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Abstract

This work provides a cell-based process using an engineered strain of Stenotrophomonas

maltophilia (SMCD1) or cystathionine -lyase (smCSE) enzyme that produces high yields

of extracellular, water-soluble semiconductor nanocrystals, also known as quantum dots

(QDs) from low-cost precursors in aqueous media. SMCD1 enables controlled growth of

cadmium sulfide (CdS) QDs over a period of several hours in culture, allowing precise,

extrinsic control of QD size and optical properties with photoluminescence emission

spanning the visible spectrum. The as-grown CdS QDs show both zinc-blende and wurtzite

type crystal structures with a quantum yield of up to 2.08 %. Cadmium selenide (CdSe)

QDs was also successfully synthesized by introducing smCSE enzyme instead of SMCD1

cells. This enzyme was produced and identified from the culture of SMCD1 cells and

further overexpressed by engineered Escherichia coli. The optical properties of CdSe QDs

were studied and particle size control was also achieved by varying the growth time.

Further characterizations confirmed the formation of CdSe nanocrystals with mainly

wurtzite type crystal structure.

Post-treatments, such as core/shell growth, phase transfer, and photoenhancement were

utilized to modify the surface chemistry of these nanocrystals to improve their properties

for potential applications. Core/shell structures on both CdS and CdSe cores with different

shell structure (ZnS for CdS, CdS for CdSe) were achieved. This significantly improved

their optical properties, for example, core/shell CdSe/CdS exhibits a quantum yield up to
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12 %. A facile phase transfer protocol was proposed to efficiently transfer the QDs from

aqueous phase to organic phase. In addition, photoenhancement via UV illumination was

also introduced for CdSe QDs and their photoluminescence was highly improved. Owing

to the post-treatments, the qualities of these cell-based QDs are comparable to that from

chemical synthesis routes. Our biosynthetic approach to cadmium chalcogenide QDs

production provides a viable pathway to realize the promise of green biomanufacturing of

these materials for optoelectronic, energy, medicine and other emerging technological

applications.
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Chapter 1

Introduction

1.1 Overview of quantum dots

Quantum dots (QDs) are semiconductor nanomaterials with their size in nanoscale,

typically from 1 to 10 nm, comprsing hundreds to a few thousands of atoms. An important

parameter of semicconductor materials is the band gap which seperates the conduction

from the valence bands. In bulk semiconductor materials, the bandgap is fixed. However,

as the size of the material goes down to the nanoscale which results in quantum

confinement, and the band gap varies with the particle size. The larger the particle size, the

smaller the band gap. This phenomenon is known as the quantum size effect.[1,2] Owing to

their size depedent properties, the fluorescence of QDs can be tuned by chaning their

particle sizes (Figure 1.1.a) and high magnification electron microscopy characterizations

reveal that they are nanocrystals (Figure 1.1.b).

QDs have attracted significant attention in the past three decades since they were

discovered by Louis Brus in the early 1980s.[1] Different types of QDs, such as CdSe[3],

PbS[4] and InP[5], have been extensitvely studied. QDs can be synthesiezed from a variety

of different materials and procedures. There are two major routes for nanocrystal synthesis:

aqueous route and organic route. The former generally achieves QD synthesis from

appropriate reagents and surfactant-type stablizers (also referred as capping agents) in

homogenous aqueous phase.[6] Compared to aqeous route, the organic route exhibits better

qualities (e.g. high quantum yield) of the synthesized nanocrystals with well controlled
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particle size and shape.[3,7,8] Classical studies have demonstrated that the syntheis of

monodispersed colloids requires a temporal separation of nucleation and growth of the

seeds.[9] There are two major techniques for nanocrystal syntheis in organic solvent: hot-

injection method and heating-up method.[10] Hot-injection method realizes the separation

of nucleation and growth by rapid injection of the the reagents into the hot solvent and

shows good control over the growth. The heating-up method is a batch process with

gradually elevating the reaction temperature slightly above the decompostion of the

precursors. The hot-injection method for QDs syntheis was first introduced by Bawendi

and co-workers in their report for metal chalcogenides synthesis and later widely adopted

owing to its precise control over the quality of nanocrystals.[3] A typical hot-injection

method is usually carried out at high temperature (~ 300 oC) and inert atomsphere with

argon or nitrogen control is required.

Figure 1.1. Photoluminescence of quantum dots and electron microscopy
characterizations. (a) CdS quantum dots solutions with different sizes illuminated under
UV lamp; (b) TEM images of CdS quantum dots, inset b is a high magnification image of
a single quantum dot.

Subsequent processes relying on the surface modification of the as-synthesized

QDs, are frequently used to manipulate the surface chemistry, such as capping ligand
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exchange, and improve the properties of QDs for photovoltaics and optoelectronics

applications.[3,11,12] The surface chemistry of the nanocrystal particles plays an important

role on the physical and chemical properties of the nanocrystals and the right type of the

capping ligand binding with the surface atoms is essential.[13] With different types of

capping ligand, the QDs can be either hydrophobic, hydrophillic or amphiphilic. Therefore,

phase transfer of QDs from polar solvent to nonpolar solvent or vise-versa can be realized

by capping ligand exchange or introducing a new capping ligand coexisting with the

primary ligands on the nanocrystal surface[14 17]. Commonly used capping ligands, such as

tri-n-octylphosphine oxide, trioctylphosphine, amines (e.g. oleylamine), fatty acids (e.g.

oleic acid) and thiols (e.g. L-cysteine) have been widely reported for QDs production and

surface modification.[18] The binding between the capping ligand molecule and the

nanocrystal undergoes a dynamic binding and unbinding processes. For capping ligand

exchange, the incoming ligand molecule should bind more strongly than the primary one.

Murray et al. reported a successful surface exchange of CdSe QDs by repeated exposure

of the QDs precipitation to an excess of a competing capping group, pyridine, at slightly

elevated tempterature.[3] Comparelli et al. realized the capping exchange of CdS QDs by

mixing the QDs in a small quantity of chloroform with a large excess of degassed amines

at 50-80 oC for 24-96 h.[11] Gaponik et al. proposed an efficient phase transfer protocol

applicable for a variety of II-VI nanocrystals synthesized in water and capped with different

short-chain thiols (CdS, CdSe, HgTe, etc.).[14] It has been reported that after phase transfer,

the photoluminescence emission quenches significantly and can be restored to initial values

by further treatments such as a heating step. By introducting capping exchange/phase

transfer, the as-synthesized QDs become more versatile for further applications.
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Core/shell QDs structures have also been widely studied and as a very important

strategy to modify the surface structure and passivate the surface of the naoncrystals[19 25].

