), GSH (30 mM), and 

K2TeO3 (7 mM) were prepared. In a 16-mL test tube, 5 mL of the 30 mM citrate-borax 

stock (final concentration 15 mM) was added to 1.6 mL of 25 mM CdCl2 solution (final 

concentration 4 mM); the citrate-borax buffer maintained a pH of ~9.0. GSH solution 

was added to a final concentration in the tube of 10 mM and to dissolve all of the GSH 

and prevent the formation of Cd0 (a white precipitate seen without this step) this solution 

was vortexed for 20 seconds. The tube sat at room temperature for 5 minutes and K2TeO3 

was then added to a final concentration of 1 mM. Upon addition of tellurite as K2TeO3, 

the solution turned a slight green color. The production of elemental Te—tellurium 

insufficiently reduced upon tellurite addition—resulted in gray/black Te0 precipitate 

production in this step. The tube was inverted once for mixing purposes and incubated at 

90 C for 2 h in a waterbath for green NP synthesis. Synthetic NPs were precipitated and 

collected using the procedure of Pérez-Donoso et al. (2012). Solutions of synthetically-

produced NPs were spun down at 12000xg for 20 min with 2x their volume of ethanol 

(95%). The supernatant was poured off and NPs were dried in a desiccator for ~10 days. 

Biological cadmium telluride NPs synthesis. The E. coli strain 

AG1/pCA24NgshA used to biologically produce NPs was provided by the research group 

of Claudio Vásquez, Universidad de Santiago de Chile. Experiments were conducted to 

determine the growth conditions of the bacteria that would produce the most fluorescence 

NPs for MIC studies. The following method was conducted in growing flasks with: 1) 

foil over the opening allowing oxygen to be introduced (aerobic conditions), 2) in a 

closed flask (microaerobic conditions), and 3) with foil over the flask opening for the 
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initial growth and closed after the introduction of IPTG (isopropyl β-D-1-

thiogalactopyranoside, a lacZ gene inducer) to the bacteria.  

The method using aerobic conditions produced the most fluorescence and was 

used for MIC work as follows. A bacterial pre-culture was made from plated cells and 

grown at 37 °C for 24 hours. Cells were grown anaerobically in a LB solution containing 

25 µg/mL chloramphenicol with shaking (150 rpm) at 37 ºC. The presence of this 

antibiotic ensured that only bacteria containing the plasmid that conferred resistance to 

chloramphenicol would grow. A 1/1000 inoculum was prepared from this pre-culture and 

grown aerobically with foil in LB solution also containing chloramphenicol. The 

inoculum was grown to OD600 ~ 0.5 in a pre-sterilized growing flask. IPTG was added at 

a final concentration of 500 µM and the solution was incubated for 4 hours. IPTG’s role 

was to activate glutathione production in the E. coli cells. The cells were then exposed to 

the metal/metalloid salts: 54 µM CdCl2 and 1.8 µM K2TeO3 for 24 hours at 37°C with 

shaking. Twenty-five milliliters of biological NP cell solution was centrifuged at 

12000xg for 20 minutes and the solution was decanted. These biological NPs were 

washed twice with Tris-HCl buffer at pH 7.4 for 10 minutes at 14000xg to remove any 

metals/metalloids or media from the cell’s surface. 

In order to lyse the cells that produced these biological NPs, Tris-HCl buffer at 

pH 7.4 and NaOH at a final concentration of 1 M were added to the spun-down biological 

NP pellet in a pre-sterilized Eppendorf tube. The pellet was thoroughly resuspended with 

a micropipette tip and this solution was heated at 90 °C for 10 minutes with periodic 

shaking. This solution was spun down at 14000xg for 10 minutes, and the supernatant 

contained the biological NPs. The fluorescence was checked at this stage with the 
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transilluminator at 365 nm (excitation wavelength) and the growth condition that 

produced the most fluorescence was selected. The fluorescence spectra of the NP 

supernatant were determined; controls included 1) Tris-HCl buffer at pH 7.4 and 1N 

NaOH 2) E. coli bacterial cells with no metals added resuspended in Tris-HCl buffer at 

pH 7.4 and 1N NaOH in order to lyse the bacterial cells and free bacterially-produced 

NPs. 

