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Abstract 

Cadmium sulfide (CdS) quantum dots have been synthesized extracellularly by the 

fungus Fusarium oxysporum when treated with CdSO4 in aqueous conditions. The 

quantum dots produce an emission range primarily between 450 and 550 nm. 

Optimization into the production system reveals that quantum dots are more efficiently 

synthesized when F. oxysporum cultures are grown to stationary phase and exposed to 

20% mycelial biomass per volume, a pH of 9, a salt stress concentration of 0.25 M, along 

with the addition of 15 mM of 3-MPA and 25 mM of NaBH4. Synthesis of quantum dots 

reached a maximum after approximately 5 days of reaction time (120 h). Investigations 

into the secondary stress metabolism of F.oxysporum suggest that triggering this pathway 

leads to a higher output of CdS quantum dots. A water and acetone purification technique 

shows that CdS quantum dots can be extracted successfully from biologically synthesized 

quantum dot samples and different ratios of water to acetone show purification of 

different sized quantum dots. The possible mechanisms for CdS quantum dot formation 

are discussed.  
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Chapter 1: General Introduction and Review 

1.1 – Quantum dots 

 Quantum dots (QDs) are semiconductor metal nanoparticles that fluoresce within 

the visible light spectrum when excited with an external energy source. These 

nanoparticles contain metals from II-Vl or III-V main group elements and range in size 

between 1-10 nm. Due to their small size, QDs have unique electronic and optical 

properties due to the quantum confinement effect. Most notably, they display size-

dependable tunable photoluminescence, good photostability, broad excitation spectra, and 

narrow bandwidths (Chen et al. 2014). When excited, they emit wavelengths in the 

visible light spectrum from blue to red as the particle increases in size, but have also been 

documented producing wavelengths within the ultra violet and infrared spectrum (Guo et 

al. 2000; Song and Lee 2001; Hines and Scholes 2003; Bakueva et al. 2004; Zheng et al. 

2004). The ability to manufacture QDs to produce specific wavelengths by manipulating 

size has contributed significantly to nanotechnology and has led to a wide range of 

technological applications such as biological labeling, drug delivery systems, in vivo 

imaging diagnostics, DNA detection, optoelectronics, computing, and photovoltaic cells 

(Mohanpuria et al. 2008).  

 There are several forms of nanocrystalline particles that have been regularly 

produced and commercialized. The most commonly produced type of nanoparticle are VI 

chalcogenides, IV-VI chalcogenides, and III-V nanoparticles, but there has been a 

particular interest and substantial amount of research dedicated to the development and 

production of II-VI QDs which include: CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, and ZnO. 



	   2	  

Concerns with the toxicity of cadmium have recently pushed towards research and 

development of III-V QDs, which include GaN, GaP, GaAs, InN, InP, and InAs and are 

deemed to be less toxic than QDs containing cadmium. A compilation of current 

chalcogenide QDs is listed along with their primary technological applications and 

toxicity in Table 1. 

Table 1. Leading chalcogenide QDs produced industrially along with their primary 
applications and toxicity.  The toxicity scale ranges from 1 – 3, where 1 is least toxic and 
3 is most toxic.  

 
Main group 

elements 
 

 
Type of 
material 

 

 
Type of 

QD 
 

 
Primary 

applications 
 

 
Toxicity 

 

 
Reference 

 

II-VI Chalcogenide CdS 

Photovoltaic cells, 
biolabelling and 
bioimaging, and 
optoelectronic 

devices (LEDs) 

3 

(Heron et al. 
1990; 

Yang et al. 
2005) 

II-VI Chalcogenide CdSe Optoelectronic 
devices (LEDs) 3 

(Norris and 
Bawendi 1996; 
Crouch et al. 

2003; Nordell et 
al. 2005) 

II-VI Chalcogenide CdTe Biolabelling and 
bioimaging 3 

(Rajh et al. 
1993; Rogach et 

al. 1996; 
Talapin et al. 

2006; Rogach et 
al. 2007) 

II-VI Chalcogenide ZnS 

Electroluminescen
ce devices, 

phosphors, light 
emitting displays 

and optical 
sensors 

1 
(Nanda et al. 

2000; Wang et 
al. 2006) 

II-VI Chalcogenide ZnSe Optoelectronic 
devices 2 (Jun et al. 2000; 

Zhu et al. 2000) 

II-VI Chalcogenide ZnTe 

IR probes in 
biological imaging 
and photovoltaic 

cells 

2 (Jun et al. 2001; 
Xie et al. 2005) 
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II-VI Chalcogenide ZnO 
Reinforcing filler 

(vulcanizing 
agent) 

1 
(Guo et al. 

2000; Madler et 
al. 2000) 

 

1.2 – Quantum confinement effect 

 Quantum dots contain unique physical, electronic, and optical properties that are 

primarily attributed to their small sizes and semiconducting properties. These phenomena 

occur due to the quantum confinement effect, rendering QDs to exhibit behaviors similar 

to single atoms and thus referred to as “artificial atoms” in nanoscale research and 

applications (Kastner et al. 1994). Quantum dots act as “artificial atoms” due to 

quantized energy levels, unlike in bulk material, where their energy levels are continuous. 

When the nanoparticle is smaller than its exciton-Bohr radius, which is the distance of the 

electron-hole pair from the valence to the conductance band, the material moves away 

from continuous to discrete energy levels. The difference in energy between the valence 

and conductance band is termed the band gap. Therefore, as particle diameter is increased, 

the band gap energy will decrease. Therefore, the band gap energy becomes dependent on 

the size of the QD. The exact mechanism semiconductor QDs involves the absorbance of 

a photon’s energy that excites electrons located in the valence band and then moves 

electrons into the conductance band. The electron eventually falls back into the valence 

band and releases a photon of light in the process (Wise 2000). Therefore, these 

properties allow QDs to emit light within the visible light spectrum, which make them 

attractive and applicable to a variety of industries, especially to optoelectronics. In 

contrast to bulk material, QDs have characteristic physical, chemical, electrical, 

mechanical, optical and biological properties that allow them to be applied to a variety of 
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fields (Ahmad et al. 2002). In bulk semiconductor material, the structure of the crystal 

lattice is the main factor contributing to the structure of the electronic band. Unlike QDs, 

the energy required to excite an electron from the valence band to the conductance band 

remains constant because of a continuous energy state that is independent of the diameter 

of the particle (Bawendi et al. 1990). Manipulating the size of the QD has an effect on the 

physical properties that significantly differs from bulk material, primarily due to the 

tunability observed through the quantum confinement effect, which is not a factor in bulk 

material (Narayanan and Sakthivel 2010). The range of wavelengths that QDs may be 

manufactured to produce show more promising prospects in terms of application than 

bulk semiconductor materials.  

1.3 – Applications of QDs 

Nanomaterials are on the forefront of the nanotechnology industry and have a variety 

of applications across various fields.  In particular, QDs are of interest due to their unique 

physiochemical and optoelectronic properties along with their size customizability. This 

makes them extremely useful as a nanomaterial, especially in applications such as 

electronics, catalysis, reprography, single-electron transistors (SETs) and 

photoelectrochemical applications including photovoltaic solar cells in solar panel 

technology	  (Heron et al. 1990; Nanda et al. 2000; Yang et al. 2005; Wang et al. 2006). 

The ability to fine-tune QD absorption and emission properties by simply increasing or 

decreasing the diameter of the particle is an extremely attractive quality that has sparked 

interest in band-gap engineering and laser optic research fields (Sastry et al. 2003). Most 

recently, QDs have been viewed with great interest for potential applications in 

nanocomputers for storage, biomedical devices, and in displays – indicating an increasing 
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demand and importance of QDs in future technologies (Sastry et al. 2003; Pattantyus-

Abraham et al. 2010 Shirasaki et al. 2013). Not only are QDs beneficial to the 

nanotechnology industry, they have made an impact in the biological sciences due to their 

very precise cellular labeling abilities (Bruchez et al. 1998; Jaiswal et al. 2003; Medintz 

et al. 2005). Recently, QDs have been shown to track human limbal epithelial cells in 

vitro through multiple generations due to their long-lasting photostable signaling 

(Genicio et al. 2015). QDs have proven to be effective in applications across multiple 

fields and their importance in technologies ranging from optic lasers to the health care 

industry show how versatile and in-demand they are and will continue to be for future 

technological applications.    

1.4 – Traditional production methods 

The traditional methods of QD synthesis are largely chemical and physical 

processes. There are numerous methods of synthesis that have been used to produce QDs, 

however, the most used methods of production is through vapour phase and liquid phase 

deposition, or via colloidal synthesis. The vapour-liquid deposition technique 

incorporates the epitaxial growth of semiconductor nanocrystalline films on substrates 

using either gas or liquid precursors. Colloidal synthesis requires the reaction of 

appropriate starting reagents in the presence of a surfactant or polymer that prevents the 

particles from increasing in size. These approaches are most commonly utilized in the 

electronic industry where materials are coated with thin films of QDs (Jacob et al. 2015). 

Unfortunately, these processes and other similar mechanisms of production are known to 

be environmentally harmful, especially because of the high-energy inputs required during 

manufacturing. For example, certain chemical processes for synthesizing CdS QDs must 
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have the reaction proceeding at above 200 degrees Celsius (Dhillon et al. 2012). 

Furthermore, there has been evidence of high organic and inorganic pollutant load on air, 

water and soil from chemical manufacturing of CdSe QDs. This highlights the 

environmental damage that current manufacturing methods pose and heightens the 

demand for an environmentally benign method of QD production (Thakkar et al. 2010; 

Parikh et al. 2011; Jacob et al. 2015).  

1.5 – QD biosynthesis 

Within the last decade, there has been a variety of biosynthetic research dedicated 

to harnessing biological pathways for the production of nanomaterials using both 

unicellular and multicellular organisms. These organisms have been observed to 

synthesize nanomaterials both intra- or extracellularly (Simkiss and Wilbur, 1989). There 

have been several examples documented in the literature, ranging from magnetoactic 

bacteria producing magnetite nanoparticles to diatoms synthesized from siliceous 

materials (Mann 1993; Mandal et al. 2006). Microorganisms, such as bacteria and fungi 

have been researched extensively for bioremediation efforts due to their heavy-metal 

uptake pathways, however, their potential as possible eco-friendly nanofactories have 

recently allowed scientists to view them through a production lens instead. This 

increasing demand for nanomaterial manufacturing has opened new pathways for 

synthesis, with recent focus being shifted from physio-chemical production methods to 

biosynthetic ones. The development of eco-friendly and green protocols for synthesizing 

nanoparticles, such as QDs, has come to the forefront of biotechnology research and it is 

not surprising that harnessing pre-existing natural pathways in microorganisms for the 

purpose of nanomaterial production is being investigated as an environmentally 
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conscious alternative (Sastry et al. 2003). The development of biologically inspired 

mechanisms for the synthesis of QDs is evolving into an important branch of 

nanotechnology. An increasing interest is drawn to an ecofriendly, nontoxic, and cost-

efficient synthesis of QDs. Biosynthesis of any type of nanomaterial is recognized as 

‘green’ manufacturing and connects several branches of nanotechnology and microbial 

biotechnology, integrating several fields in order to provide an environmentally sound 

alternative for production (Mousavi et al. 2012). This alternate method of production is 

viewed as ‘green’ because biosynthesis limits the amount of toxic chemicals, high 

pressure, high heat, and deleterious waste products released during production compared 

to traditional physical and chemical approaches to synthesis. Biosynthetic nanomaterial 

production not only offers a ‘green’ alternative to manufacturing but it is also 

economically viable since the high-energy demands for production are drastically 

reduced, thus lowering costs (Sastry et al. 2003; Thakkar et al. 2010; Jacob et al. 2015). 