Methods for overcoating a semiconductor nanocrystal with a second semiconductor

material with a larger band gap are well developed owing to their significant improvements

on luminescence efficiency. With a shell growth, the excitons, both electrons and holes,

are confined in the core material, promoting the radiative recombinations. ZnS is usually

utilized as the shell material for other types of QDs (CdSe, CdS or InP) since ZnS has a

larger band gap, ~3.61 eV, and meanwhile it is enviromently benign. Steckel et al.

sucessfully overcoated CdS QDs with ~ 3 monolayers of ZnS shell.[25] The deep-trap

emission was suppressed and the quantum yield was improved from 3~6 % to 20~30 %.

The procedure by Steckel uses a vairity of solvents and precursors, including a highly

pyrop

proposed successive ionic layer adsorption and reaction method for core/shell CdSe/CdS

QDs synthesis and achieved a large-scale batch synthesis.[22] They also introduced a facile

approach, denominated as thermal-cycling coupled single precursor, which uses a single

precursor for core/shell CdS/ZnS QDs synthesis at relatively low temperature (below 200

oC).[24] Core/shell structure promotes the optical properties, reduces the toxicity and also

improves the stability of QDs against photooxidation. Thus, shell structure growth over

nanocrystals has been considerred as a requirement for their further applications.

Due to their size-dependent photoluminescent properties, semiconductor quantum

dots (QDs) have showed great potential applications in a number of devices, including

display technologies, in-vivo or in-vitro biomedical imaging/detection and QDs based solar

cells.[12,26 29] As materials for  display devices, QDs (e.g. CdSe) show great potential for
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next generation display technology. Quantum dots can be simply tuned to different sizes

during synthesis and emit different colors as described before. They have very narrow

emission peaks indicating pure colors. It has been reported that electrically driven quantum

dot light-emitting devices have increased in external quantum efficiency from less than

0.01% to about 18% in the past few decades.[30 32] Quantum dots have been also emerged

in solar cell studies, known as quantum dot sensitized solar cell. So far, a certified power

conversion efficiency of 11.6 % has been reported by Du et al.[33]

QD. Though the efficiency is still lower than that of commercial silicon products,

considering the improvement from less than 1 % to 10 % in the past decade, there still

exists a large space to further enhance the efficiency. Another potential application of QDs

is their use in biology. QDs have appeared as in vivo and in vitro fluorophores in a variety

of biological investigations owing to their unique optical properties. Compared to

traditional organic molecules as fluorescent labels, quantum dots exhibit long-term

stability and simultaneous detection of multiple signals.[12] They can be easily manipulated

with different ligands for various requirement in biology. Besides these, QDs have also

been introduced to assist photocatalysis reactions in biology systems. Sakimoto et al.

developed a hybrid approach using a nonphotosynthetic bacterium, Moorella

thermoacetica, with cadmium sulfide nanoparticles, for photosynthesis of acetic acid from

carbon dioxide.[34] Brown et al. also demonstrated that cadmium sulfide nanocrystals acting

as the light harvesting source can photosensitize the nitrogenase molybdenum-iron protein

to drive the enzymatic reduction of N2 into NH3.[35]

Most current methods to produce CdS QDs utilize elevated temperature, organic

solvent based processes. For example, the method of Murray et al. utilizes
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bis(trimethylsilyl)sulfide reacting with dimethylcadmium (Me2Cd) at 300 oC in an

anhydrous environment. Note that Me2Cd is expensive, toxic, and pyrophoric.[3] The

alternative method of Peng and Peng utilizes trioctylphosphine oxide, CdO, and

hexylphosphonic acid or tetradecylphosphonic acid at 300 oC, again in anhydrous

environment.[7] In addition to environmental issues related to scale-up of these solvent

based reactions, the reactants themselves must be synthesized. These high costs inhibit

their widespread commercial adoption. Therefore, to pursue econmonical and

environmentally feasible applications, there are still challenges. To address these

challenges, it is desirable to develop alternative methods to produce QDs under mild

conditions with low costs. QDs fabricated from an aqueous route usually are biologically

compatible and exhibit great potential on biomedical applications. Biosynthesis methods,

owing to their good compatibility of the products and simplicity of the process, have

attracted great interests and attentions.[36,37] Using low cost sources combined with room

temperature, bio-based aqueous synthesis conditions may provide a route to lower the cost

of QDs synthesis to a level commensurate with their potential use in consumer products.

Thus, biosynthetic approach to QDs production may provide a viable pathway to overcome

the primary cost barrier to their utilization in optoelectronics and other commercial

technologies.

1.2 Biomineralization/biosynthesis of quantum dots

Biomineralization is a promising route toward the scalable biomanufacturing of

functional materials. It involves multiple biomolecules which mediate the mineralization

and control the crystal structure. Prokaryotes have evolved several response mechanisms

to solutions containing toxic levels of heavy metals such as cadmium. These include the
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production of cysteine-rich peptides to direct growth of insoluble metal precipitates[38,39]

and the formation of glutathione-metal complexes to trap intracellular metals[40,41]. This

has inspired the pursuit of a range of novel, biological approaches, including using peptides,

glutathione or other cellular components to direct the synthe .[40,42,43]

With regard to metal sulfide nanocrystals, a number of groups have demonstrated

the potential of engineered or natural biomolecules or biological systems as structure

directing agents during the chemical synthesis of CdS nanocrystals.[40,42 45] In these cases,

a reactive sulfur source, typically sodium sulfide, is added to a cadmium containing

solution. For example, Sweeney et al. achieved intracellular CdS nanocrystal synthesis

within E. coli upon addition of reactive sodium sulfide to a solution of the bacteria and

cadmium chloride.[40] In this report, the bacterial system served to direct the formation of

CdS nanocrystals. Flynn et al. utilized the same reactants in the presence of engineered

peptide-phage constructs to direct the nucleation and growth of CdS nanocrystals.[45] A

similar viral assembly approach was also utilized to achieve control over orientation during

crystal growth to yield nanowire morphologies.[44] The majority of the reports have used

biological components to template structure during synthesis from reactive sulfur

precursors, typically Na2S.

Biosynthesis of CdSe QDs has also been widely studied because of their great

potential in display applications. Cui et al. achieved intracellular CdSe nanocrystal

synthesis within yeast cells.[46] They adopted a rational coupling strategy in an appropriate

space and time sequence so that Cd can collide with low-valence selenium to yield CdSe

QDs. They first reduced the selenium precursor (Na2SeO3) into organoselenium

compounds in yeast cells and then at the appropriate moment added the cadmium precursor
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(CdCl2). Fellowes et al. used a similar strategy but Veillonella atypica to reduce Na2SeO3

for selenium source generation.[47] Kumar et al. developed a CdSe QDs biosynthesis

protocol at room temperature by the fungus, Fusarium oxysporum when incubated with a

mixture of CdCl2 and SeCl4.[48] Suresh incubated the same precursors (CdCl2 and SeCl4)

with plant pathogenic fungus, Helminthosporum solani, and also synthesized CdSe

nanocrystals with a mean diameter of 5.5 ± 2 nm and 1 % quantum yield.[49] Park et al.

reported a general strategy for in vivo synthesis of diverse nanocrystals by using

recombinant E. coli expressing Arabidopsis thaliana phytochelatin synthase and/or

Pseudomonas putida metallothionein. They accomplished a variety of metal/alloy and

semiconductor nanocrystals synthesis, such as Au, FeCo, CdSe.[50] Table 1.1 lists some of

the prior work on biosynthesis of CdS and CdSe QDs via different biosystems.