The heated NP supernatant was then dialyzed to a lower pH (between 7-9) by 

using Tris-HCl buffer at pH 7.0 to avoid interference from lysed, bacterial fragments with 

growing bacterial MIC results and to make the highly basic environment more neutral for 

the use of proteinase K. In this step it is assumed that the NPs were separated from all 

material smaller than 4 kDa by the membrane (including chemical molecules and free 

ions). Proteinase K was used to digested proteins in the NP solution to also avoid 

interference with MIC results. MIC experiments were conducted with dialyzed biological 

NPs and solutions were also made with dialyzed biological NP solutions after the 

addition of proteinase K. Proteinase K (50 µg/mL), CaCl2 at 5 mM, and Tris-HCl at a pH 

8.0 was added to the dialized solution and heated at 55 °C for 2 hours to digested proteins 

(J.P. Monrás and D. Haines personal communication). Both the dialyzed solutions and 

dialyzed solutions after the addition of proteinase K were placed in a pre-sterilized 

lyophilization flask and lyophilized for 24 hours. The lyophilizer was used to collect 

dried biologically-produced NPs. The lyophilizer reduced the temperature to ~-40 °C and 

a vacuum reduced the surrounding pressure (0.133 mBar or less), which caused the water 

in the frozen NP solution to be removed via sublimation. 
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MIC determination. Both synthetically and biologically-produced NPs were 

weighed and resuspended in LB for the subsequent toxicity experiments. Both types of 

NPs were tested using either BW or LHVE, separately. LHVE, a Bacillus sp., was isolated 

from soil/sediment from a National Park in Chile. 

Three (vertical) columns were marked off as controls for each experiment in a 

sterilized 96-microwell plate (Becton Dickinson). One contained only LB as an indicator 

of sterility of the plate. The second column contained LB and bacteria to show their 

growth with no toxicant added and the third contained only LB and nanoparticles. 

Triplicates were performed for each experiment including NPs, LB, and the bacteria of 

interest. For biological NPs, MICs were determined for 1) dialyzed NP solutions and its 

control included the same solution but with no NPs (1 M NaOH and Tris-HCl buffer pH 

7.4 solution heated at 90 °C for 10 minutes and dialyzed). Dialyzed solutions with 

proteinase K added were made and MICs were also going to be determined, but 

inconclusive MIC results from the dialyzed solutions ruled out this experimental method. 

The dialyzed solution with proteinase K added had a control including the same solution 

with no NPs (1 M NaOH and Tris-HCl buffer pH 7.4 solution heated at 90 °C for 10 

minutes and dialyzed solution heated with proteinase K).  

Two columns were marked off for each control, one with only LB and the second 

with LB and bacteria. The dialyzed solution and its control was dried and resuspended in 

LB for both BW and LHVE bacteria.  

One hundred and fifty µL of LB was added to each well of the MIC plate, except 

for the top well for rows containing the control NP solution. To the top rows of the 

controls and NP solution columns, 150 µL of designated solution was added to the MIC 
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plate. A 2-fold dilution was executed down the plate with mixing 5-10 times (by drawing 

the solution up and down the pipette tip) and the final 150 µL of solution were thrown 

away. To wells containing bacteria, 10 µL of pre-culture, stationary phase solutions of 

the bacteria of interest were added to each well. The MIC plates were parafilmed and 

placed in Ziploc® bags. These plates were incubated at 37 °C for 24 hours with no 

shaking. Because NPs are light sensitive (P. Wansapura, personal communication) and 

will begin to degrade, leaving a black-colored solution, the MIC plates were covered with 

a paper towel. 

The plates were then taken out of the incubator and the micropipette tips inserted 

into each of the 8 wells making up a column. The solution was mixed and 5 µL from each 

well was plated onto an agar plate and left to dry near an open flame to reduce 

contamination. These plates were sealed with parafilm and incubated at 37 °C for 12 

hours. Examination of the incubated plates after 12 hours to determine the MIC was 

chosen based on the growth curve for both LHVE and BW bacteria (V. Durán-Toro, 

personal communication). The lowest concentration of NPs, which showed no growth of 

bacteria on the agar plate, was determined to be the MIC (EUCAST, 2009). 

Additional drying steps. Because the MICs could not be accurately determined 

with the weighed and resuspended dried powder of the 1) dialyzed and 2) dialyzed 

solution with proteinase K added, two volumes of ethanol were added to both solutions 

and centrifuged at 12000xg for 20 minutes. This was done in hopes of a precipitate 

formation that could be dried, weighed, and resuspended for future MIC studies.  
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Effects of S-Adenosyl Methionine Amendment on bnf05 Bacterial Headspace 

Reagents. Reagents used in these experiments include: Bacto™tryptone (Becton 

Dickson), yeast extract (EMD), sodium chloride, S-adenosyl methionine, (VWR), 

potassium tellurite (Alfa Aesar), and RiOs 3 water purification system from Millipore 

(Billerica, MA, USA). The solid phase microextraction fiber (Supelco/Sigma-Aldrich) 

was a 75 µm fused silica fiber coated with CAR/PDMS. 