This can be attributed to the biotransformation and metal accumulation ability of various 

microorganisms, rendering the process to be quick, easy, and cost-effective (Narayanan 

and Sakthivel, 2010).  

Previously, initiatives regarding QD biosynthesis have shown promising results, 

for example, unicellular organisms such as yeasts Candida glabrata and 

Schizosaccharomyces pombe, have shown the ability to produce CdS QDs intracellularly 

at low ambient temperatures and atmospheric pressures (Dameron et al. 1989).  Since 

then, similar studies have shown promising results when using a variety of other 

organisms to produce QDs, shown in table 2. 

Table 2. Biosynthesis of QDs by living organisms (Brooks 2015). 
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Type of 
organism Species Location of 

biosynthesis 
Type of 

QD Reference 

Non-
photosynthetic 

bacteria 

Escherichia coli Intracellular 

CdS 
(Sweeny et al. 
2004; Mi et al. 

2011) 
CdSe (Yan et al. 2014) 

CdTe (Monras et al. 
2012) 

Extracellular CdTe (Bao et al. 2010b) 
Serratia 

nematodiphila Extracellular ZnS (Malarkodi and 
Annadurai 2012) 

Brevibacterium casei Intracellular CdS (Pandian et al. 
2011) 

Lactobacillus 
plantarum Extracellular ZnO 

(Selvarajan and 
Mohanasrinivasan 

2013) 

Lactobacillus sp. Extracellular CdS (Prasad and Jha 
2010) 

Klebsiella pneumoniae Extracellular CdS 
(Holmes et al. 

1997; Smith et al. 
1998) 

Klebsiella aerogenes Extracellular CdS (Holmes et al. 
1995a) 

Pseudomonas sp. Intracellular CdSe (Ayano et al. 2014) 

Photosynthetic 
bacteria 

Rhodobacter 
sphaeroides Extracellular 

ZnS (Bai et al. 2006) 

PbS (Bai and Zhang 
2009) 

Rhodopseudomonas 
palustris Intracellular CdS (Bai et al. 2009) 

Yeast 

Saccharomyces 
cerevisiae 

Intracellular 
CdSe (Cui et al. 2009; Li 

et al. 2013) 

ZnS (Sandana Mala and 
Rose 2014) 

Extracellular CdS (Prasad and Jha 
2010) 

CdTe (Bao et al. 2010a) 

Schizosaccharomyces 
pombe Intracellular CdS 

(Dameron et al. 
1989a; Williams et 
al. 1996; Williams 

et al. 2002; 
Kowshik et al. 

2002a; Krumov et 
al. 2007) 

Candida glabrata Intracellular CdS (Dameron et al. 
1989a; Dameron et 
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al. 1989b; Krumov 
et al. 2007) 

Torulopsis sp. Intracellular PbS (Kowshik et al. 
2007b) 

Non-yeast 
fungi 

Fusarium oxysporum Extracellular 

CdS (Ahmad et al. 
2002) 

CdSe (Kumar et al. 
2007b) 

CdTe (Syed and Ahmad 
2013) 

ZnS (Mirzadeh et al. 
2013) 

Coriolus versicolor Extracellular CdS (Sanghi and Verma 
2009) 

Phanerochaete 
chrysosoporium Extracellular CdS (Chen et al. 2014) 

Helminthosporum 
solani Extracellular CdSe (Suresh 2014) 

Alternaria alternata Extracellular ZnO (Sarkar et al. 2013) 
Aspergillus terreus Extracellular PbSe (Sarkar et al. 2013) 

Plants Lycopersicon 
esculentum Intracellular CdS (Reese et al. 1992) 

Annelids Lumbricus rubellus Intracellular CdTe (Sturzenbaum et 
al. 2013) 

 

1.5.1 Intracellular biosynthesis 

 The first recorded method of biosynthesis involved internal pathways of 

production, meaning that the nanomaterials synthesized were done so inside of the cells 

of the microorganism once the appropriate constituents were administered. Intracellular 

biosynthesis to produce nanomaterial was initially documented with 

Schizosaccharomyces pombe (Dameron et al. 1989; Kowshik et al. 2002a) and 

Torulopsis sp. (Dameron et al. 1989; Kowshik et al 2002b). It is reported that the yeast 

initiate intracellular biosynthesis in the mid-log phase of growth. The process involves 

sequestering cadmium ions by glutathione-related proteins, thus leading to the production 

of nanoparticles within the yeast cells (Dameron et al. 1989a,b; Dameron and Winge 
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1990). Intracellular biosynthesis is a shortcoming in the formation of nanoparticles, 

primarily due to downstream processing, which becomes difficult because of extraction 

and purification processes that must take an additional step to lyse cells and remove 

cellular debris. This final step incurs a challenge to the cost-effectiveness of developing a 

biosynthetic system for production (Kowshik et al. 2002).  A study using Escherichia coli 

by Mi et al. (2011) highlights the difficulty that occurs during extraction and purification 

steps generally followed by intracellular biosynthesis protocols. The E. coli cells are 

lysed using a hyper-acoustic cell grinder, the lysed cell suspension is then centrifuged, 

and re-suspended cells are freeze-thawed at -70 °C and then subsequently purified using 

an anion exchange resin column. Similar studies, using Brevibacterium casei and 

Klebsiella pneumonia have shown that cell lysing before extraction and purification is a 

necessity before characterization (Mousavi et al. 2012). Developing alternate 

biosynthetic pathways that remove these final steps is of interest, because of the cost-

effective nature and large-scale synthesis potential for production (Jacob et al. 2015).  

1.5.2 Extracellular biosynthesis 

Overcoming the challenge of downstream processing of intracellular biosynthesis 

may be alleviated through extracellular QD mechanisms of production. Extracellular 

biosynthesis occurs external to the cells using cellular machinery that is excreted by the 

microorganism when certain pathways, usually related to stress, are triggered (Sarkar et 

al. 2013). According to Bao and colleagues (2010a), a more efficient and simple 

approach to preparing QDs was developed by incubating yeast cells with cheap inorganic 

cadmium and telluride precursors. The QDs were grown extracellularly through a one-

step synthesis in relatively low temperatures (25 °C to 35 °C), rapidly decreasing the 
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energy costs associated with production. However, QDs produced through extracellular 

mechanisms using yeast cells still have high costs associated with the capping agents that 

need to be administered to render the QDs viable in terms of the right size, shape, and 

quantity.  A study by Bao and colleagues (2010a) shows extracellular biosynthesis of 

CdSe QDs using Saccharomyces cerevisiae. In this study however, the addition of a 

strong reducing agent (sodium borohydride), as well as capping agents (mercaptosuccinic 

acid and citrate), were used in the reaction mixture, indicating that the formation of the 

QDs were not in this case entirely dependent on the microorganism for their extracellular 

production. The required dependence on the administration of external reducing and 

capping agents highlights the high costs associated with this method.. Within the last few 

years, there have been more investigations using non-yeast fungi to synthesize QDs 

extracellularly. Non-yeast fungi are increasing in popularity because they release natural 

capping agents, such as phytochelatins, that restrict the size and shape of the 

nanoparticles (Kumar et al. 2007a). This increases the potential for customizability and 

thus makes non-yeast fungi more economically feasible than previous extracellular 

mechanisms employed by yeast cells (Jacob et al. 2015). Studies have shown promising 

results using non-yeast fungi, such as Fusarium oxysporum, where CdS QDs form 

extracellularly through purely enzymatic processes (Kumar et al. 2007a). These 

enzymatic processes have not been fully investigated and additional studies involving the 

purification of compounds in the sulfate assimilation pathway are needed in order to 

understand the secondary metabolism defense mechanism activated during stress. An 

extracellular process for QD synthesis has the potential to be fast, scalable and could be 
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carried out in conditions that do not require high energy inputs, dramatically reducing 

costs both environmentally and economically (Jacob et al. 2015).  

1.5.3 QD biosynthesis in bacteria 

Bacterial biosynthesis offers the advantage of directed evolution or genetic 

manipulation for the overexpression of specific enzymes identified in the synthesis of 

metallic nanoparticles. Bacteria are also easily and quickly produced and do not require 

high inputs of energy for growth (Jacob et al. 2015). Bacteria have been well documented 

in the literature for their abilities to detoxify heavy metals through specialized heavy 

metal pathways. These specialized pathways help to alleviate the toxicity from heavy 

metals by transforming the metals into non-toxic or less toxic compounds, in the form of 

nanoparticles. The focus of heavy metal uptake in bacteria lays predominantly in 

biotechnology applications associated with environmental restoration, such as 

bioremediation efforts (Sastry et al. 2003). The very first instance of QD biosynthesis 

using bacteria can be traced back to Cunningham and Lundie (1993), where CdS 

precipitates were formed by the bacterium Clostridium thermoaceticum at the cell surface 

and in the medium from cadmium chloride in the presence of cysteine hydrochloride, 

where cysteine was hypothesized to act as a source of sulfide. Holmes and colleagues 

(1997) found similar precipitates formed through heavy metal pathways using the 

bacterium Klebsiella pneumonia. In another investigation using Klebsiella aerogenes, it 

was found that when the bacterium is exposed to Cd2+ ions in the growth medium, 20 to 

200 nm CdS nanoparticles form on the cell surface. Using E. coli, however, it was shown 

that intracellular CdS nanocrystals composed of a wurtzite crystal phase were synthesized 

when incubated with cadmium chloride and sodium sulfide (Sweeney et al. 2004).  Most 
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recent advances in QD biosynthesis in bacteria by Bao et al. 2010b show that when E. 

coli K12 was incubated with sodium tellurite and cadmium chloride, they produce 

extracellular CdTe nanoparticles.  These QDs are coated by a capping peptide and were 

used successfully in vitro in the imaging of cervical cancer cells (Bao et al. 2010b). In 

another study, Malarkodi and Annadurai (2012) showed that it is possible to produce ZnS 

QDs extracellularly using Serratia nematodiphila, without the addition of external 

chemical reducing and capping agents. They found that 80 nm in diameter ZnS 

nanoparticles formed extracellularly and were capped with an unidentified protein. These 

results are promising in terms of extracellular production of QDs that are entirely 

dependent on the microorganism and do not require external reagents for biosynthesis. 