Many of these prior studies that utilize biosynthesis protocols clearly demonstrate

nanocrystals formation, however, few investigations have focused on their

photoluminescent properties and these reported biosynthesized QDs either experience poor

optical properties or need a complicated fabrication and purification procedures. Thus, the

key limitations in translating current biological approaches to commercial-scale QD

production include (i) an inability to rationally alter intrinsic (genetic) or extrinsic (growth

media) properties to reproducibly control QD size and (ii) the need for complex procedures

to extract and purify the QDs from the culture.



11

Table 1.1. Biosynthesis of quantum dots from different microorganisms or peptides.

Type Organism/peptide
Absorbance

(nm)

Emission

(nm)

Particle

size (nm)

QY

(%)
Ref

CdS
Fusarium

oxysporum
~ 400 N 5 ~ 20 N [51]

CdS Escherichia coli 318 384 2 ~ 5 0.007 [42]

CdS Escherichia coli ~ 420 445~ 510 6 N [52]

CdS
Rhodobacter

sphaeroides
282 ~ 506 382 ~406 2.3 ~ 36.8 N [53]

CdS

Candida

glabrata/Schizosacc

haromyces pombe

300 ~ 365 460 1.8 ~ 2.9 N [38]

CdS
Rhodopseudomonas

palustris
425 N 8.01 N [54]

CdS dendritic peptides 340 ~ 380 496 ~556 2.6 ~ 5.9 N [43]

CdSe
Saccharomyces

cerevisiae
N 520 ~ 670 2.7 ~ 6.34 4.7 [46,55,56]

CdSe Veillonella atypica 380 ~ 520 500 ~ 520 2 ~ 4 10.33 [47,57]

CdSe
Fusarium

oxysporum
~ 370 ~ 440 11 N [48]

CdSe
Helminthosporum

Solani
~ 350 ~ 430 5.5 1 [49]

CdSe Escherichia coli 555 ~ 605 710 3.31 ~ 5.1 N [50]
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1.3 Objectives and outline of the thesis

The overall objective of this research is to develop a continuous, cell-based process

that produces extracellular, water-soluble cadmium chalcogenide nanocrystals in high

yield from low-cost precursors by direct fermentation. An engineered strain of

Stenotrophomonas maltophilia (SMCD1) is chosen due to its intrinsically high resistance

to a variety of heavy metals, including cadmium.[58 60] The enzyme associated with the

nanocrystal formation has been identified as cystathionine -lyase and further

overexpressed in engineered E. coli cells. This enzyme can solely direct nanocrystal

synthesis equivalent to SMCD1 cells. Cadmium chalcogenide nanocrystals have been

sucessfully synthesized by either SMCD1 or the enzyme with precisely controlled

properties which are comparable to chemically synthesized QDs. The outline of this thesis

is presented below:

Chapter 1 gives a general introduction of quantum dots.

Chapter 2 presents the results for biosynthesis of CdS QDs by SMCD1 cells and

the techniques for characterizing CdS nanocrystals.

Chapter 3 inspects the growth conditions for CdS synthesis, such as precursor

concentrations, pH and growth temperature. Post treatments, e.g. capping exchange,

core/shell growth, have also been discussed.

Chapter 4 demonstrates the capability of cystathionine -lyase for CdSe synthesis

and their photoluminescence enhancement by CdS shell growth and UV

illumination.
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Chapter 5 discusses the growth mechanism of CdS and CdSe QDs formation by

cystathionine -lyase and provides prelimilary results for other types of

nanocrystals synthesis.

Chapter 6 summaries the major findings of this thesis and future work.
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Chapter 2

Biomineralization of CdS Quantum Dot from

Stenotrophomonas Maltophilia

solutions with reduced environmental impact is integral to realizing a future

biomanufacturing economy. To address this challenge, we described a cell-based process

using an engineered strain of Stenotrophomonas maltophilia (SMCD1) that produces

high yields of extracellular, water-soluble CdS QDs from low-cost precursors in aqueous

media. Strain SMCD1 enables controlled growth of CdS QDs over a period of 6 hours

in culture, allowing precise, extrinsic control of QD size and optical properties with

emission maxima ranging from 460 to 560 nm. The as-grown CdS QDs show both zinc-

blende and wurtzite type structures with a quantum yield of up to 2.08 %. Our results

demonstrate the feasibility of a scalable, biological process to produce low-cost CdS

QDs.

2.1 Introduction

Biosynthesis of CdS QDs have been widely studied as discussed in Chapter 1.

Several biological approaches have shown that biomineralization of CdS and related

semiconductor nanocrystals can occur, while these previous methods demonstrate only

limited control over the final particle size. Since the opto-electronic functionality of QDs

is largely due to their size dependent band gap, any application relevant synthesis route
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must allow reproducible control over the nanocrystal size within the quantum confinement

size range.

Bai et al. utilized immobilized Rhodobacter sphaeroides to demonstrate a

progressive increase in CdS particle size with increasing cell incubation time, but did not

provide information on the size distribution of the particles or the evolution of particle size

over time.[61] Other reports of biosynthesized CdS nanocrystals show broad size

distributions. For example, Borovaya synthesized CdS particles with sizes ranging from 2

to 8 nm within a single growth batch.[62] These previous reports demonstrate a mixture of

both intracellular QDs[42,63 65] and extracellular QD[49,62,66,67] production. Extracellular

production is preferable as it removes a requirement for cell lysis during harvesting,

decreasing protein and other biomacromolecule contamination of the product nanocrystals.

However, no previous report has demonstrated the combination of size controlled,

reproducible, and extracellular biomanufacturing of CdS QDs.

In this chapter, we described an alternative aqueous-based, bacteria mediated,

biosynthetic procedure for CdS nanocrystal synthesis at 37 oC. We utilized the relatively

inexpensive precursor cadmium acetate (Cd(CH3CO2)2) as a Cd source and the amino acid

L-cysteine as the sulphur source and capping agent. The resulting quantum dots show

quantum yield (QY) approaching those of the chemical synthesized materials. We also

demonstrated the control over the mean particle size in the 2-4 nm range which provides

access to a wide range of quantum confined band gap energies. While the mean size and

distribution width increases with increasing growth time, the as-synthesized standard

deviation in mean size is demonstrated to be still less than 1 nm. The nanocrystals produced
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are confirmed to be crystalline CdS via high resolution scanning transmission electron

microscopy, X-ray energy dispersive spectroscopy (XEDS), and X-ray diffraction.