Samples for headspace analysis. The bacterial strain used in this work, bnf05, 

was provided by Claudio Vásquez, Universidad de Santiago de Chile. This wildtype 

strain was collected by ECA47/48 projects from INACH (Instituto Antártico Chileno) in 

Antarctica (W. Díaz, personal communication). A pre-culture of bnf05 was made in LB 

and incubated at 37 °C overnight. After this pre-culture was grown anaerobically for 24 

hours, a 1/10 inoculum was prepared in LB solution and grown into log phase. The 

samples were prepared in pre-sterilized 16-mL test tubes sealed with Teflon®-lined septa. 

The controls included: LB, LB with bnf05, LB with 10 µM SAM, LB with potassium 

tellurite, LB with 10 µM SAM and bnf05, LB with potassium tellurite and bnf05, and LB 

with 10 µM SAM and potassium tellurite. These were compared to a solution of LB with 

potassium tellurite, 10 µM SAM, and bnf05. The SAM and tellurite solutions were 

sterile-filtered with a 0.2 µm syringe filter before addition. Potassium tellurite 

amendment was studied at concentrations of 0.33 mM (90 µg/mL; W. Díaz, personal 

communication) and 0.65 mM. These tubes were incubated in a 37 °C water bath for 24 

hours for 0.65 mM K2TeO3 solutions or 24 and 48 hours for 0.33 mM K2TeO3 solutions. 

Metalloidal salts were added prior to incubation. 
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The instrument used for headspace analysis was a gas-chromatograph with a 

fluorine-induced sulfur chemiluminescence detector. Headspace sampling involved 

exposure of a SPME fiber to bacterial headspace at 37° C. The SPME fiber was exposed 

to the bacterial headspace for 20 minutes and gas chromatography was then run on each 

sample. The chromatographic column used was a 30-m, 0.32-mm i.d. DB-1 capillary 

column with a 5-µm stationary phase. The temperature program used (splitless injections) 

was 30° initial for 2 min, 15°/min ramp to 280° final temperature. The He carrier gas 

flow was ~1 mL/min. Fibers were cleaned by placing them in the injector and heating up 

the instrument to allow any contaminants to leave the fiber. A fiber check was performed 

between each headspace run to confirm no sample carryover. The peaks were identified 

by the use of commercial standards eluting from the column at known retention times. 
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CHAPTER III 

RESULTS 

Synthetically- and Biologically-Produced Cadmium Telluride Nanoparticle 

Synthesis and MIC Determination 

Fluorescence determination. Solutions containing nanoparticles were checked 

for CdTe NP fluorescence using a single, UV excitation wavelength and (safety glasses-

protected) human eyes. By exciting NP solutions at 365 nm under the transilluminator, 

the fluorescence of each solution can be seen in Figure 2. Samples include growing flasks 

with: 1) foil over the opening allowing oxygen to be introduced, 2) in a closed flask, and 

3) with foil over the flask opening for the initial growth and closed after the introduction 

of IPTG to the bacteria next to their controls that contain no metals/metalloids. 

 

Figure 2. The fluorescent supernatant solutions after cell lysis of the three growing 
methods are shown above. Red capped 1A, 2A, and 3A are the controls with no metals or 
metalloids added. Method 1) foil over the flask, 2) in a closed flask, and 3) foil over the 
flask for initial growth and closing the flask after addition of IPTG. 1B, 2B, and 3B 
contain the NP solutions with cadmium and tellurite added. 

 



22 

 

The fluorescence spectra (total luminescence spectra) of each growing method 

can be seen in Figures 3-6. These include: a dry, empty cuvette for comparison and NP 

supernatant solutions containing metals (1B, 2B, and 3B). Figures 3-6 show the 

fluorescence spectra: excitation 200-900 nm, emission 200-900 nm.  

 

Figure 3. The background spectrum collected with a clean, empty cuvette. 

 

Figure 4. The fluorescence spectrum of NP solution 1 with metal/metalloid added: foil 
over the flask allowing oxygen introduction. 