Perhaps future research can determine and characterize these naturally secreted capping 

agents in order to fine-tune the mechanism further for scale-up.  

1.5.4 QD biosynthesis in yeast 

Most commonly investigated for their biosynthetic abilities for semiconductor 

nanoparticles are yeast cells (Mandal et al. 2006). The first reported biosynthesis using 

yeast cells involved Candida glabrata, which showed the ability to synthesize CdS QDs 

intracellularly when exposed to cadmium ions in solution. The biosynthesis of CdS QDs 

by C. glabrata began with the activation of phytochelatin production, which in turn 

bound to cadmium ions almost immediately, forming a cadmium phytochelatin (Cd-PC) 

complex. Once these complexes were formed, they were transported into the vacuole and 

reduced into non-toxic or less toxic compounds. In an investigation by Kowshik and 

colleagues (2002), Torulopsis sp.was found to produce PbS nanoparticles intracellularly 

when exposed to lead ions in solution, with similar complexes formed and shuttled into 
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the vacuoles for degradation and subsequent nanoparticle formation. The same group of 

researchers also demonstrated the ability of CdS nanoparticles to form intracellularly 

using Schizosaccharomyces pombe, in a similar manner to the previously mentioned 

pathways (Kowshik et al. 2002). Yeast has been known to synthesize intracellular 

nanoparticles for several years; however, they demonstrated the ability to synthesize 

silver nanoparticles extracellularly using a silver-tolerant yeast strain, MKY3. They also 

showed that this strain could precipitate silver extracellularly as elemental nanoparticles 

when the cells were incubated with soluble silver during the log phase of growth. The 

silver ions (Ag+) were reduced extracellularly to metallic silver. During this process, 

Kowshik and colleagues (2003) demonstrated the ability for extracellular nanoparticle 

production in yeast cells, which would alleviate the need for cell lysing, making the 

process more efficient than traditional intracellular biosynthesis. More recently, Bao and 

colleagues (2010) demonstrated a simple and efficient biosynthetic procedure for highly 

fluorescent CdTe QDs ranging between 2.0-3.6 nm in size. The procedure developed by 

Bao et al. (2010) involved the incubation of Saccharamyces cervisiae cells with cadmium 

and telerium salt precursors. The process was also extracellular in nature, alleviating the 

extra steps involved with harvesting the QDs at the conclusion of the biosynthetic process. 

The CdTe QDs produced through this method showed tunable size-dependent emissions 

from 490 to 560 nm with a relatively high photoluminescence quantum yield. 

Furthermore, the QDs were naturally capped with proteins that were secreted by S. 

cerevisiae and show excellent water solubility, stability, and biocompatibility. This 

demonstrates the potential for a much more economic and environmentally friendly route 
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of production, as well as the potential to alleviate some downstream processing that is 

usually involved in yeast biosynthesis.   

1.5.5 QD biosynthesis in multicellular fungi 

 Recently, multicellular fungi have been under investigation for their ability to 

rapidly produce nanoparticles. The use of these fungi for the production of nanoparticles 

is attractive because of the high volume of enzymes and metabolites that are secreted 

along with the extracellular mechanism of synthesis. Also, this route of production 

provides an advantage over intracellular routes of synthesis, since it may alleviate the 

high costs associated with lysing and extracting nanoparticles. This is especially 

important for scaling up biosynthetic production systems because many of the heavy 

downstream processing steps are reduced or eliminated entirely.  

 The first evidence of nanoparticle production can be traced back to Mukherjee et 

al. (2001), who used the fungus Verticillium sp. to form gold nanoparticles. In this study, 

the formation of gold nanoparticles occurred by electrostatic interactions with positively 

charged groups in enzymes that are were located inside of mycelial cells. Similarly, 

Gericke and Pinches (2006) used Verticillium luteoalbum to produce gold nanoparticles, 

contributing further evidence of Verticillium sp.’s ability to synthesis nanoparticles. 

Along with Verticillium sp., promising results have indicated effective nanoparticle 

synthesis using Aspergillus, Penicillium, and Fusarium. Bhainsa and D’Souza (2006) 

showed that Aspergillus fumigatus, a filamentous fungus, showed rapid extracellular 

synthesis of monodisperse silver nanoparticles ranging in diameter from 5 to 25 nm. In 

another study, the fungus Aspergillus flavus also demonstrated the ability to produce 
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silver nanoparticles, which were monodisperse and easily extracted (Vigneshwaran et al. 

2007). In a more recent study, the white rot fungus Phanerochaete chrysosporium was 

used in the production of CdS QDs. The study concluded that QDs with excellent 

photostability and optical properties were formed which also show low toxicity, making 

them good candidates for bio-imaging and bio-labelling applications. The mechanism of 

synthesis was investigated and hypothesized to occur under stress due to toxic heavy 

metal ion loading. Subsequently, biomolecules such as cysteine and proteins are secreted 

through the fungal cell wall and are theorized to capture cadmium ions via chelation with 

the thiol groups of cysteine. Furthermore, these chelating compounds may link and form 

Cd-binding particles on the cell wall and afterward form another complex which 

covalently binds to the CdS core to form passivation layers, essentially capping the QD at 

a particular size (Chen et al. 2014). Chen and colleagues (2014) hypothesized that other 

carboxylic-acid containing biomolecules such as proteins and polypeptides, may also 

assemble on the surface of CdS QDs, contributing to capping via hydrogen bonding and 

electrostatic interactions.  

A fungus that is gaining popularity within the field of biosynthetic nanoparticle 

production is Fusarium oxysporum. This particular fungus is gaining attention because of 

its ability to rapidly synthesize nanoparticles extracellularly. It is also relatively cheap to 

grow and maintain. Mukherjee et al. (2002) first demonstrated the ability for F. 

oxysporum to biosynthetically produce gold nanoparticles. Shortly after, Ahmad and 

colleagues (2002) demonstrated the ability for F. oxysporum to produce CdS 

nanoparticles extracellularly and also speculated on the mechanism of biosynthesis, 

which was the first time that the route of production was explored. Since then, several 
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similar studies have been conducted investigating F. oxysporum’s potential to synthesize 

a variety of different nanoparticles. Most recently, F. oxysporum has shown the ability to 

produce CdSe QDs (Kumar et al. 2007b), CdTe QDs (Ahmad et al. 2013), and ZnS QDs 

(Mirzadeh et al. 2013). The exact mechanism of production behind extracellular CdS QD 

production using F. oxysporum has yet to be investigated. However, there have been 

several studies that have speculated on the mechanisms involved in production. Initially, 

Ahmad and colleagues (2002) suggested that a sulfate or sulfite reductase is responsible 

for the biosynthesis of CdS QDs. In another more recent study to further investigate this 

hypothesis, Syed and Ahmad (2013) used F. oxysporum to produce CdS QDs. They 

conducted several experiments to determine if QD biosynthesis is dependent on the 

proteins secreted extracellularly by the fungus. They took aliquots of the protein solution 

and combined it with CdSO4 and found that CdS QDs were produced without the 

presence of mycelial cells. However, incubation with CdSO4 after the protein solution 

had been dialyzed to remove compounds other than the proteins did not result in CdS QD 

synthesis. The ability to produce QDs was recovered when ATP and NADH were added 

back to the dialysed solution. Furthermore, when incubated with cadmium nitrate, no 

extracellular CdS QDs were formed. These series of results indicate the possibility a 

sulfate or sulfite reductase enzyme is secreted into the reaction solution. Similarly, 

Kumar and colleagues (2007a) developed an entirely enzymatic route of synthesis that 

produces peptide-capped gold nanoparticles. They synthesized the nanoparticles using a 

α-NADPH-dependent sulfite reductase with phytocelatin in vitro. The gold ions were 

reduced in the presence of sulfite reductase and stabilized by phytochelatin, 

demonstrating the ability to isolate enzymes responsible for biosynthesis within the sulfur 
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assimilation pathway. Most recently, Jacob and colleagues (2016) used the fungus 

Aspergillus terreus to produce PbSe QDs and investigated metabolites and enzymes 

involved in the mechanism of production. They identified several secondary metabolites 

responsible for biosynthesis and capping, such as phytochelatins and metallothioneins. 

Furthermore, they propose that the mechanism of biosynthesis involves metal 

detoxification by biomolecules as a cascade of events, such as the induction of proteins 

like metallothionein, heat-shock protein, phytochelatin, and ferritin, or by triggering 

antioxidant compounds such as glutathione. Primarily, the prominent metal complexation 

processes are the synthesis of phytochelatins and other metal-chelating peptides 

(Steinberg 2011).  It is hypothesized that the metal stress activates the PS to convert 

glutathione to phytochelatin, which bind the metal ions. A process known as Ostwald 

ripening then takes place, which results in the final protein capped QD product. Although 

the process of PbSe QDs differs from CdS QD production, both A. terreus and F. 

oxysporum are filamentous fungi which produce QDs extracellularly through the stress 

response, thus the mechanism of CdS QDs by F. oxysporum are most likely similar in 

nature mechanistically. A similar study should be conducted for the formation of CdS 

QDs using F. oxysporum in order to confirm the exact mechanism of production.  

1.6 – QD extraction and purification 

The purification and extraction of QDs from biological samples is another hurdle 

that must be overcome in order for biosynthesis to compete with traditional QD 

manufacturing.  Currently, nanoparticles that are produced biosynthetically involve 

downstream processing, which is often time consuming and expensive. The most 

common method of biological sample extraction and purification involves lysing the cells 
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by sonication in order to release the nanoparticles, or through subcellular fractionation. If 

the process is entirely extracellular as with F. oxysporum, the first step is eliminated. In 

this process both intracellular and extracellular samples must be subjected to several 

rounds of centrifugation with the addition of a variety of buffer solutions and solvents. 

Then, sucrose gradient centrifugation is conducted and fractions containing the 

nanoparticles are collected manually using a precision pipette (Bai et al. 2009). Other 

techniques may be used instead of sucrose gradients, such as anion-exchange columns, 

dialysis, or centrifugation using cut-off filters that are small enough to isolate 

nanoparticles in the quantum size range. Consequently, the need for extremely small cut-

off filters makes these techniques and equipment expensive, especially for the isolation of 

particularly small QDs.    

Another difficulty that biosynthetic production encounters is the ability to extract 

QDs in distinct size ranges. Currently, there are no studies involving the precise 

extraction of biologically produced QDs. Investigating and adapting methods from 

chemically or physically produced QDs may provide a basis or methodology for the 

purification and extraction of QDs from biological samples. For example, a method 

developed for chemically produced QDs uses a chloroform/methanol solvent/nonsolvent 

mixture. This purification method is commonly used to isolate QD-organic complexes 

from excess surfactant present in the synthetic mixture (Morris-Cohen et al. 2009). 