2.2 Biosynthesis of CdS quantum dots

SMCD1 was isolated from soil as described above and iteratively selected for

variants in culture that were tolerant to cadmium acetate at concentrations in excess of 1

mM. Cadmium-tolerant colonies were selected from cadmium-containing plates, and

cultures grown in M9 minimal media containing 8 mM L-cysteine. From the observed

photoluminescence (Table 2.1) and absorption spectra (Figure 2.1.a) with 6 h growth, only

SMCD1 cells grown in the presence of both cadmium acetate and L-cysteine in M9

minimal media result in fluorescence consistent with the formation of CdS QDs with a

well-defined first excitonic peak. Other combinations of ingredients lacking bacterium

strain SMCD1, cadmium acetate or L-cysteine do not show any fluorescence, thus

demonstrating that CdS formation and luminescence only occurs under culture conditions

containing cadmium acetate, L-cysteine and SMCD1 cells in M9 media buffer.

Furthermore, the procedure is reproducible, with essentially identical QD optical properties

observed from independent cultures using optimized growth media and the same growth

time (Figure 2.1.b). The absorbance and emission spectra are nearly the same and the inset

photo also confirms that they have identical particle size.

Using the identified optimized growth conditions (Table 2.1), we find that

photoluminescence is retained in the culture supernatants after removal of the cells by

centrifugation, indicating that the water-soluble fluorescent particles are produced

extracellularly (Figure 2.2.a). Compared to intracellular synthesis, it makes further

purification of the nanocrystals much easier that simple centrifugation and dialysis can be
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used to purify the as-grown nanocrystals without any cell lysis steps. The color clearly

exhibits red-shift from blue to orange with increasing growth time. We also find that both

absorption and fluorescence peaks shift systematically with increasing growth time in

culture. Absorption spectra for samples with various growth times demonstrate well-

defined first excitonic peaks (Figure 2.2.b) with maxima that shift to higher wavelengths

with increasing growth time. The normalized fluorescence emission spectra (Figure 2.2.c)

also show a shift to higher wavelength with increasing growth time. For the absorption

spectra, the peak wavelength increases from 312 nm to 378 nm, while the corresponding

emission spectra peak wavelength moves from 460 nm to 562 nm as the growth time is

increased from 30 min up to 360 min.

Table 2.1. Comparison of different growth conditions for CdS QDs synthesis.

Ingredient Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

SMCD1 [OD600] 0.5 0.5 0.5 0.5

Cd(Ac)2 [mM] 1 1 1 1 1

L-cysteine [mM] 8 8 8 8 8

Growth media M9 media M9 media M9 media DI water M9 media DI water

Photoluminescence

under UV light
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Figure 2.1. Absorption and emission spectra of the as-grown cultures. (a) Absorption
spectra of a series of samples prepared using different growth. (b) Optical properties of
three different batches of CdS QDs prepared using the same growth conditions showing
good reproducibility. Inset is a photograph of the culture supernatants illuminated under
UV light. The emission spectra were recorded using a 350 nm excitation wavelength.

While it may be hypothesized that another biosynthesized fluorescent species is

responsible for the observed optical properties, all of this data is consistent with the

biosynthetic formation of water soluble CdS quantum dots. Firstly, both cadmium acetate

and L-cysteine are required for fluorescence to be observed in culture, indicating that the

fluorescent species is CdS (Figure 2.1 and Table 2.1). Secondly, strain SMCD1 growing in

M9 minimal media is necessary for fluorescence to appear indicating that this bacterial

strain facilitates the biomineralization of CdS. Thirdly, the measured absorption

wavelength maxima are consistent with a blue-shift from the bulk CdS band edge value

(~515 nm) as expected for quantum confined CdS nanoparticles (Figure 2.2.b). The

emission wavelengths are consistent with broad trap emission from such particles. Fourthly,

the observed red-shift in both adsorption and emission wavelengths are consistent with

increasing mean size of quantum confined particles with increasing time in culture (Figure

2.2.c). The relatively large Stokes shift is typical of L-cysteine capped CdS QDs in

aqueous solution as reported previously.[68,69] It is likely that the as-produced QDs are
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capped with L-cysteine due to the relatively high L-cysteine concentration in the media, as

well as the requirement of L cysteine for synthesis.

Figure 2.2. Optical properties of the as-grown CdS QDs with different growth times. (a)
Photograph of the culture supernatants from strain SMCD1 collected at various growth
times when illuminated under UV light. (b) UV-vis absorption spectra of CdS QDs as a
function of growth time. (c) Fluorescence emission spectra using a 350 nm excitation
wavelength as a function of growth time.

The QY of the purified CdS QDs which had growth times ranging from 30 min to

180 min were found to exhibit an approximately linear increase from 0.30 % to 2.08 %

(Figure 2.3). Determination of the QY at longer growth times was inaccurate due to

aggregation of the larger particles. The range of measured QY is once again consistent with

other reports for L-cysteine capped QDs in aqueous solution and most importantly are
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about three orders of magnitude greater than the QY (0.007 %) reported for previous

biosynthetic CdS QDs.[42] The relatively low QY as compared to more standard inorganic

preparation methods may be due to quenching by the L-cysteine or the dimer cystine.[70,71]

Taking into account the measured systematic variation in particle size distribution with

growth time, it can be concluded that the QY monotonically increases with increasing mean

nanocrystal size in the 30-180 min growth time range. Similar size-dependent trends for

the photoluminescence QY of semiconductor nanocrystals have been noted previously.[72

75] As the particle size decreases, the surface-to-volume ratio increases, which results in a

higher proportion of surface defects. Therefore, it is likely that non-radiative relaxation at

surface traps become more important with decreasing particle size.

Figure 2.3. Quantum yields of CdS QDs as a function of growth time ranging from 30 min
to 180 min.

X-ray powder diffraction patterns (Figure 2.4) were also collected from powdered

precipitated fractions of the as-grown CdS QDs and are consistent with CdS formation;
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however peak broadening due to the nanoscopic nature of the particles results in just two

broad peaks. Since the major peaks of commonly seen phases of CdS quantum dots, zinc-

blende type and wurtzite type (there is also a high-pressure rock-salt phase, which is rarely

reported) are very close to each other, it is impossible to identify the exact polymorphic

structure of the as-grown CdS QDs from the XRD pattern.

Figure 2.4. X-ray powder diffraction pattern of the precipitated CdS quantum dot powder
after 360 min of growth. The stick patterns show the expected standard peak positions of
the bulk wurtzite (bottom, PDF card no. 00-006-0314) and zinc-blende type CdS
polymorphs (top, PDF card no. 00-010-0454).