200	  
300	  
400	  
500	  
600	  
700	  
800	  
900	  

20
0	  

24
0	  

28
0	  

32
0	  

36
0	  

40
0	  

44
0	  

48
0	  

52
0	  

56
0	  

60
0	  

64
0	  

68
0	  

72
0	  

76
0	  

80
0	  

84
0	  

88
0	  

Ex
ci
ta
'o

n	  
(n
m
)	  

Intensity	  

Emission	  (nm)	  

1000-‐1500	  

500-‐1000	  

0-‐500	  

200	  

300	  

400	  

500	  

600	  

700	  

800	  

900	  

20
0	  

24
0	  

28
0	  

32
0	  

36
0	  

40
0	  

44
0	  

48
0	  

52
0	  

56
0	  

60
0	  

64
0	  

68
0	  

72
0	  

76
0	  

80
0	  

84
0	  

88
0	  

Ex
ci
ta
'o

n	  
(n
m
)	   Intensity	  

Emission	  (nm)	  

1500-‐2000	  

1000-‐1500	  

500-‐1000	  

0-‐500	  



23 

 

 

Figure 5. The fluorescence spectrum of NP solution 2 with metal/metalloid added: in a 
closed flask. 

 

 

Figure 6. The fluorescence spectrum of NP solution 3 with metal/metalloid added: foil 
over the flask and a closed flask after addition of IPTG. 
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Table 2 gives a summary of the fluorescence intensities of an empty cuvette, and each of 

the 3 solutions (under aerobic, microaerobic, and an initial aerobic environment and 

microaerobic conditions after IPTG addition). The scatter peaks from the 

monochromators were ignored and the NP fluorescence reading was determined as the 

maximum intensity for the peak in the region of excitation 225-500 nm and emission 

280-450 nm as shown in Table 2.  

Table 2 

Summary of all Fluorescence Intensities 

Growth Method  Fluorescence Intensity 

Empty Cuvette ~ 60 

Aerobic ~ 95 

Microaerobic ~ 80 

Aerobic & Microaerobic after IPTG addition  ~ 90 

  
 

MIC Determination 

Because resazurin dye is non-toxic, water soluble, stable in culture media, and 

because it will permeate through cell membranes, it was initially tried as an oxidation-

reduction indicator for testing bacterial contamination and antimicrobial activity. This 

dye was successfully used in earlier work by another researcher in our laboratory to 

determine the bacterial toxicity of the selenocyanate anion, a water-soluble Se-containing 

anion of environment importance (Montes, 2012; Montes et al., 2012). Upon addition of 

resazurin to cultures with toxicants added, a color change in the dye indicates cell growth. 

In this way the MIC could be determined by observing this point of color change 

(Palomino et al., 2002; Primm and Franzblau, 2007; Montes, 2012); cultures of cells in 
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toxicant concentrations immediately above that of the dye change—indicating growth—

established the MIC. Preliminary experiments with resazurin and NPs as an indicator 

provided inconclusive results, because it showed a color change upon addition of CdTe 

without being in the presence of bacteria; that is, CdTe NPs apparently reduced the dye. 

A second indicator dye, CellTiter 96 Non-Radioactive Cell Proliferation assay, was also 

examined but the addition of the dye and solubilization solution/stop mix to the wells of 

the MIC plate required volumes difficult to work with and contamination of the plate was 

seen. 

At this point work with indicator dyes was abandoned and a new technique was 

adopted not involving dyes, but instead by using agar plates to determine bacterial growth 

in the presence of NPs. This technique, known as colony counting (Pepper and Gerba, 

2004; Miles et al., 1938), was used as a means of determining MIC values for NPs 

resuspended in LB (Luria Broth) and incubated with both LHVE and BW bacteria. 

The MIC results for synthetic and biologically-made NPs were determined based 

on colony growth when agar plated. The method of using resazurin dye as a cell growth 

indicator proved to be useless when the indicator dye interacted with the NPs and 

provided a color change without the presence of bacteria. Colony counting was the new 

adopted method to calculate the MIC values. By allowing NPs to be incubated with the 

bacteria at various concentrations and agar plating aliquots of the NP/bacterial solution, 

the MIC values were determined by counting visible, individual cell colonies (Pepper and 

Gerba, 2004; Miles et al., 1938). The concentration in a dilution that produced no visible 

bacterial growth after 12 hrs was judged as the MIC. 
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Figures 7 and 9 are examples of control plates used to practice the colony 

counting method. A sterile lane A contains only autoclaved LB growth medium and 

displays no growing colonies after 12 hours. Figure 7 shows lane B including the BW 

inoculum and therefore clearly produces round, pipetted drops full of bacteria at each ½ 

dilution (horizontal row down the plate). Figure 9 shows the same process with lane B 

including the bacterium LHVE.  

In Figures 8 and 10, agar plates incorporating NP additions, the MICs for 

synthetically-made NPs in the presence of BW and LHVE can be seen. The MIC for BW 

falls around 35 mg/mL as seen in Figure 8 in triplicate lanes because the top row shows 

no bacterial growth at this concentration but the next row (16.5 mg/mL NPs) shows some 

cell growth. The MIC for LHVE is around 475 mg/mL as seen in Figure 10.  