Cadmium selenide QD-ligand systems were discovered to contain reversibly and 

irreversibly bound ligands, therefore, this purification system was implemented to 

remove the excess surfactant from the samples. Morris-Cohen and colleagues (2009) 

successfully purified and isolated CdSe QDs in distinct size ranges using this method. 
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The only downside, despite successful purification, is that the photoluminescence of the 

QD samples decreased at the conclusion of the purification process. In another study by 

Yang et al. (2002), chemically synthesized CdS QDs were purified and extracted at two 

distinct size ranges using ratios of water and acetone and the photoluminescence integrity 

of the sample was retained. The simplicity, economical viability, and photoluminescence 

stability of Yang and colleagues (2002)’s method was the motivation for adapting the 

technique to biologically produced CdS QDs in this study.  

Chapter 2: Materials and Methods 

Fungus strain and culture conditions 

A non-pathogenic strain of the fungus Fusarium oxysporum (University of Alberta, 

#UAMH 3312) was used in this work. The culture was grown in PDB medium (24 g/L 

potato dextrose broth, Sigma-Aldrich, Mississauga, Canada) at 27 °C with reciprocal 

shaking (180 rpm). The culture volume was 20% of the total flask volume. In order to 

maintain healthy stock cultures, stock cultures were renewed with 0.1% biomass every 94 

h by centrifuging appropriate aliquots of stock culture at 2000 x g (Beckman Allegra 6R. 

GH-3.8A) for 20 min and resuspending in sterilized PDB liquid medium at 20% flask 

volume.  

Biosynthesis of CdS QDs 

The technique for CdS quantum dot biosynthesis was performed as described by Ahmad 

et al. (2002). Fusarium oxysporum was grown in PDB for 94 h until stationary phase was 

reached. Aliquots of the cultures were taken every 24 h and the optical densities of the 

cells were measured using a SpectraMax Plus 384 UV-Visible Spectrophotometer in 
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order to track the growth of the cells until stationary phase. Once cells reached stationary 

phase, cultures were harvested through centrifugation at 2000 x g (Beckman Coulter 

Allegra 6R. GH-3.8A) for 20 min, washed with distilled water, and re-suspended. This 

process was repeated three times, each time disposing of the PDB supernatant.  Cells 

were then weighed and transferred to replicate treatments in sterilized water at 20% 

weight per volume. 1 mM of CdSO4 was added to all treatments and left to react for 94 h 

(Sigma, Mississauga, ON). 

Optimization of CdS QD biosynthesis 

The standard technique for CdS QDs as described by Ahmad et al. (2002) was modified 

to incorporate the addition of hydrochloric acid and sodium hydroxide for the purpose of 

investigating different pH conditions for optimization. Prior to the addition of 1 mM 

CdSO4, appropriate amounts of either hydrochloric acid or sodium hydroxide were added 

to treatments to create final pH solutions of 5, 7, 9 and 11. The pH was monitored using 

an Orion Star A214 pH/ISE Meter. Replicate treatments and controls were monitored 

frequently for the duration of 96 h. The standard protocol was modified for the addition 

of sodium chloride in order to investigate different concentrations of salinity on the 

biosynthesis of CdS QDs. Appropriate quantities of sodium chloride were added to 

replicate treatments and controls prior to the addition of 1 mM CdSO4. The 

concentrations that were investigated were 0.05 M, 0.1 M, 0.25 M, 0.5 M, 0.75 M, and 1 

M. Similarly, to investigate the addition of 15 mM 3-mercaptopropionic acid (3-MPA) 

and 25 mM NaBH4 (capping and reducing agents, respectively), the appropriate quantities 

of each were added to treatments and controls prior to the addition of 1 mM CdSO4 and 

left to react for 96 h. 
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UV-Visible absorption spectroscopy 

Prior to spectroscopic analysis, 1 mL samples of experimental treatments were 

centrifuged at 16,000 x g (IEC MicroMax Microfuge) for 20 minutes. Two hundred µL 

aliquots were measured in a translucent 96 well fluorescence grade microplate (Sigma, 

Mississauga, ON) using a SpectraMax Plus 382 UV-Visible Spectrophotometer. The 

absorption spectra were analyzed from 200 to 700 nm at 5 nm intervals. 

Fluorescence spectroscopy 

Prior to spectroscopic analysis, 1 mL samples of experimental treatments were 

centrifuged at 16,000 x g (IEC MicroMax microfuge) for 20 min. Two hundred µL 

aliquots were measured in an opaque white 96 well fluorescence microplate (Sigma, 

Mississauga, ON) using a SpectraMax Gemini XS spectrofluorometer. An excitation 

wavelength of 370 nm was used and emissions were recorded at 5 nm intervals between 

400 and 700 nm.  

CdS QD purification using a water and acetone precipitation technique 

The technique for CdS QD purification was adapted from Yang et al. (2002) for a 

biosynthetic system. Experimental biosynthetic CdS QD samples were used for 

purification. First, the fungal pellet after centrifugation at 16,000 x g was discarded and 

acetone:water solutions were added to the supernatant to achieve ratios of 4.3:1 and 20:1 

acetone to water. Then, 1 mL aliquots of the solution were centrifuged again at 16,000 x 

g (IEC MicroMax microfuge) for 20 min. The supernatant was disposed of and the pellet 

was dried in a Fisher Isotemp 500 Series incubator for 10 min at 60 °C so that residual 

acetone was removed by evaporation. The pellet was then resuspended in 50 µL of 
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ddH2O, and 200 µL aliquots of the solution were measured and dispensed into an opaque 

white 96 well fluorescence microplate (Sigma, Mississauga, ON) and then analyzed using 

a SpectraMax Gemini XS spectrofluorometer. An excitation wavelength of 370 nm was 

used and emissions were recorded at 5 nm intervals between 400 and 700 nm. Purified 

samples were labeled and stored in the fridge for future analyses.  

Statistical analysis 

Means, standard error, ANOVA, and post-analysis statistical tests (Tukey’s test) were 

performed using Graphpad Prism 6. Data presented graphically are means and standard 

errors. Two sampled, one-tailed student t-tests with unequal variance were used on data 

where appropriate. For comparisons between fluorescence spectra, integrated 

fluorescence intensity bar graphs were used to depict the sum of the emission intensities 

for each measured wavelength to highlight CdS character in emission spectra (Dameron 

et al. 1990; Chowdhury et al. 2007; Bai et al. 2009; Mousavi et al. 2012; Chen et al. 

2014). 
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Chapter 3: Results 

Biosynthesis of CdS quantum dots 

Prior to CdS QD biosynthesis, F. oxysporum cultures were grown to stationary phase and 

subsequently harvested for the biosynthetic process. The growth phase was monitored 

daily for 96 h, and the growth curve was differentiated into three distinct phases of 

growth: lag phase (0-24 h), exponential phase (24-96 h), and stationary phase (96 h) as 

shown in figure 1. Using stationary phase mycelial cells, the standard protocol for CdS 

QD biosynthesis by F. oxysporum produced an emission spectrum signifying the 

production of QDs after an additional 96 h. It can be seen from the emission spectrum 

that there are two prominent maxima at 460 nm with a value of 462 ± 5 RFU and 525 nm 

with 694 ± 5 RFU (Fig. 2B).  

Optimization of QD production 

The standard CdS QD biosynthesis technique initially performed by Ahmad et al. (2002) 

was employed as the baseline protocol for all subsequent investigations. The optimization 

of the system was investigated and several variables were considered with the intention 

of enhancing CdS QD production. The variables examined for CdS QD optimization 

were 1) amount of biomass of mycelial cells per volume, 2) pH, 3) salt concentration, 4) 

reaction duration, and 5) simultaneous addition of capping and reducing agents. In all 

investigations, the standard protocol started with the harvesting of stationary mycelial 

cells and then the addition of 1 mM of CdSO4. Replicate treatments were left to react for 

a period of 96 h. In all instances, samples were centrifuged and the supernatants used to 

investigate their emission and absorbance spectra. Integrated fluorescence intensity was 
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calculated using the data obtained from the emission spectrum and compared between 

treatments.   

Mycelial mass per volume optimization (quantity of biomass) 

In order to explore the effects of different quantities of biomass on the biosynthesis of 

CdS QDs, F. oxysporum cultures were grown for the duration of 96 h, or until stationary 

phase was reached. Then the mycelial cells were harvested and subjected to the standard 

biosynthetic protocol but with different amounts of fungal mycelium. Emission intensity 

was found to have a maximum at 450 nm with an RFU value of 184 ± 6 at the standard 

20% w:v fungal biomass to incubation volume. Emission intensity data show that there 

was no significant difference between this and an increase to 30% w:v fungal biomass 

incubation volume. However these treatments produced significantly more CdS QDs than 

treatments with 10% biomass quantity (P < 0.05)(Fig. 3). It is important to note that all 

subsequent investigations were performed using 20% w:v fungal biomass to incubation 

volume.  

pH optimization 

Fusarium oxysporum cultures were grown until stationary phase and the basic protocol 

was altered to explore the effect of different pHs on the production of CdS QDs. The 

following pH conditions were investigated: pH 5, 7, 9, and 11. The conditions were 

chosen based on previous work conducted by Birla et al. (2013) who studied the effect of 

pH on silver nanoparticle production. Hydrochloric acid and sodium hydroxide were 

employed to achieve desired pH conditions. All treatments were monitored daily in order 

to maintain a constant pH environment. It can be seen from the emission spectra in figure 
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4 that pH 9 was the most optimal for CdS QDs (P < 0.05). It is important to note that 

there is a significant difference between the standard protocol treatment (unaltered 

condition) and the pH 9 treatment (P < 0.05). The emission spectrum for pH 9 shows a 

maximum at 465 nm with an RFU value of 859 ± 15 (Fig. 4). 

Salt Concentration optimization 

The effect of salt concentration on the production of CdS QDs was investigated (Fig. 5). 

Fusarium oxysporum cultures were grown until stationary phase and the basic protocol 

was altered in order to incorporate the addition of sodium chloride into treatments prior to 

the addition of 1 mM CdSO4. It can be seen from the emission spectra that a salt 

concentration of 0.25 M shows a maximum at 460 nm with an RFU value of 962 ± 2 and 

a shoulder at 505 nm with an RFU value of 788 ± 1. The 0.25 M condition was 

significantly different from all other conditions, including the standard protocol (P < 

0.05).  