2.3 Electron microscopy characterizations of CdS QDs

Electron microscopy characterizations provide us more crystal information of the

as-grown nanocrystals, such as the crystal structure, particle size (distribution) and

elemental analysis. For these nanocrystals, high resolution TEM (HRTEM) and high angle

annular dark field - scanning transmission electron microscopy (HAADF-STEM) imaging

are commonly used techniques. All the electron microscopy characterization work in this
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thesis was carried out on two types of TEM instruments, JEOL 2000FX conventional TEM

equipped with an Oxford Instruments XEDS system and aberration corrected JEOL ARM

200CF analytical electron microscope equipped with a Centurio XEDS system. The former

has relatively low resolution and was used for pre-check of the samples. The latter allows

a wider range of materials to be examined with atomic level resolution and was utilized for

high magnification imaging of the nanocrystals. To achieve high resolution images, it is

required that the samples meet a high level of purity. The most commonly encountered

problem is the contamination which prevents the imaging especially at higher

magnification.[76] The contaminations usually arise from the organic compounds left in the

samples. Therefore, the samples need to be carefully prepared in order to eliminate the

contaminations. As we have experienced a lot of failure when imaging these biosynthesized

nanocrystals, here are several rules that would help to make the imaging easier:

(1) Sample purifications. To get rid of contaminations, the sample needs to be purified

to a high extent. After synthesis, the culture was centrifuged at a high speed (8000 rpm for

10 min) to exclude large aggregates and cells. Then a syringe filter (0.2 m) was used to

filter large aggregates left (the cells should be completely removed after this step). After

that, the solution was placed in a dialysis tubing (3500 MWCO) and dialyzed against

deionized water for 24 h in 4 oC. The concentration of free thiol mostly from L-cysteine

was detected by Ellman's reagent to determine the organic compound left in the solution,

and it should decrease from ~ 8 mM to 0. 2 ~ 0.5 mM after 24 h dialysis. After dialysis,

another syringe filter was used to further remove the aggregates forming during dialysis

and the solution is ready for TEM sample preparation. For aqueous sample preparation, 20

times dilution (initial absorbance peak intensity around 1) of the purified solution is proved
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to be good for TEM imaging and it shows acceptable contaminations but with moderate

particle concentration. For organic sample preparation, after one wash by anti-solvents, 50

times dilution (initial absorbance peak intensity around 1) was proven to work well.

Multiple washes of the nanocrystals are recommended as long as the nanoparticles do not

aggregate because of a loss of capping ligands.

(2) TEM grid treatment. Since the surface of carbon film on the grid is hydrophobic,

the nanocrystal dispersion is non-ideal especially when preparing aqueous samples. To

improve the dispersion of the nanoparticles deposited on the film, the TEM grids can be

treated to form a hydrophilic surface by plasma cleaner. We use a chamber plasma cleaner

and it can accommodate batch treatment of the TEM grids. The grids were placed in the

chamber on a clean substrate and the plasma cleaner was set at a power of 10 W with air

as the gas. The treatment last for 20 s and after that the TEM grids were ready for aqueous

sample preparation. To test the hydrophilicity of the treated grid, simply loading a tiny drop

of water (3 L) onto the gird can be used to test whether the surface is hydrophilic or not.

No treatment is needed if preparing with nanoparticles in organic solvent, such as

chloroform or toluene.

(3) Sample preparation and treatment before imaging. The TEM sample was

prepared by loading 3 L of the diluted solution onto the treated grid and placed in vacuum

desiccator for 2 h. A wick-off technique is also useful to improve the dispersion of the

nanoparticles. Right before loading the grid in the TEM instrument, a 10 s plasma treatment

at 10 W was introduced to further eliminate the contamination. During imaging, 5 to 10

min beam shower is optional if necessary when contamination starts to appear. Beam
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shower is commonly used to reduce the contamination by solidating the volatile organic

compound on the specimen.[77]

(4) Avoiding beam damage especially at high magnification. Beam damage is

clearly observable for small nanocrystals. There are not many actions to prevent the

nanocrystals from damaged by intense electron beam. Generally, larger particles are much

more stable compared to smaller particles especially under high magnification imaging. If

imaging smaller particles, make sure to use lower magnification and meanwhile try to take

images as quickly as possible, or else the particles would be damaged.

(5) Single particle XEDS analysis. It is very different to carry XEDS analysis on a

single nanocrystal. To avoid serious detector drifts which bring the major error to the

analysis, those isolated nanoparticles on the edge of the holes of the carbon film are better

choices for testing. Then, the instrument can autocorrect effectively and reduce the test

error. Meanwhile, line-scan analysis on a single particle always results in damage of the

nanoparticles, thus line-scan analysis is not recommended.

Here, we demonstrate some typical TEM images of the samples prepared at

different conditions. SMCD1 cells have a rod-like shape as shown in Figure 2.5.a. Without

purification, the sample is very dense with cells found almost everywhere. We can also

find that the nanocrystals are attached to the cells or organic matrix (Figure 2.5.b). After

centrifugation, syringe filter and dialysis, the cells are barely found and the sample is much

cleaner, however the nanoparticles are found embedded in loose organic matrix around the

holes of the carbon film if no dilution applied (Figure 2.5.c and d). With 20 times dilution,

the organic matrix is gone and the nanoparticles are well dispersed on the carbon film

(Figure 2.5.e and f). The same as the samples prepared by wicked-off techniques, as shown
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(Figure 2.5.g and h). All of these purification/treatment techniques improve the dispersion

of these nanocrystals and meanwhile reduce the contamination to extremely low level. This

also makes the high resolution imaging of the as-grown biosynthesized CdS nanocrystals

feasible without serious contaminations.

Figure 2.5. Electron microscopy characterization of SMCD1 cells and CdS QDs at
different purification stage. (a) TEM image of SMCD1 cell. (b) TEM image of CdS QDs
culture without purification. (c and d) TEM images of CdS QDs after purification but
without dilution. (e and f) TEM images of CdS QDs after 20 times dilution. (g and h) TEM
images of CdS QDs prepared by wicked-off technique.
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Figure 2.6. Beam damage evidence of CdS QDs at high magnification imaging. (a) TEM
image of atom clusters and dispersed atoms. (b) TEM image of survived and damaged CdS
QDs. (c-f) TEM images of CdS QDs sintering after 4 images, sintering of two nanocrystals
highlighted in red circles.

We also found some evidence of beam damage during imaging at high

magnifications. Some amorphous atom clusters or dispersed atoms are found frequently as

shown (Figure 2.6.a). Nanoparticles with lattice fringes and nanosized atom clusters are

also found (Figure 2.6.b). We attributed these atom clusters and dispersed atoms to the

beam damage especially under intense electron beam at high magnifications. Direct
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evidence of beam damage was caught by imaging the same area multiple times at high

magnification (above 6 million). As is shown (Figure 2.6.c-f), two nanocrystals gradually

sintered together and formed a single nanocrystal after 4 images. This reveals that these

nanocrystals are very vulnerable under the electron beam and great caution should be paid

when imaging them.

Figure 2.7. Electron microscopy characterization of purified CdS QDs after 60 min growth.
(a) Bright field TEM image of CdS QDs illustrating the typical particle dispersion, inset in
(a) is the corresponding selected area electron diffraction (SAED) pattern. (b)
Representative high resolution TEM image of CdS QDs. (c and d) High angle annular dark
field (HAADF) images of particles exhibiting zinc-blende and wurtzite type structures
respectively. (e) Energy-dispersive X-ray spectroscopy (XEDS) analysis confirming the co-
existence of Cd and S in the QDs.