 

 

Figure 7. BW agar plate controls with (A) LB only lane and (B) LB and BW. 
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Figure 8. BW agar plate, initial concentration 35 mg/mL with (A) sterile LB and 
triplicate NP-amended lanes (B)-(D) each containing LB + synthetic NP + BW bacteria. 
Yellow coloration near the top of the plate is due to the NP solution staining the plate.  

 

 

Figure 9. LHVE agar plate controls with (A) sterile LB only and (B) LB + LHVE. 
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Figure 10. LHVE agar plate, initial concentration 475 mg/mL with (A) sterile LB and 
triplicate NP-amended lanes (B)-(D) each containing LB + synthetic NP + LHVE 
bacteria. Yellow coloration near the top of the plate is due to the NP solution staining the 
plate. 

 

In Figures 11-16, agar plate experiments to determine the MICs for biologically-

made NPs in the presence of BW and LHVE can be seen. For an accurate NPs mass to be 

determined—necessary for the determination of MICs—pure, isolated biologically-

produced NPs were required. This isolation was accomplished with the synthetic 

nanoparticle solutions (which contained unreacted CdCl2, K2TeO3, GSH, etc.) by 

precipitation of the suspended synthetically-produced NPs using 2 added volumes of 

ethanol and spinning the subsequent precipitates down (Pérez-Donoso et al., 2012), 

making the assumption that the other reagents used in the synthetic step remained 

substantially dissolved in ethanol/water solution. This yielded relatively pure NPs for 

MIC determinations. Initially for biologically-produced NPs this isolation step was left 

out, and it was assumed that—compared to NPs—the components left after dialysis and 
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lyophilization would not substantially affect the determined MICs. To test this 

assumption, agar-plate lanes containing no NPs but all the other components from the 

previous steps, carried through lyophilization (1M NaOH solution in buffer that was 

dialyzed) were examined to determine whether they affected bacterial growth. These NP-

free control experiments are lane B in Figures 11, 12, 14, and 15. For dialyzed NP 

solutions, it can be seen that the MIC for BW appears to fall around 35 mg/mL seen in 

Figure 13 and the MIC for LHVE is around 59 mg/mL as seen in Figure 16; however, the 

NP-free trials in Figures 12 and 15 show that solutions carried through the lyophilization 

step—with no cadmium or tellurium added—also completely inhibited bacterial growth. 

 

 

Figure 11. Agar plate controls with (A) sterile LB, (B) LB + NP-free lyophilized 
solution, and (C) LB + biological NPs. This experiment verifies that these solutions were 
sterile. 
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Figure 12. BW agar plate controls with (A) LB + BW and (B) LB + NP-free lyophilized 
solution + BW. 

 

 

Figure 13. BW agar plate, initial biological NP concentration 35 mg/mL with triplicate 
lanes (A)-(C) LB + biological NPs + BW. 
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Figure 14. LHVE agar plate controls with (A) sterile LB, (B) LB + NP-free lyophilized 
solution, and (C) LB + biological NPs. 

 

 

Figure 15. LHVE agar plate controls with (A) LB + LHVE and (B) LB + NP-free 
lyophilized solution + LHVE. 
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Figure 16. LHVE agar plate concentration 475 mg/mL with triplicate lane (A)-(C) LB + 
biological NPs + LHVE. Last row with no growth is 59 mg/mL NPs. 

 

Table 3 

Summary of all MIC Data for the Bacteria BW and LHVE for Synthetic and Biologically-
Made NPs 

NP Type BW MIC LHVE MIC 

Synthetically-made 35 mg/mL 475 mg/mL 

Biologically-made after dialysis N/A N/A 

   
 

Additional Drying Step 

Results of an experiment to explore ethanol-based precipitation of biologically-

produced nanoparticles carried out the last week of this project showed that when drying 

and centrifuging 1) dialyzed NP solutions and 2) dialyzed NPs solutions heated with 
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proteinase K, a very small amount of precipitate formed. This precipitate was fluorescent 

under 365 nm excitation, and solution of lysis components without added 

metals/metalloids did not exhibit this fluorescence. This suggests that fluorescence NPs 

could be isolated in a manner analogous to that used for synthetically-made NPs, and this 

method could be used for future experiments for isolating NPs from NaOH, buffer, and 

proteinase K solutions. These spun-down biologically-made NPs could then be dried and 

resuspended in LB for MIC determination; however these experiments were not carried 

out. 

Effects of S-Adenosyl Methionine Amendment on bnf05 Bacterial Headspace 

Figures 18-20 show chromatograms from the headspace analyses of live bnf05 

cultures. Figure 17 shows an example of a fiber check, performed in-between each 

injection of the fiber, to ensure contamination was not carried over from previous the 

chromatographic run.  