Reaction time optimization 

To evaluate the effect of varying reaction times on CdS QD biosynthesis, cultures were 

grown until stationary phase was reached. The cells were harvested and the standard 

protocol for biosynthesis was modified to determine the effects of different lengths of 

reaction time. The following reaction times were investigated: 0, 1, 4, 8, 24, 48, 72, 96, 

120 and 144 h. It can be seen from the emission spectra that 120 and 144 h were 

significantly different than all other times investigated (Fig. 6). Spectral shape increases 

over time at two maxima. This is seen in particular with the second maximum centered at 

525 nm, which continues to increase until 120 h is reached. The maximum at 460 nm also 
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increases in size over time, however the maximum reaches the highest value after 

approximately 48 h. There was no significant difference found between 120 h and 144 h 

(P < 0.05).  

Capping and reducing agent optimization 

The addition of 3-MPA (capping agent) and NaBH4 (reducing agent) to the standard 

protocol for biosynthesis in order to evaluate the effect of external capping and reducing 

agent on the quantity and quality, in terms of shifted emission maxima, or tunability, of 

CdS QDs produced biosynthetically by F. oxysporum. It can be seen from the emission 

spectra in figure 7 that the simultaneous addition of both capping and reducing agents 

resulted in dual emission maxima centered around 460 nm at 189 ± 1 RFU and 520 nm at 

184 ± 3 RFU. These maxima show the production of CdS QDs that are blue shifted (460 

nm) and red shifted (520 nm). There is a significant difference in the amount of CdS QDs 

produced between this treatment and the standard protocol (P < 0.05). Individual 

treatments of capping agent show dual emission maxima centered around 460 nm at 98 ± 

2 RFU and 530 nm at 170 ± 3. Individual treatments of reducing agent show a maximum 

centered around 530 nm at 100 ± 3 RFU and a shoulder at 460 nm at 69 ± 2 RFU. There 

is a significant different between individual treatments of capping agent and reducing 

agent on QD size distribution and quantity (P < 0.05).  

Full optimization 

The synergistic effect of each optimization variable was investigated in order to see if 

they would produce the most optimal conditions for CdS QD biosynthesis. Conditions for 

optimization were divided into two treatments, with and without capping and reducing 
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agents,  both following the standard protocol for production with appropriate alterations 

to the process for optimization. All samples were purified using a 1:4.3 water and acetone 

purification procedure. The first treatment consisted of 1mM CdSO4, 20% biomass, pH 9, 

0.25 M NaCl, and 120-hour reaction time. Treatment two consisted of these same 

components plus 15 mM 3-MPA, and 25 mM NaBH4. Optimization conditions were 

separated in order to investigate the size distributions synthesized through natural 

capping agents secreted by F. oxysporum and capping agents added externally to the 

natural biosynthetic process (Fig. 8). From the emission spectra, it can be seen that 

comparisons between treatments show a significant difference in size distribution and 

yield of CdS QDs (P < 0.05). Treatment one resulted in a direct increase in CdS QD yield 

in comparison to the standard protocol with a blue shift towards a single maximum of 

475 nm at 701 ± 18 RFU. Treatment two produced a slightly lower QD yield in 

comparison to the standard protocol but with three maxima at 460 nm at 408 ± 1 RFU, 

505 nm at 346 ± 1, and a unique maximum centered at 615 nm at 122 ± 2 RFU. 

Extraction and purification of CdS quantum dots 

Cadmium sulfide QDs produced through the optimized biosynthetic process were 

extracted from the supernatant once mycelia was removed by centrifugation. The pellet 

containing mycelia and cell debris was disposed of and the water and acetone purification 

method was applied to the supernatant containing the extracellularly produced CdS QDs. 

The purified QDs displayed prominent fluorescence when placed over a light box 

emitting UV light at 365 nm (Fig. 9 inset). The purified QD samples were analyzed for 

their emission spectra and the results revealed that a 1:4.3 water to acetone ratio produced 

an emission maximum at 470 nm with an RFU of 1060 ± 6.  When treated with water to 
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acetone ratio of 1:20, emission spectrum results showed three maxima, with a particularly 

unique maximum centered at 615 nm with an RFU reading of 264 ± 2.  

Extraction and purification using different ratios of water and acetone 

Cadmium sulfide QDs produced through the standard protocol of biosynthesis by F. 

oxysporum were extracted from the supernatant once mycelia was removed by 

centrifugation as described above. The pellet containing mycelia and cell debris was 

disposed of and several distinct ratios of water and acetone using the water and acetone 

purification method was applied to the supernatant containing the extracellularly 

produced CdS QDs. The following ratios of water and acetone were used: 1:1, 1:2, 1:3, 

and 1:4 (Fig. 10). The purified QD samples were analyzed for their emission spectra and 

results revealed that a 1:2 water to acetone ratio produced the highest emission maximum 

at 545 nm with an RFU of 1460 ± 1, followed by a 1:3 ratio with the second highest 

maximum at 545 nm with an RFU of 1022 ± 1, followed by a 1:4 ratio with the third 

highest maximum at 545 nm with an RFU of 818 ± 1, and a 1:1 ratio with the fourth 

highest maximum at 545 nm with an RFU of 728 ± 1. The standard protocol without 

purification was used as a comparison and produced the lowest emission maximum at 

550 nm with an RFU of 264 ± 2.   
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Figure 1. Growth curve of Fusarium oxysporum grown in potato dextrose broth (PDB) 
for  96 h. (A) Log growth phase; (B) Deceleration growth phase; and (C) Stationary 
growth phase (SE < 5%, n=3). 
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Figure 2. Emission spectra of CdS QDs synthesized by the standard protocol using F. 
oxysporum and excited with a wavelength of 370 nm and measured in Reflective 
Flourescence Units (RFU). (A) Time 0; (B) 96-h following the addition of 1 mM CdSO4 
(P < 0.05; SE < 8%; n=3).  
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Figure 3. Emission spectra (370 nm excitation) of culture after removal of mycelia at (A) 
time zero and (B) 96-h at 10%  (dotted line), 20% (dashed line), and 30% mycelial mass 
per incubation volume (solid line); (C) Corresponding integrated fluorescence intensities 
at 96 h; (D) images of treatments at 0 (left) and 96 h (right) of incubation. Asterisk 
denotes significant difference from 20% biomass treatment. (P < 0.05; SE < 6%; n = 4). 

0"
20"
40"
60"
80"
100"
120"
140"
160"
180"
200"

400" 450" 500" 550" 600" 650"

R
FU

 

0"
20"
40"
60"
80"
100"
120"
140"
160"
180"
200"

400" 450" 500" 550" 600" 650"

10% 

20% 

30% 

0"

200"

400"

600"

800"

1000"

1200"

1400"

1600"

1"

IF
I 

10% 
20% 
30% 

450$550%nm!

Wavelength (nm)!

A! B!

C! D!

*"

*"



	   33	  

 
Figure 4. Emission spectra (370 nm excitation) of (A) time zero; (B) 96-h later, 
conditions are the following: standard protocol (orange), pH 5 (blue), pH 7 (red), pH 9 
(green), and pH 11 (purple); (C) Corresponding integrated fluorescence intensities at the 
conclusion of the biosynthetic process; (D) Comparison between control (left) and the pH 
9 condition (right). An asterisk denotes significant deviation from the largest value (pH 9). 
The pH during the standard protocol condition was monitored and maintained a pH of 
8.31. (P < 0.05; SE < 9%; n=3). 
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Figure 5. Emission spectra (370 nm excitation) of (A) time zero; (B) 96-h later, 
conditions are the following concentrations of NaCl: 0.05 M (blue), 0.10 M (red), 0.25 M 
(green), 0.5 M (purple), 0.75 M (aqua), 1 M (orange), and control (light blue); (C) 
Corresponding integrated fluorescence intensities at the conclusion of the biosynthetic 
process; (D) Comparison between control at day 0 (left), control at day 4 (middle), and 
0.25 M condition at day 4 (right). An asterisk denotes significant deviation from the 
largest value (0.25 M). The control condition is the standard protocol without the addition 
of NaCl. (P < 0.05; SE < 8%; n=3). 
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Figure 6. (A) Emission spectra (370 nm excitation) and (B) corresponding integrated 
fluorescence intensities after reaction times of 0, 4, 8, 24, 48, 72, 96, 120, and 144 h. An 
asterisk denotes significant deviation from the largest value (120 h). There was no 
significant deviation between 120 h and 144 h. (P < 0.05; SE < 6%; n=3). 
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Figure 7. Emission spectra (370 nm excitation) of (A) time zero; (B) 96-h later, 
conditions are the following: Control (blue), 15 mM 3-MPA (red), 15 mM 3-MPA and 25 
mM NaBH4 (purple), and 25 mM NaBH4; (C) Corresponding integrated fluorescence 
intensities at the conclusion of the biosynthetic process; (D) Comparison between largest 
value (15 mM 3-MPA and 25 mM NaBH4) at day 0 (left) and 96-h later (right). An 
asterisk denotes significant deviation from the largest value. The control condition is the 
standard protocol. (P < 0.05; SE < 8%; n=3). 
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Figure 8. Emission spectra of purified CdS QDs (370 nm excitation) at (A) time zero; 
(B) 96-h later, with the following optimization conditions: 1mM CdSO4, 20% biomass, 
pH 9, 0.25 M NaCl, and 120 hour reaction time (treatment 1), 1mM CdSO4, 20% biomass, 
pH 9, 0.25 M NaCl, 120 hour reaction time, 15 mM 3-MPA, and 25 mM NaBH4 
(treatment 2), and standard protocol (control). (P < 0.05; SE < 10%; n=3).  
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Figure 9.  Emission spectra of purified CdS QDs produced by purification with  (A) 
1:4.3 water to acetone showing a maximum at 470 nm and (B) 1:20 water to acetone 
showing maxima at 515 nm, 615 nm, and 680 nm. (C) Emission spectrum from the pre-
purified standard protocol sample showing maxima at 460 nm and 515 nm. Inset shows 
photographs of purified CdS QDs. Letters shown for photographs correspond to those on 
graph. (P < 0.05; SE < 7%; n=3).  
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Figure 10. Emission spectra of pre-purified (E), and purified CdS QDs from 1:2 (A) 1:3 
(B), 1:4 (C), and 1:1 water to acetone purification. (D). (P < 0.05; SE < 6%; n=3). 
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Chapter 4: Discussion 

It can be seen from the standard protocol for CdS QD biosynthesis by Fusarium 

oxysporum that the measured fluorescence emission, when excited with a wavelength of 

370 nm, results in maxima at approximately 460 nm and 525 nm (Figure 2). These 

emission maxima are most likely due to the fluorescence of CdS QDs in the range of 2-

2.5 nm in diameter resulting in the first maximum at 460 nm and a range of 2.5-3 nm 

resulting in the maximum at 525 nm. The standard protocol consistently produced 

maxima at approximately 460 nm and 525 nm showing the ability to biologically 

synthesize QDs in two distinct size ranges. Emission maxima in this range are 

characteristic of CdS QDs (Dameron et al. 1990; Chowdhury et al. 2007; Bai et al. 2009; 