By optimizing the TEM sample preparation and operation, we have succeeded in

imaging the as-grown CdS quantum dots by HTEM and additional evidence to support
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biosynthesis of CdS QDs from strain SMCD1 was obtained. Specifically, to evaluate the

crystal structure and particle size distribution of the CdS materials, nanocrystals produced

at a representative growth time of 60 min were purified and characterized by HRTEM

(Figure 2.7). The highly dispersed QDs are clearly observable (Figure 2.7.a) by phase

contrast imaging. From electron diffraction (Figure 2.7.a, inset), two broad but distinct

rings corresponding to interplanar spacings of 0.33 nm and 0.21 nm are observed, which

are consistent with expected lattice spacings of CdS. However, selected area electron

diffraction cannot unequivocally distinguish between the possible CdS polymorphs (i.e.

the zinc-blende and wurtzite type structures), as they both have lattice spacings similar to

those measured within the limits of experimental error.

HRTEM and STEM-HAADF (high angle annular dark field) images were acquired

to obtain more localized crystallographic information from the biosynthesized QDs. The

HRTEM (Fig. 2.7.b) and STEM-HAADF images (Figure 2.7.c and d) exhibit lattice fringes

within individual particles, whose spacings and intersection angles are consistent in some

particles with the sphalerite form of CdS whereas in others they match the wurtzite form.

The measured d-spacing value of 0.30 nm (Figure 2.7.c) for the two planes indicated match

those of the (002) and (020) planes in zinc-blende type CdS viewed along the [100]

projection; the measured interplanar angle is 89°, which matches the expected 90° angle

between these two planes. In Figure 2.7.d the measured d-spacing values of 0.20 nm and

0.32 nm corresponds to those of the (2 1) plane and (011) plane of wurtzite-type CdS,

respectively; the measured interplanar angle between these two planes is 83°, which is also

consistent with the expected value of 82.0° calculated from the cross product of (2 1) and

(011) when viewed along [ 1]. Detailed lattice fitting information can be found in Table
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2.2 and 2.3. Therefore, we conclude that both zinc-blende and wurtzite type structures co-

exist for CdS QDs produced by strain SMCD1. X-ray energy dispersive spectroscopy

(XEDS) analysis confirmed that the particles are primarily comprised of cadmium and

sulfur (Figure 2.7.e); some traces of phosphorus and oxygen are also present, most likely

due to residual phosphate from the M9 minimal growth media; the copper peaks are

artefacts of the TEM support grid.

Table 2.2. Lattice fitting of nanocrystals in Figures 2.6.c to zinc-blende type CdS.

Table 2.3. Lattice fitting of nanocrystals in Figures 2.6.d to wurtzite type CdS.

[100]

(2 1)

[ 1]

(2 1)
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2.4 Particle size control of CdS quantum dots

2.4.1 Particle size control by varying the growth time

Owing to their unique size dependent optical properties, tuning the particle size of

QDs is very important. Here, we described a simple approach to control the average particle

size of CdS nanocrystals synthesized from SMCD1 by varying the incubation time of the

growth culture. Using the optimized growth conditions, we find that the absorbance peaks

shift systematically with increasing growth time in culture (Figure 2.2.b).

Figure 2.8. TEM images and particle size distributions of CdS QDs as a function of growth
time. (a-c) Representative TEM images for growth times of 60, 180 and 300 min
respectively; (d-f) Particle size distributions for growth time of 60, 180 and 300 min
respectively (the mean values were derived from measurements of at least 100 particles).

Typical TEM images of the CdS QDs with different growth time of 60, 180 and

300 min are shown (Figure 2.8.a-c) and exhibit well dispersion with lattice fringes

indicating of nanocrystals. Particle size distributions (Figure 2.8.d-f) after 60, 180 and 300

min growth times were determined from analysis of these phase contrast images. The mean
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particle size increases from 2.75 to 3.04 to 3.36 nm after 60, 180 and 300 min, respectively.

The breadth of the distribution also increases with increasing growth time with the standard

deviation increasing from 0.68 to 0.95 nm between 60 and 300 min growth. The observed

relationship between size and adsorption peak wavelength are in-line with other reports for

L-cysteine capped CdS QDs.[69,78]

2.4.2 Particle size selection by gel filtration chromatography

A post treatment of the purified CdS QDs was also introduced to select different

size of these nanocrystals. Unlike size-selective precipitation procedure, which has been

widely used in quantum dots especially synthesized from organic routes[3,79], we introduced

a precise and effective gel filtration chromatography purification technique for QDs size

selection. This technique has been widely used for protein purification and has recently

been reported for nanocrystals purification and size selection.[80] In gel filtration

chromatography, the stationary phase consists of porous beads with a well-defined range

of pore sizes allowing molecules within that molecular weight range to be separated. The

elution volumes directly correlate with the hydrodynamic size of the analytes.

We used a commercial product, PD-10 desalting columns (GE Healthcare)

containing Sephadex G-25 medium, which allows rapid separation of high molecular

weight substances from low molecular weight substances. Large particles are eluted first

with a small retention time, while small particles are eluted last with a high retention time.

In a typical procedure, 2.5 mL purified CdS QDs was loaded on top of the resin in the

column, then deionized water was added continuously from the top to elute the

nanoparticles. The eluates were collected in 0.5 mL aliquots as the elution started.  The

free thiol concentration, which indicates the level of L-cysteine in the solution, was also
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checked. The absorbance spectra of the elution were collected (Figure 2.9.b) and they

exhibit different excitonic peaks. As expected, the samples eluted first had larger peak

wavelength, while the ones eluted later showed smaller peak wavelength. This reveals that

eluted samples have different particle sizes. The photoluminescence under UV lamp also

confirms the size selection (Figure 2.9.a). The nanoparticles are mainly distributed in

elution 2 to 7 and shows blue-shift with increasing retention time. The free thiol

concentration results show that the concentration of L-cysteine can be controlled to less

than 0.3 mM from initial ~ 1.2 mM in all of the elution samples containing CdS QDs.

Through gel filtration chromatography, the as-grown synthesized CdS QDs can be

divided into portions with different sizes. Multiple runs of gel filtration chromatography

were tried to further purify the samples, but the nanoparticles aggregated after 2 runs. We

attribute the agglomeration of the nanoparticles to the low level of L-cysteine (free thiol),

which also acts as the capping ligands stabilizing the nanoparticles. Once the concentration

of free thiol is below a certain level, desorption of L-cysteine from the QDs surface results

in a low coverage of the surface, eventually leads to the aggregation of the nanoparticles.