The following figure (Figure 18) shows: the chromatographic run of sterile LB 

(A) to ensure sterility of growth medium and test tube preparation and 0.33 mM K2TeO3-

amended cultures sampled at 24 hrs. The controls for Figure 18 include: 0.33 mM 

K2TeO3 (B), a 10 µM SAM sample amended with 0.33 mM K2TeO3 (C), and bnf05 

amended with 0.33 mM K2TeO3 all in LB medium (D). These were compared to a 

solution of 0.33 mM K2TeO3, 10 µM SAM, and bnf05 grown 24 hrs in LB (E).  
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Figure 17. Chromatogram of a fiber check. 
 

 

Figure 18. Chromatogram of the headspace of samples after 24 hrs at 37 °C: (A) sterile 
autoclaved LB solution (B) + 0.33 mM K2TeO3, (C) + 10 µM SAM, (D) bnf05 bacteria + 
0.33 mM K2TeO3 and (E) + 10 µM SAM.  
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Figure 19 shows chromatograms of headspace for 0.65 mM K2TeO3-amended 

samples at 24 hrs. The controls for Figure 19 include: sterile LB (A), 0.65 mM K2TeO3 

(B), a 10 µM SAM sample amended with 0.65 mM K2TeO3 (C), and bnf05 amended with 

0.65 mM K2TeO3 all in LB medium (D). These were compared to a solution of 0.65 mM 

K2TeO3, 10 µM SAM, and bnf05 in LB (E). 

 

 

Figure 19. Chromatogram of the headspace of samples after 24 hrs at 37 °C: (A) sterile 
autoclaved LB solution, (B) + 0.65 mM K2TeO3, (C) + 10 µM SAM (D) bnf05 bacteria 
amended with 0.65 mM K2TeO3 and (E) + 10 µM SAM. 

 

The following Figures 20 shows chromatograms of headspace for 0.33 mM 

K2TeO3-amended samples at 48 hrs. The controls for Figure 20 include: a bnf05 sample 

(A), a 10 µM SAM sample (B), a 10 µM SAM sample amended with bnf05 (C), a 0.33 

mM K2TeO3 sample (D), a 10 µM SAM sample amended with 0.33 mM K2TeO3 (E), and 
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bnf05 amended with 0.33 mM K2TeO3 all in LB medium (F). These were compared to a 

solution of 0.33 mM K2TeO3, 10 µM SAM, and bnf05 in LB (G).  

 

 

Figure 20. Chromatogram of the headspace of samples after 48 hrs at 37 °C: (A) bnf05 
growing in LB, (B) 10 µM SAM in sterile LB, (C) bnf05 amended with 10 µM SAM (D) 
0.33 mM K2TeO3 in sterile LB, (E) 10 µM SAM + 0.33 mM K2TeO3, (F) bnf05 amended 
with 0.33 mM K2TeO3 and (G) bnf05 amended with 0.33 mM K2TeO3 + 10 µM SAM. 
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Table 4 shows a summary of the chromatographic peaks detected for 0.33 mM 

samples at 24 and 48 hours and 0.65 mM samples at 24 hours.  

Table 4 

Summary of all Chromatographic Peaks 

 Sample MeSH DMDS DMTS DMTe DMDTe 

0.33 mM 24 hr 

LB  X    

K2TeO3  X    

K2TeO3 + SAM  X    

K2TeO3  + bnf05  X    

K2TeO3 + SAM 
+ bnf05  X    

0.65 mM 24 hr 

LB  X    

K2TeO3  X    

K2TeO3 + SAM  X    

K2TeO3  + bnf05  X    

K2TeO3 + SAM 
+ bnf05  X    

0.33 mM 48 hr 

bnf05 X X X   

SAM X X X   

SAM + bnf05 X X X   

K2TeO3      

K2TeO3 + SAM      

K2TeO3  + bnf05      

K2TeO3 + SAM 
+ bnf05      
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CHAPTER IV 

DISCUSSION 

Synthetically- and Biologically-Produced Cadmium Telluride Nanoparticles 

Synthesis and MIC Determination 

From the results reported here, the fluorescence emission for biologically-

produced NPs at three different growing conditions, seen in Figure 2 for samples at 

excitation wavelength 365 nm, shows that the bacterium gshA can be used in the 

production of biologically-made NPs. This can be seen by comparing the controls—

easily distinguished by their red-colored caps and grown without addition of the metals 

CdCl2 and K2TeO3 —to the NP solutions with metals/metalloids added. It appears in 

Figure 1 that biologically-produced NPs grown with completely aerobic conditions, with 

foil over the top of the flask allowing oxygen to enter the flask, produce the most 

fluorescence. 