Mousavi et al. 2012; Chen et al. 2014). Fusarium oxysporum releases its own reducing 

agent, NADPH, into the extracellular environment when subjected to both abiotic and 

biotic stressors. The NADPH that is released by F. oxysporum serves to fuel the 

biosynthetic machinery, as well as reduce other constituents in solution. The 

autofluorescence from NADPH at approximately 460 nm and may be in part contributing 

to the emission output seen in the pre-purified treatments (Lang et al. 1991). It is 

important to note that once samples are purified, the NADPH is eliminated and the 

emission output is entirely attributed to QDs in the blue light range. Furthermore, the 

broad emission and dual maxima may be due to the production of non-uniform sizes of 

CdS QDs synthesized along with trapped emission states, known to affect high-energy 

core-type QDs. Trap emission states occur when surface atoms are incompletely bonded, 

creating dangling orbitals that exhibit separate band structures. These separate band 

structures interfere with the band structure from the original electron-hole pairs, creating 
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trap sites where electrons can decay. Due to these trap sites, when a photon is absorbed, it 

creates two competing pathways for the emission output. The first one is the excited 

electron recombining with its electron-hole pair to produce the expected emission; the 

second is due to the electrons in the unbound orbitals, which can also combine with the 

hole, producing a secondary emission peak, or a trapped emission. The trapped emission 

is the lower energy emission peak and it is undesirable. To combat the unwanted trap 

states, passivating the QD or capping it with sufficient capping peptide, is usually done so 

during fabrication. Perhaps in some treatments, the QDs were not capped efficiently so 

the trap state emissions were observed. Another explanation may be attributed to F. 

oxysporum’s ability to synthesize a variety of sizes and shapes of CdS QDs due to 

naturally secreted capping agents during the extracellular biosynthetic process (Baral et 

al. 1986; Riddin et al. 2006; Krumov et al. 2009; Jacob et al. 2016). The combination of 

trap state emissions along with non-uniform distributions of QDs may explain the 

differences in emission maxima and size range seen between treatments. 

The naturally secreted peptides responsible for acting as capping agents have been 

identified in plant and yeast species as metallothioneins, glutathione (Murasugi et al. 

1983; Kägi et al. 1993; Jacob et al. 2016) and phytochelatins (Jacob et al. 2016), and 

most likely contribute to the explanation of the relatively broad emission due to the 

formation of a variety of non-uniform CdS QDs. Phytochelatins were discovered 

originally in the yeast Schizosaccharomyce pombe and have demonstrated the ability to 

form chelating complexes with metals, most commonly referred to as cadmium binding 

peptides (Murasugi et al. 1983). Since then, there have been a number of biosynthetic 

studies showing the formation of CdS nanoparticles where phytochelatins were 
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confirmed to serve as substrates for their enzymatic biosynthesis and were most likely 

involved in the natural capping of the particles (Rauser et al. 1995; Zenk et al. 1996; 

Rauser et al. 1999; Cobbett et al. 2000; Jacob et al. 2016). It is important to note that 

peptide-coated nanoparticles that are derived from yeast species are analogous to 

semiconductor QDs that are under investigation in this study (Krumov et al. 2009). 

Therefore, similar studies involving the biosynthesis of CdS nanoparticles can be used as 

a comparison to the CdS QDs synthesized in this investigation. Additionally, control 

conditions where mycelial cells were not exposed to CdSO4 do not show notable 

emission results or visual fluorescence at the end of the biosynthetic process (data not 

shown). Based on the results following the standard protocol developed initially by 

Ahmad et al. (2002), it can be seen that both emission and visual fluorescence results are 

in line with the information gleaned from the previous study. The CdS nanoparticles 

produced previously by F. oxysporum were confirmed to be in the quantum size range by 

TEM and prominent Bragg reflections were observed to be associated with CdS 

nanoparticles (Ahmad et al. 2002). It can be assumed that the QDs formed in this 

investigation are similar in both shape and size to the standard protocol assembled 

originally by Ahmad and colleagues (2002). Visually, blue luminescence is observed by 

the standard protocol (Figs 3D; 4D; 5D; 7D and 9D). In a study using F. oxysporum, 

Syed and Ahmad (2013) demonstrated the ability to synthesize CdTe QDs that show a 

prominent green luminescence when exposed to UV light. Similarly, Chen et al. (2014) 

used the fungus Phanerochaete chrysosporium to produce CdS QDs, which exhibit a 

bright blue luminescence. The ability to produce nanoparticles which luminescence 

within the visible light spectrum is significant for several applications. Therefore the 
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ability to produce several different colours within the visible light spectrum is very 

important, especially for optoelectronic applications.  Based on the results from the 

present study and information gleaned from previous research, it can be assumed that the 

emission spectra and the observed luminescence within the visible light spectrum that 

develops at the conclusion of the biosynthetic process is the result of the extracellular 

synthesis of CdS QDs.  

The following standard protocol for CdS QD biosynthesis was the basis for all 

investigations. Cultures of F. oxysporum were grown until the stationary phase of growth 

was achieved (Fig. 1C). The stationary phase mycelial cells were used in all 

investigations based on previous work conducted by Ahmad and colleagues (2002) that 

show that the stationary phase of growth is the most optimal time to extract cells and use 

for biosynthesis due to triggering of the secondary metabolism. The secondary 

metabolism is initiated by stressful conditions, which can be seen in F. oxysporum 

cultures after approximately 96 h (Fig. 1C). In similar studies, it has been demonstrated 

that important constituents for the biosynthesis of CdS nanoparticles were present during 

the stationary phase of growth (Sweeney et al. 2004; Ahmad et al. 2005). Sweeney and 

colleagues (2004) found that glutathione (GSH), free reduced thiols, and sulfur levels 

were significantly greater during the stationary phase when producing CdS nanoparticles 

using E. coli. Ahmad and colleagues (2005) demonstrated similar findings using the 

fungus Tricothecium sp. in the production of extracellular and intracellular gold 

nanoparticles. They infer that stationary phase mycelial cells also have higher quantities 

of capping peptides in solution. The capping peptides in solution are most likely chelating 

and sequestering GSH-derived phytochelatins that are synthesized by the glutathione 
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pathway (Pocsi et al. 2004; Jacob et al. 2016). It is possible that a higher quantity of these 

constituents are important in the production of a higher yield of QDs in comparison to 

QDs produced using cells before the stationary phase is reached. Due to the evidence 

surrounding the advantage of using cells in stationary phase, all subsequent investigations 

were conducted using stationary phase mycelial cells. It is important to note that the 

biosynthetic process involving the production of CdS QDs using F. oxysporum is not well 

documented and there may be other factors that play a role in the capping of QDs at these 

particular size ranges. Investigations into the secretome of the production system in terms 

of isolating naturally secreted peptides responsible for capping should be conducted.  

Investigations into the optimization of the biosynthetic procedure were performed 

in order to produce the most optimal output of CdS QDs in terms of yield, tunability, and 

customizability. Initially, the amount of biomass that would produce the most optimal 

CdS QD biosynthesis was examined. The results from the effect of biomass on QD 

production show that using 20% biomass ratio to incubation volume was significantly 

greater than both 10% and 30% ratios (Fig 3). The luminescence of the sample at the end 

of the biosynthetic process exhibits a bright blue colour (Fig. 3D).  This in conjunction 

with broad emission results and distinct emission maxima, suggest that non-uniform QDs 

in several size ranges were synthesized. Although the emission results are broad, it can be 

seen that the QDs were predominantly capped at two distinct size ranges (Fig. 3B). These 

size ranges correspond to blue and yellow on the visible light spectrum, however, due to 

the higher energy output exhibited by the QDs in the blue size range, this colour 

consequently dominates the yellow luminescence of the sample when the sample is held 

over a UV lamp, explaining the bright blue colour observed regardless of the maxima in 
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two different size ranges. Furthermore, the pH of the biosynthetic process was 

investigated in order to determine the optimal pH for CdS QD biosynthesis. This was also 

done to investigate the output in terms of the size of QDs produced through several acidic 

and alkaline conditions. It was found that a pH of 9 was most optimal for the production 

of QDs for both size and tunability. In a similar study by Birla et al. (2013), F. 

oxysporum was used in the biosynthesis of silver nanoparticles. Researchers looked into 

the optimization of physicocultural conditions for the production of silver nanoparticles 

and found that a pH of 9 showed maximum synthesis. Birla and colleagues (2013) also 

noted that F. oxysporum cultures that did not have their pH altered show less synthesis 

when compared to pH 9 conditions. There were also no flocculation of particles in 

alkaline pH conditions, which indicates the nanoparticles were monodispersed and stable. 

These results are in line with results shown in figure 4B. It is also important to note that 

according to Birla et al. (2013), larger particles were formed in acidic conditions mainly 

due to aggregation. Further analysis, which tested the zeta potential value of the 

nanoparticles show that the nanoparticles synthesized in alkaline conditions, were of 

higher value than nanoparticles synthesized in acidic conditions. This may be due to the 

adsorption of hydroxide in alkaline conditions, while in acidic conditions; aggregates 

may have formed due to the unavailability of hydroxide ions. Also, Lawless et al. (1995) 

found that conditions that were below a pH of 6 form CdS particles that are relatively 

large and their spectra approach that of bulk material, which may explain the relatively 

larger particles formed in conditions less than a pH of 6. The results seen in pH 11 

conditions may be attributed to cell death by an unfavorably high alkaline environment, 

thus not surviving the entire 96-h reaction period. The pH 9 sample obtained at the 
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conclusion of the biosynthetic process shows a bright blue colour, which is in line with 

the 465 nm emission maximum (Fig. 4D). Altering the pH of the reaction process to 9 

shows the potential to increase CdS QD yield as well as the tunability of the system, 

blue-shifting the original maxima produced by the standard protocol. In addition to 

optimization by pH, several saline conditions were investigated to see if the addition of 

salt to the biosynthetic process would further trigger secondary metabolism and increase 

the output of CdS QDs after 96-h. It was found that 0.25 M of sodium chloride, added at 

the beginning of the biosynthetic process, produced the highest output of QDs. The 

addition of salt did not significantly alter the sizes of the QDs produced; there were 

consistent maxima at 460 nm and 505 nm (Fig. 5B). Although there were QDs formed at 

two distinct size ranges, this suggests that the addition of salt may contribute to the 

consistent capping of CdS QDs within these ranges, demonstrating customizability. 