In summary, gel filtration chromatography provides a simple method to select the as-grown

nanocrystals with different sizes. It also helps to reduce the concentration of salts, for

example, L-cysteine, left in the solution and can be used to purify the nanocrystals.
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Figure 2.9. Size selection of CdS quantum dots by gel filtration chromatography. (a) Photo
of different elutions under UV lamp; (b) absorbance spectra of different elution compared
with initial CdS QDs; (c) Free thiol concentration profile of the eluted portions compared
to the initial value.

2.5 Conclusions

We presented a novel approach for the reproducible biosynthesis of extracellular,

water-soluble CdS QDs using an engineered strain of Stenotrophomonas maltophilia

(SMCD1). The selected strain is capable of producing brightly fluorescent CdS QDs of

different mean sizes, with emission maxima ranging from 460 to 560 nm and a quantum

yield up to 2.08 %. Gel filtration chromatography was introduced to select the nanocrystals

with differrent sizes. This biosynthetic approach to CdS QD production provides a viable

pathway to realize the promise of green biomanufacturing of these materials for

optoelectronic, energy, medicine and other emerging technological applications. Further

optimizing the surface, structural and optical properties of the biosynthetic CdS QDs, as
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well as investigating the cellular factors underlying the regulated biosynthesis will be

disscussed in next chapter.
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Chapter 3

Optimizing Synthesis Conditions and Improving

Functional Properties by Surface Modification of

CdS Quantum Dots

Extracellular biomineralization of CdS quantum dot nanocrystals from buffered aqueous

solution of cadmium acetate and L-cysteine were studied. CdS QDs synthesis is strongly

influenced by the L-cysteine:cadmium acetate ratio, pH of the solution and the growth

temperature. The observed trends are consistent with L-cysteine acting as both a sulfur

source and nanocrystal capping agent. Enzymatic turnover of L-cysteine forms reactive

sulfur in solution, removing the requirement for addition of reactive sodium sulfide of

most other biomineralization approaches. The utility of the biomineralized quantum dots

is demonstrated by phase transfer from the aqueous to the organic phase and subsequent

incorporation into a quantum dot sensitized solar cell and chemical growth of a ZnS shell

onto the biomineralized CdS core. QDs and reduced graphene oxide composite was also

studied.

3.1 Introduction

Last chapter, we reported an engineered strain of the bacteria Stenotrophomonas

maltophilia (SMCD1) capable of promoting extracellular CdS nanocrystal formation in the

quantum confined size range. In biosyntheis processes, the growth conditions, such as the
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reactant concentrations, pH of the buffer, and growth temperature, all play very important

roles on the nanocrystal formation. In this case, cadmium acetate, as the Cd source, is toxic

to bacteria, resulting in expressions of certain enzymes anticipated in transforming

cadmium to nontoxic forms. The enzyme was identified as -lyase, which is

detailed discussed in chapter 5. L-cysteine, as the sulfur source and capping agent for CdS

QDs, facilitates the formation of CdS nanocrystals and stabilizes them in the culture. The

buffer, especially the pH, is also critical since enzymatic reactions are usually pH

dependent. Growth temperature is also generally considered as an important factor

influecing chemical reactions.

In this chapter, the sensitivity of SMCD1-mediated CdS biomineralzaion to

reactant concentrations, buffer pH and temperature is systematically investigated to

provide further insight into the QD formation mechanism. To the best of our knowledge,

none of these previous reports describe the utilization of biomineralized CdS nanocrystals

in any specific application. The outstanding question as to whether or not these

biomineralized CdS nanocrystals can be utilized for optical applications is specifically

addressed. A facile route for aqueous to organic phase transfer of the biosynthesized CdS

nanocrystals is demonstrated which further broadens their scope for practical utilization as

functional nanomaterials. The now organic soluble biomineralizated CdS nanocrystals are

integrated into a functioning quantum dot sensitized solar cell and also utilized in a

chemical synthesis procedure to generate CdS/ZnS core-shell nanocrystals.
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3.2 Influence of synthesis conditions on CdS QDs growth

3.2.1 Growth dependency on the concentration of cadmium acetate

We first investigated the influence variable cadmium acetate concentration between

0.25 mM and 4 mM with constant L-cysteine (8 mM) and cell (OD600 = 0.5) concentration,

and constant buffer pH of 9.0. This yields a theoretical range of (L-cysteine:cadmium

acetate) ratio from 32:1 to 2:1. The absorbance and emission spectra of the harvested

aqueous solutions after certain incubation time at 37 oC are shown in Figure 3.1. The first

excitonic absorption peaks, Figure 3.1.a, shift to longer wavelength with increasing S:Cd

ratio. No absorbance peak is observed at a S:Cd ratio of 2:1 as the peak is obscured by the

absorbance of the buffer solution below 300 nm. The corresponding emission peak

positions, Figure 3.1.b, shows the same red-shift trend with increasing S:Cd ratio,

consistent with the change in visible photoluminescence under UV light, inset in Figure

3.1.b. The absorbance spectra as a function of incubation time were also collected at S:Cd

ratios of 32:1 and 8:1. The absorption peak wavelength systematically increases as a

function of incubation time up to 90 min in both cases, Figure 3.1.c; however, the peak

intensity is much greater and the peak wavelength is clearly larger at decreased S:Cd ratio,

which are consistent with the result of Figure 3.1.a. The optical properties reported here

are all within the quantum confinement range for CdS, indicating the formation of CdS

nanocrystals.

The observed red-shift in our samples is attributable to an increase in the average

size of the quantum dots as the S:Cd increases, suggesting that the enzymatic production

of H2S may be the limiting factor in particle growth. Last chapter, the correlation of optical

and electron microscopy data reveals that adsorption peak maxima of 324, 334 and 344 nm,
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correspond to biomineralized nanocrystal sizes of 2.75 ± 0.68, 3.04 ± 0.75, and 3.36 ± 0.95

nm, respectively. Therefore, with S:Cd = 2, the nanocrystal size is believed to be larger

than that of S:Cd = 32. Considering the same concentration of L-cysteine, the only

difference is the concentration of cadmium acetate. From the peak intensity data, we can

also roughly estimate the nanoparticle concentration from the peak intensity and it is

reported that lower intensity implies lower particle concentration.[81] Thus, with lower

cadmium acetate concentration, fewer CdS nanocrystal nuclei form, resulting in a lower

nanoparticle concentration. While the turnover of L-cysteine to form H2S is almost

identical owing to the same concentration of L-cysteine, it is not surprising that the size of

the nanoparticles is larger with low S:Cd ratio. In summary, lower cadmium acetate

concentration (S:Cd ratio) results in lower nanocrystal concentration, while the average

nanoparticle size is larger and the as-grown CdS QDs culture exhibits larger absorbance

peak wavelength and the same as emission.