To more accurately determine which growing condition in Figure 2 produced the 

most intense fluorescence, the fluorescence spectrum (often called the total luminescence 

spectrum) was also obtained for each of the growing conditions. Firstly, the fluorescence 

spectrum of an empty cuvette was obtained as a control and in Figure 3 many lines of 

scatter can be seen. The cuvette did not produce any fluorescence, because there was 

nothing in the cuvette to fluoresce. All spectral peaks seen in Figure 3 are light from the 

excitation monochromator scattering off the cuvette’s walls to the emission 

monochromator and on to the detector. 

The emission and excitation wavelength axes were scanned to locate the 

excitation and emission wavelengths corresponding to the most intense NP fluorescence 
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in order to compare the empty cuvette to biologically-produced NP fluorescence. As seen 

in Figure 4, the fluorescence intensity of the aerobically-grown, foil-covered flask is the 

highest, showing the most fluorescent growing method. The NPs in Figure 4 exhibited an 

intensity of about 95, whereas biologically-grown NPs under microaerobic conditions in 

a closed flask produced an intensity of ~80 and growth with foil over the flask opening 

and closing the flask after the addition of IPTG produced an intensity of ~90. Table 2 

shows the fluorescence intensities of an empty cuvette and each growing condition for 

comparison. 

The toxicology of synthetic NPs can be seen in Table 3: MIC for LHVE was 475 

mg/mL and the MIC for BW was 35 mg/mL. Therefore, the metalloid-resistant bacterium 

LHVE can grow at NP concentrations much higher than BW for synthetically-produced 

NPs as determined by MIC values. These results agree with previously obtained MIC 

results obtained by Montes (2012). The lower NP MIC values for the bacterium E. coli 

wild type BW, a non-metalloid resistant bacteria, follow the expectation that non 

metalloid-resistant bacteria should have lower MIC values than metalloid-resistant strains 

like that of the bacterium LHVE (Araya et al., 2004).  

MIC experiments for biologically-made NPs produced inconclusive results as 

seen in lane B of Figures 12 and 15 and in each triplicate of Figure 13 and 16. The 

control solutions with the lysis chemicals NaOH, Tris-HCl buffer inhibited the growth of 

both BW and LHVE bacteria when no NPs were present. This suggests that the chemicals 

used to lyse cells left in these solutions (NaOH and Tris-HCl buffer) are also toxic to both 

types of bacteria, which made MIC determination impossible for these biologically-
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produced NPs. Further purification of the NPs from the lysis solution is required to 

remedy this problem.  

In an effort to further purify NPs from the lysis solution, both 1) dialyzed 

solutions of NaOH and Tris-HCl and 2) dialyzed solutions of NaOH and Tris-HCl treated 

with proteinase K were spun down after the addition of 2 volumes of ethanol. This 

method mimics that used by Pérez-Donoso et al. (2012) to precipitate and subsequently 

dry synthetically-produced NPs. This technique proved to also precipitate biologically-

produced NPs (as assessed via fluorescence), which can be used for further toxicity 

studies; however, those experiments were not carried out. 

Effects of S-Adenosyl Methionine Amendment on bnf05 Bacterial Headspace  

 The Antarctic bacterium bnf05 has shown to produce gray, elemental Te in 

growing anaerobic cultures (data not shown) and so the experiments carried out here with 

SAM amendments were an effort to investigate whether the reducing power of this 

microbe plus addition of a known biomethylation reagent would yield detectable amounts 

of a reduced, methylated metalloidal compound such as dimethyl telluride or dimethyl 

ditelluride, two compounds seen in other metalloid-resistant bacterial headspaces (Araya 

et al., 2004; Swearingen et al., 2004). 

 For chromatograms of sterile LB and 0.3 mM and 0.65 mM K2TeO3 amendment 

solutions at 24 hours, the only detectable headspace component was DMDS. This is also 

seen in the sterile LB (A) control at relatively the same intensity as each sample (Figures 

18 and 19 B-E), suggesting that the DMDS is from the degradation of the LB solution 

components upon autoclaving. 
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 For chromatograms of headspace samples for 0.33 mM K2TeO3 amendments 

grown for 48 hours (Figure 20), a methanethiol, DMDS, and DMTS peaks were seen for 

the bacterium bnf05, 10 µM SAM, and 10 µM SAM and bnf05 all in LB. There are no 

detectable peaks for K2TeO3 alone in LB, K2TeO3 with 10 µM SAM, K2TeO3 with bnf05 

and K2TeO3 with bnf05 and 10 µM SAM. We might reasonably expect to see a DMDS 

peak for LB + K2TeO3 alone, K2TeO3 with 10 µM SAM, K2TeO3 with bnf05, and 

K2TeO3 with bnf05 and 10 µM SAM as compared to the 0.33 mM K2TeO3 samples at 24 

hours, because the cultures were incubated for a longer period of time and would 

therefore have a greater chance to produce detectable amounts of reduced, methylated 

headspace components.  