Further investigations involving purification of these samples may find that the two 

distinct size ranges can be isolated. It can also be seen in figure 5D that the optimal 

condition at the end of the biosynthetic process exhibits bright blue luminescence. The 

reason for the blue luminescence is similar to the previous reasons in which the observed 

blue luminescence is attributed to the high-energy QDs that mask the luminescence from 

lower energy QDs formed. Investigations in which conditions during the reaction process 

were altered were explored with the intention of triggering a secondary metabolite 

response by F. oxysporum during the 96-hour biosynthetic process. The secondary 

metabolism can be triggered in response to a variety of stressors, including changes to pH, 

temperature, and nutrition (Fox and Howlett, 2008). With the evidence supporting 

secondary metabolite production triggered by stress, especially in other Fusarium species, 
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it suggests that the amount of secondary metabolites expelled into the extracellular 

environment for synthesis could be elevated if this response is triggered. In particular, 

Fox and Howlett (2008) suggest that secondary metabolite production has an advantage 

to organisms that are forced to survive in harsh ecological niches. For example, many 

fungi live saprophytically in the soil and are exposed to harsh environments, thus an 

elevated production of secondary metabolites may be critical to the survival of these 

organisms or for protection, in particular against heavy metal toxicity, or other abiotic or 

biotic stressors such as the change in pH of the soil or the salinity of the soil (Mylonakis 

et al. 2007). To elucidate that secondary metabolites are imperative to the biosynthetic 

process, a study conducted by Senapati and colleagues (2005) used F. oxypsorum to 

synthesize silver nanoparticles providing evidence for phytochelatins as biological 

capping agents (Senapati et al. 2005). Therefore, it can be assumed that triggering F. 

oxysporum’s secondary metabolism may increase the amount of metabolites responsible 

for the biosynthesis of QDs and increase the amount of phytochelatins and other 

biological capping agents responsible for capping the QDs at distinct sizes. Furthermore, 

evidence by Rausch and Wachter (2005) show that sulfur-containing defense compounds 

(SDCs) are necessary for the survival of organisms subjected to biotic and abiotic 

stressors similar to those investigated above. The SDCs include elemental sulfur, 

glutathione, phytochelatins, and various other secondary metabolites. Further evidence 

surrounding the triggering of the secondary metabolism by stress is highlighted in a 

recent study. Jacob and colleagues (2016) used the fungus Aspergillus terreus to produce 

PbSe QDs. They used Fourier Transformation Intra-Red Spectroscopic analysis (FTIR) to 

characterize primary and secondary stress factors such as thiol compounds and oxalic 
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acid. They also identified phytochelatins in the reaction mixture as the prominent metal-

ion trafficking components using Liquid Chromatography Mass Spectroscopic analysis 

(LCMS). Additionally, a Bradford assay was conducted, which revealed that there was an 

increase in the total protein content in the reaction mixture after biosynthesis in 

comparison to initial levels. Further assays confirmed the involvement of other metal 

binding peptides, in particular, metallothioneins and other anti-oxidant enzymes involved 

in metal detoxification mechanisms. The information gathered from Jacob et al. (2016) 

and other similar studies, further confirms the activity of several SDCs and other 

secondary metabolites that are responsible for the biosynthesis and natural capping of 

biosynthetically produces QDs. Further studies must be conducted on the secretome of F. 

oxysporum in order to confirm the mechanism of CdS QD production. However, based 

on the previous literature, the involvement of secondary metabolites, especially when the 

secondary metabolism is triggered, it is most likely responsible for the upward trend of 

CdS QDs synthesized in this study. 

Along with optimizing parameters involving the secondary metabolism, the length 

of the biosynthetic process was also explored. Although Ahmad et al. (2002) used a 96-h 

reaction, no explanation was provided for this chosen period. Therefore, several reaction 

times were investigated in order to find the optimal period for the formation of CdS QDs. 

It can be seen that a reaction time of 120-h is most optimal for the production of CdS 

QDs (Fig. 6). It is also important to note that there was no significant deviation between 

120 h and 144 h, however, there was an increase in the second maximum centered at 525 

nm as time progressed. This observation suggests that QDs may aggregate further as time 

progresses thus increasing in size. When samples from the experiment were kept in the 
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fridge and tested one month later, the emission output did not change (data not shown). 

This suggests that the metabolites in the extracellular environment during the 

biosynthetic process are of finite quantity and that mycelial cells may not survive the 

biosynthetic process after 144-h. This can most likely be attributed to the absence of 

nutrients in solution after 144 h, the toxicity of cadmium from cadmium precursors, and 

the finite amount of enzymatic machinery and metabolites. In terms of biosynthetic QD 

output, a time of 120-h may be more beneficial than the previously implemented 96-hour 

time frame. In order to confirm these findings, purification and extraction of the QD 

samples is needed to more precisely determine the quantity of the QDs formed at each 

time point.  

Customizability and tunability within biosynthetic systems are a challenge. It is 

important to maximize QD yield but it is also imperative that the system be able to 

produce QDs within specific size ranges in order to create consistent outputs of product. 

This is especially important in terms of creating a biosynthetic system that can be scaled 

up and used commercially for QD production. An investigation into the customizability 

and tunability of CdS QD production was undertaken using popular industrially used 

capping agent, 3-MPA, and reducing agent, NaBH4. The presence of 3-MPA during 

chemically prepared CdS nanoparticles lead to the formation of small CdS QDs as 

evidenced by a blue-shift in the spectrum which does not occur in the absence of MPA as 

a capping agent (Lawless et al. 1995). The ability of the thiols to control the particle size 

is well-documented and demonstrated using MPA and CdS nanoparticles (Nosaka et al. 

1988). It has been known that the addition of MPA to CdS nanoparticles creates a blue 

shift due to the effect of the carboxylate head group binding to cadmium ions and the 
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effect of the chain length on the stability of the particles. The carboxylate group 

withdraws electrons, thus the further away that it is from the thiolate head group, the 

more stable the complex becomes. It has also been documented that the longer chains 

provide higher stability via increased steric stabilization to the particles thus lowering 

growth via agglomeration mechanisms (Fischer et al. 1989). Furthermore, it is possible 

that folding of the longer chains partially block the access of additional capping 

molecules to the surface, making it difficult for naturally secreted capping peptides to 

bind (Lawless et al. 1995). Also, the addition of NaBH4 was investigated in order to see if 

the addition of a powerful reducing agent would increase the amount of cadmium and 

sulfate ions in solution thus producing a more rapid, direct, and restricted size in the 

production of CdS QDs. The reducing agent interacts with the sulfate group bound to 

cadmium by a two-step reaction and ultimately reduces it to a sulfite and then to sulfide. 

It can also react with other compounds found in the secretome, specifically with ketones, 

aldehydes, and carboxylic groups, which may then allow them to bind more rapidly to 

restrict the size of QDs to a particular size range. In previous investigations involving 

NaBH4 in metal nanoparticle catalysis, conditions in which the reducing agent was 

administered show a reduction of growth which limits the size of the nanoparticles, which 

subsequently permits a certain degree of synthetic control (Biffis et al. 2000). 

Additionally, in commercial production, NaBH4 is used to increase the photostability of 

QDs, which enhances them when viewed in living cells, making them more applicable to 

fluorescent probe and biological imaging technologies. Administering 3-MPA and 

NaBH4 within a biosynthetic production system has not yet been documented. However, 

the additions of these reagents to chemical and physical nanoparticle synthesis are 
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important and it may be beneficial to apply this methodology to biological systems under 

the appropriate conditions. For these reasons, the addition of both capping and reducing 

agent were investigated in order to optimize the biosynthetic system in terms of output, 

tunability, and customizability. It can be seen that the addition of 3-MPA in conjunction 

with NaBH4 show the greatest output by comparison to individual applications, with two 

distinct size ranges of QDs at 460 nm and 520 nm (Fig. 7B). A bright yellow 

luminescence is exhibited in the QD sample at the conclusion of the biosynthetic process 

(Fig. 7D). This may be due to a higher proportion of QDs capped at 520 nm, which shifts 

the colour from bright blue to yellow. It is interesting to note, that when 3-MPA was 

added alone, an observable red shift occurs. This may be due to effects from naturally 

secreted capping peptides present in solution, which further increase the size of the 

particles, thus capping them at a slightly larger size in comparison to the standard 

protocol (Fig. 7B). Although this is not the expectation from chemically and physically 

synthesized nanoparticles, this may be typical for biosynthetic systems and it is 

something that should be noted when attempting to control the size of QDs biologically. 

Perhaps in future investigations, inhibiting the production of naturally secreted capping 

peptides produced through the GSH pathway, could be conducted to ensure that 3-MPA 

is the sole capping agent controlling the size of the particles. It is important to note that 

the addition of 3-MPA in biological systems may in fact produce consistently larger 

particles thus showing a potential for tunability to some degree within the system. 

Interactions between the secretome of F. oxysporum and 3-MPA warrant further 

investigations.  
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Once each parameter for optimization was investigated separately, the full 

optimization of the system along with purification of the samples was undertaken. All 

optimized parameters were combined in order to reveal if the conditions worked in 

conjunction to produce a system that achieves a higher output of CdS QDs in comparison 

to the standard protocol. It can be seen in figure 8B that the optimized conditions, without 

the addition of external reducing and capping agents (treatment 1), shows the highest 

output of CdS QD production with a maximum emission at 475 nm. The formation of one 

distinct size range of QDs shows that this system has the potential to produce QDs within 

a specific size range along with a higher output. The optimized condition, treatment 2, in 

which external reducing and capping agents were added, do not show an increase in CdS 

QD yield (Fig. 8B). The broad emission results demonstrate the formation of several non-

uniform QDs. A unique maximum was observed in the size range of 615 nm, which has 

not yet been observed during this investigation or documented in previous studies. The 

unique maximum produced by these conditions may be of interest in terms of producing 

larger QDs that exhibit red fluorescence. Further investigation using TEM should be 

undertaken to confirm these findings.  

Explorations into the optimization of QD production using F. oxysporum is far 

from complete. So far, only optimization studies for silver nanoparticle production using 

F. oxysporum have been documented (Korbekandi et al. 2012; Birla et al. 2013). 

Although there have been several studies demonstrating the ability for nanoparticle 

biosynthesis with F. oxysporum, the optimization of these systems have not been 

thoroughly investigated for output and quality. Unlike silver nanoparticle biosynthesis, 

which involves nitrate reductases as the primary mechanism for production, CdS QD 
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biosynthesis is likely dependent on the sulfate assimilation pathway, with speculation of 

sulfate or sulfite reductases responsible for synthesis (Ahmad et al. 2002; Korbekandi et 

al. 2012; Birla et al. 2013). Although the exact mechanism of CdS QD formation using F. 

oxysporum has not been confirmed, there have been several studies indicating the 

involvement of these enzymes. Mandal and colleagues (2006), reacted fungal biomass 

with aqueous CdNO3 solution and found that CdS nanoparticles were not formed. They 

also ran fungal biomass on polyacrylamide gel electrophoresis and found four distinct 

protein bands. They then reacted the protein extract with CdSO4 solution and did not find 

CdS nanoparticles. When they added ATP and NADH to the solution, however, they 

found that CdS nanoparticles were formed, which they speculated was due to the cellular 

secretion of a sulfate reductase enzyme. Furthermore, Bai et al. (2009) investigated the 

addition of both CdSO4 and CdNO3 in the production of CdS nanoparticles and found 

that only CdSO4 solutions formed CdS nanoparticles, in particular QDs ranging from 5 to 

20 nm. These findings further indicate the possibility of the involvement of the sulfate 

reduction pathway (Bai et al. 2009). Along with these investigations, Moteshafi et al. 