 For the samples incubated for 24 hours at 37 °C, samples amended with tellurium 

showed small DMDS peaks; all tellurite-amended samples incubated at 48 hours showed 

no DMDS peaks. This could be due to the fact that the trace amounts of DMDS produced 

from thermal LB degradation was slowly oxidized by tellurite in 37° cultures. If the 

samples were incubated for 48 hours, it’s possible that this oxidation consumed all of the 

DMDS generated by the autoclave degradation and produced oxidation products that 

were either not volatile enough to have a presence in the headspace or could not be 

detected by the SCD. 
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CHAPTER V 

CONCLUSION 

Synthetically- and Biologically-Produced Cadmium Telluride Nanoparticles 

Synthesis and MIC Determination 

To determine which culture growing method produced that most fluorescent NPs 

for use in subsequent MIC determination experiments, samples were grown with: 1) 

aerobically, 2) microaerobically, and 3) aerobically before and microaerobically after the 

introduction of IPTG to the bacterial sample. Under UV excitation (365 nm) the lysed 

supernatant NP solution was observed and the fluorescence spectrum for each sample 

was also determined for a more accurate comparison. Foil over the opening allowing 

oxygen to be introduced, in a truly aerobic environment, proved to produce the most 

nanoparticle fluorescence.  

In order to compare the relative toxicities of synthetically- and biologically-made 

NPs, the MIC determination was the goal of this research. Both types of NPs were tested 

with the bacteria BW, a wild-type E. coli strain, and LHVE, a metalloid-resistant 

bacterium, to measure the concentration at which the particular bacterial growth was 

inhibited using a series of experiments. The toxicity for synthetically-made NPs showed 

that LHVE was substantially more NP resistant than BW. It is known that LHVE is 

metalloid-resistant to Te and Se metalloids. In determining these MIC values, we 

determined that LHVE is also Cd resistant. 

For biologically-made NPs, the assumption that—compared to NPs—the 

components left after the dialysis step and lyophilization would not substantially affect 

the determined MICs proved to be incorrect. In the presence of the control, a dialyzed 
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solution of NaOH in buffer with no Cd or Te, growth of both bacteria BW and LHVE 

were completely inhibited. Therefore accurate MIC values for biologically-made NPs 

could not be determined with this method. But by using ethanol to precipitate the NPs 

from the 1) dialyzed NaOH solution in Tris-HCl buffer and 2) the dialyzed NaOH 

solution in Tris-HCl buffer with proteinase K added, a sample of purified NPs was 

apparently isolated, based on fluorescence alone. This solution could be dried and used in 

future biologically-produced NP MIC experiments.  

Effects of S-Adenosyl Methionine Amendment on bnf05 Bacterial Headspace 

From past research it is known that the bacterium bnf05 is a Te-resistant strain has 

the ability to reduce the metalloid-containing compound K2TeO3, to yield elemental Te, 

but this organism does not have the ability to methylate the reduced tellurium to produce 

volatile, methyl tellurides. All samples, incubated in a 37 °C water bath for 24 hours for 

0.65 mM K2TeO3 solutions or 24 and 48 hours for 0.33 mM K2TeO3 produced no 

detectable amounts of any volatile Te-containing headspace components.  
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APPENDIX A 

Chemical Abstract Service Registry Numbers  

Compound CAS Number 

agar 9002-18-0 

cadmium chloride hydrate 654054-66-4 

calcium chloride 10043-52-4 

chloramphenicol 56-75-7 

ethyl alcohol 64-17-5 

isopropyl-β-D-1-
thiogalactopyranoside 

367-93-1 

L-glutathione reduced 70-18-8 

potassium 
dihydrogenphosphate 

7778-77-0 

potassium hydrogenphosphate 7758-11-4 

potassium tellurite 123333-66-4 

proteinase K 39450-01-6 

S-adenosyl methionine 1071750-01-0 

sodium borate 1303-96-4 

sodium chloride 7647-14-5 

sodium citrate 6132-04-3 

sodium hydroxide 1310-73-2 

tris hydrochloride 1185-53-1 

trizma base 77-86-1 

tryptone 2015-03-31 

yeast extract 8013-01-2 
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