(2012) speculate that silver nanoparticles were synthesized using either a sulfate 

reductase or sulfite reductase enzyme when F. oxysporum is exposed to silver sulfate.  

However, Ramezani et al. (2010) found evidence of an α-NADPH-dependent sulfite 

reductase in a study involving the reduction of gold (III) chloride to metallic gold 

nanoparticles, narrowing the investigation to a sulfite reductase enzyme specifically. 

Although sulfate or sulfite reductase enzymes have not been specifically isolated in F. 

oxysporum, similar enzymatic mechanisms of have been documented for ZnS 

nanoparticle formation using Rhodobacter sphaeroides (Ramezani et al. 2010).  This 



	   54	  

mechanism, although intracellular, may be similar in its pathway to extracellular CdS QD 

production because it utilizes the sulfate assimilation pathway to reduce sulfate to sulfide. 

First, soluble sulfate is reduced to sulfite by the ATP sulfurylase and phosphoadenosine 

phosphosulfate reductase, and next sulfite is reduced to sulfide by the sulfite reductase 

enzyme, followed by sulfide reacting with O-acetyl serine to synthesize cysteine via O-

acetylserine thiolyase. This process ends with the production of ZnS nanoparticles 

produced intracellularly which must be extracted from R. sphaeroides, unlike in F. 

oxysporum systems where the nanoparticles are formed extracellularly (Ramezani et al. 

2010). In another study which focuses on the extracellular mechanism of PbSe QD 

production in A. terreus, researchers propose that the mechanism of biosynthesis involves 

metal detoxification by biomolecules as a cascade of events, such as the induction of 

proteins like metallothionein, heat-shock protein, phytochelatin, and ferritin, or by 

triggering compounds such as glutathione. It is hypothesized that the metal stress 

activates the phytochelatin synthase (PS) to convert glutathione to phytochelatins, which 

bind the metal ions. Then, Ostwald ripening then takes place, which results in the final 

protein capped QD product (Jacob et al. 2016). Although the process of PbSe QDs differs 

from CdS QD production, both A. terreus and F. oxysporum are filamentous fungi which 

produce QDs extracellularly through the stress response, thus the mechanism of CdS QDs 

by F. oxysporum are most likely similar in nature mechanistically. There are parallels that 

may be drawn between the pathways studied for both intracellular and extracellular 

nanoparticle production. However, further examination into the exact mechanism 

involved in CdS QD production by F. oxysporum is crucial for optimization. Future 
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initiatives could look into up-regulating this pathway or isolating specific enzymes 

involved and combining them with CdSO4 precursors in a cell-free system.  

The second part of this investigation looked into the purification of biologically 

synthesized CdS QDs produced by F. oxysporum. Currently, biologically synthesized 

nanoparticles are purified and extracted by multi-step processes, which are time-

consuming and can be expensive, especially when isolating nanoparticles in the quantum 

size range (Raposo et al. 1996; Gurunathan et al. 2002; Ahmad et al. 2002; Ahmad et al. 

2005). In order to optimize the system and create an economically feasible and 

environmentally benign production method, purification techniques that do not involve 

harsh chemicals, multi-step processes, and expensive equipment is crucial. The 

purification of biologically synthesized CdS QD samples was undertaken by adapting an 

water and acetone purification technique originally developed by Yang et al. 2002. It can 

be seen in figure 9A that the purified sample shows a prominent maximum at 470 nm, 

which was significantly different in both size range and emission intensity output from 

the standard protocol. From the purified sample in figure 9B, a broad emission result with 

several size ranges can be seen. There is a maximum at 680 nm that is prominent and 

shows potential for red fluorescent QDs to be purified and isolated using this method. 

The inset in figure 9 shows the corresponding luminescence to each condition. It can be 

seen that a bright blue colour is exhibited by the 1:4.3 water to acetone treatment, 

followed by a light red colour exhibited by the 1:20 water to acetone treatment. The 

farthest right sample shows the control, which exhibits a weak blue colour. This is in-line 

with previously observed luminescence by the standard protocol. Furthermore, several 

variations to the water and acetone ratio were explored in order to see the effects on the 
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size range and output of purified QDs. It can be seen in figure 10A that the highest output 

was discovered using a ratio of 1:2 water to acetone. These results varied significantly 

from the pre-purified sample, which was obtained from a previous experiment conducted 

in accordance to the standard protocol.  It was determined that a 1:2 water to acetone 

ratio produced CdS QDs with a high relative intensity value with one maximum at 545 

nm. This is the first time that this technique has been implemented for the purification of 

biologically synthesized QDs. There have been no other documentations, or similar 

investigations into this relatively simple and cheap method of purification.  It is 

hypothesized that this method of purification uses the polarity of the particles in order to 

extract them from solution. The varying degrees of polarity in the solvent allow QDs to 

precipitate out of the solution based on these properties. It is assumed that the smaller the 

QD, the more polar the particle is due to a high surface area to volume ratio along with 

polar capping agents present on the surface. The reverse is true for QDs with a larger 

diameter. It can be seen in figure 10 that QDs in the smaller size range were extracted 

using the 1:4.3 water to acetone solvent, which is higher in polarity than the 1:20 water to 

acetone solvent that extracted QDs in a larger and broader size range. It is possible that 

the varying polarities of the capping peptides secreted by F. oxysporum are responsible 

for altering the polarity of the particles, thus demonstrating the unexpected results seen 

by this method of purification. The next step should be to characterize the capping 

peptides secreted by F. oxysporum in order to understand the polarities of QDs once 

naturally capped. Further investigations using solvent mixtures should be studied in order 

to increase the versatility of the system and make the process more applicable to industry.  
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In summary, this research demonstrated the biosynthetic potential of CdS QDs by 

F. oxysporum. The optimization of the system showed that a higher quantity of CdS QDs 

are possible by altering parameters associated with stress conditions that trigger F. 

oxysporum’s secondary metabolism. The QDs are formed extracellularly and display 

strong emissions in several different size ranges. The most optimal conditions for QD 

biosynthesis involve the addition of 1 mM of CdSO4 and 0.25 M NaCl at pH 9 with a 

reaction period of 120-h. Investigations into the tunability of the system were undertaken 

using external capping and reducing agents that showed the ability of the system to 

produce a red shift in photoluminescence output. Along with optimization and tunability, 

purification methods were explored that revealed the utility of adapting an water and 

acetone purification method to biological samples of QDs. Purification with a ratio of 

1:4.3 water to acetone resulted in a significantly greater and narrower emission peak, thus 

demonstrating the ability to purify biological CdS QDs within a certain size range. Using 

a ratio of 1:20 water to acetone shows a unique emission peak within the red size range, 

demonstrating the ability to purify and extract larger sized CdS QDs, notably contributing 

to the overall tunability to QDs derived from this biological system.  

The fungal-mediated ‘green’ syntheses of CdS QDs have shown several 

advantages over the current physical and chemical methods of production. Most 

importantly, this method of production provides an alternative mechanism that is 

environmentally benign. It is less energy-intensive, proceeding at just above room 

temperature and at ambient pressure, does not require the use of harsh chemicals, and 

does not produce toxic by-products. Furthermore, this system demonstrates the ability to 

produce QDs extracellularly, which eliminates the need for cellular lysis and extraction. 
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The removal of this final step allows the process to become more rapid and reduces the 

costs that are associated with intracellular extraction. Also, the extracellular nature of 

production provides an opportunity for this process to be scaled-up and mass produced. 

While optimization of biological systems have increased the yield of nanoparticle 

production significantly in recent years, overall yield is still the limiting factor in 

comparison to chemical and physical means of production. Although extracellular 

mechanisms are more promising than intracellular mechanisms in terms of scaling-up 

production, investigations into the feasibility of creating mass production systems using 

these microorganisms are far from complete. In order to increase biological synthesis and 

make it competitive with current chemical and physical methods of production, exploring 

flow-through systems may be the most promising next step. Recently, Chakrabarty et al. 

(2015) developed a continuous flow-through system of CdSe QD production using 

supercritical fluids, synthesizing at a rate of 200 mg per hour. Perhaps manipulating and 

adapting these newly discovered flow-through systems to biological systems might 

manufacture more promising nanoparticle yields. Genetic manipulation is another area 

that must be explored in order to advance production by maximizing the quantity of 

enzymes and metabolites responsible for biosynthesis. Perhaps the genetic manipulation 

of the sulfate assimilation pathway might enhance the production of CdS QDs using F. 

oxysporum, or similar fungi, which depend on these pathways to eliminate toxins. 

Furthermore, investigations and characterization of the secretomes of these fungi will be 

beneficial in order to optimize production by isolating specific proteins including 

enzymes for synthesis. Isolating these specific proteins will possibly move production 

away from cell-dependent systems to cell-free systems, which is also applicable to flow-
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through systems. The next steps to this investigation would be to consider optimizing 

multiple parameters using a matrix system, in order to test if different combinations of 

optimized variables work synergistically or hinder the optimization results. In conclusion, 

extracellular biosynthetic systems of production warrant further investigation in order to 

increase overall output and to develop alternative methods that will boost ‘green’ 

synthetic production of nanoparticles. This will ultimately provide biological systems 

with a competitive edge over current chemical and physical means of production, thus 

alleviating several environmental impacts and creating a more economically feasible 

method of fabrication.  

Summary 

• Fusarium oxysporum synthesized extracellular CdS QDs when treated with 

CdSO4. 

• Biosynthesis initiated by treating 20% stationary mycelial biomass per volume 

with 1 mM CdSO4, a pH 9, 0.25 M salt, and left to react for 120 hours, was found 

to be the optimal biosynthetic protocol.  

• Biosynthesis with optimized parameters along with the addition of external 

capping and reducing agents show a broad overall emission output, however, a 

unique maximum was observed centered at 680 nm displaying red fluorescence. 

• The mechanism of CdS QD biosynthesis depends heavily on activating the 

secondary metabolism of F. oxysporum, which is a well-documented response to 

stress. Triggering this pathway leads to the increased secretion of several 

compounds, including reductases, involved in the sulfur assimilation pathway that 
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are responsible for biosynthesis, along with phytochelatin, which naturally cap 

QDs and control their size. 

• Purification using a water and acetone technique shows the successful purification 

of CdS QDs in specific size ranges. Purified QDs show significantly higher 

emission intensities than the standard procedure. 

• The purification technique using water and acetone shows the capability of 

isolating QDs in distinct size ranges using different ratios of water and acetone.	  
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