3.2.2 Growth dependency on the concentration of L-cysteine

L-cysteine acts as both the sulfur source and capping agent during nanocrystal

biomineralization. The optimization of growth conditions is thus highly dependent on the

interplay of factors influencing this dual role. Firstly, the concentration of L-cysteine will

influence reactant availability and the growth rate. Secondly, L-cysteine is also the capping

agent stabilizing the nanocrystals in the solution. The dynamic absorption and desorption

of the capping agent on the nanocrystal surface during synthesis is also critical. In order to

elucidate the influence of L-cysteine concentration, the CdS QDs growth at different L-

cysteine concentration were inspected.
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Figure 3.1. Aqueous phase optical properties of harvested CdS nanocrystal solutions
grown with different concentrations of cadmium acetate (Cd(Ac)2) ranging from 0.25 mM
to 4 mM. a) UV-vis absorption spectra. b) Fluorescence emission spectra using a 350 nm
excitation wavelength. Inset is a photograph of the cultures illuminated under UV light
showing the evolution of fluorescent color. c) Temporal evolution of absorbance spectra
using 0.25 mM and 4 mM concentrations of Cd(Ac)2. Each line is separated by a 4 minutes
incubation time interval up until 50 mins, and after that the spectra were sampled at 60
and 90 mins.
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Figure 3.2 shows absorption and photoluminescence properties respectively of CdS

nanocrystals grown as a function S:Cd ratio induced by varying the L-cysteine

concentration, from 1 mM to 32 mM, at constant cadmium acetate (1 mM) and cell (OD600

= 0.5) concentration and a pH of 9.0. The absorbance spectra (Figure 3.2.a) show well-

defined peaks with maxima showing a red-shift trend with increasing S:Cd ratio,

corresponding to increasing L-cysteine concentration. As with the lowest S:Cd ratio in

Figure 3.1.a, the absorption peak for S:Cd ratio is obscured by the absorption of the buffer

solution. The emission spectra (Figure 3.2.b) show the same systematic trend with the peak

maxima wavelength progressively red-shifting with increasing L-cysteine concentration,

consistent with the visible photoluminescence observed under UV light, inset of Figure

3.2.b.

Figure 3.2. Aqueous phase optical properties of CdS QDs harvested after 30 min
incubation time with varying initial concentration of L-cysteine varying between 1 mM and
32 mM. (a) UV-vis absorption spectra of the as-grown cultures; (b) Fluorescence emission
spectra using a 350 nm excitation wavelength. Inset is a photograph of the visible
fluorescence from these cultures under UV illumination.
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3.2.3 Growth dependency on the pH of the buffer

The pH of the Tris-HCl buffer also plays very important role on CdS QDs formation

in this biosynthesis process. As we know, most enzymatic reactions are pH dependent by

exhibiting maximum activity in a narrow pH range. In addition, the solution pH will

influence both the protonation/deprotonation of the thiol group on L-cysteine (with pKa =

8.3),[82] and the potential formation of the dimer, cystine, which can quench

fluorescence.[70,83] To investigate how pH effects CdS QDs formation, we inspected the

growth under different pH values.

Figure 3.3 shows the influence of buffer pH during growth on the optical properties

of the nanocrystals at a fixed initial concentration of cadmium acetate (1 mM), L-cysteine

(8 mM) and cells (OD600 = 0.5). Figure 3.3.a shows that the nanocrystal absorbance peak

wavelength of 372 nm at a growth pH of 9.0, is red-shifted by 51 nm when compared to

that obtained from a synthesis carried out at pH 7.2. The corresponding emission peak

wavelengths (Figure 3.3.b) are similarly red-shifted; i.e. 512 and 440 nm at growth pH 9.0

and 7.2, respectively. The corresponding quantum yields of these harvested particles are

0.7 and 1.9 %, for the pH 7.2 and 9.0 solutions, respectively. The reported optimal activity

-lyase enzymes is above pH 8.0 which is in agreement with the observed

red-shift upon increasing pH in our experiments.[84 86] This observation further supports

the concept of the growth rate being dependent on the availability of reactive sulfur, most

likely in the form of H2S.
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Figure 3.3. Aqueous phase optical properties of harvested CdS nanocrystal solutions after
30 min incubation time with varying initial pH. (a) UV-vis absorption spectra; (b)
Fluorescence emission spectra using a 350 nm excitation wavelength. Inset is a photograph
of the visible fluorescence from the cultures when illuminated under UV light.

Besides the growth evaluation at different pH, we also investigated the

photoluminescence dependence of the purified CdS QDs solution on the solution pH.

Figure 3.4 shows the photoluminescence intensity of various purified aqueous QD samples

as a function of solution pH adjusted after synthesis. The synthesis was carried out at a pH

of 9.0. The corresponding absorbance spectra peak maxima wavelength and intensity are

unaffected by changing the pH after synthesis (Figure 3.4.d). The pH was adjusted with

acetic acid or tetramethylammonium hydroxide. The optimal (maximum)

photoluminescence intensity was obtained by adjusting the pH after synthesis to between

7.0 and 8.5, which is consistent with the pKa of the thiol group in L-cysteine being 8.3.

The corresponding quantum yield in this pH range was determined to be 2.3%. The

increased quantum yield of the post-treated sample when compared to the as-harvested

solution is most likely due to the purification of the aqueous phase via dialysis. Decreasing

the pH even further to 4.0 leads to a significant decrease in photoluminescence intensity

and a corresponding decrease in quantum yield to 0.1%. This degradation is in-line with
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previous reports, where a pH value significantly below the pKa of the thiol group in the

QD capping agent leads to suppression of the photoluminescence in the absence of any

specific cadmium-capping agent complex formation.[87 89]

Figure 3.4. Aqueous phase optical properties of purified CdS nanocrystal solutions after
30 min incubation time with varying pH of the purified solution. (a) UV-vis absorption
spectra of the as-grown cultures; (b) Fluorescence emission spectra using a 350 nm
excitation wavelength; (c) Normalized integrated photoluminescence intensity; (d)
Absorbance spectra of CdS QDs at different pH with and without TCEP.

The photoluminescence intensity similarly decreases upon increasing the pH above

8.5 and the quantum yield drops to 0.7 % at pH 12. This is probably due to the dimerization

of L-cysteine to cystine which has been previously reported to quench

photoluminescence.[70] Cystine can be reduced upon the addition of tris(2-
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carboxyethyl)phosphine hydrochloride (TCEP) to the elevated pH solution, leading to an

increase in photoluminescence (Figures 3.4.b and c). All of this data clearly demonstrates

the role of L-cysteine as a capping agent in this biomineralized CdS QD system. This is in

addition to its role as a sulfur source for the likely enzymatic turnover of L-cysteine to form

H2S.

The quantum yield of these biomineralized CdS QDs is broadly comparable to the

majority of other reports on aqueous phase chemically synthesized CdS solutions[90,91]

although occasionally quantum yields up to 15%[92,93] have been obtained. In aqueous

solution, the quantum yield may be limited by the relatively poor capping of L-cysteine;

indeed, L-cysteine has been reported to quench the photoluminescence of aqueous CdS

QDs.[71] Certainly a value of around 2.3 % when capped with L-cysteine in the aqueous

phase appears to be the maximum achievable quantum yield through the current cell-based

biomineralization route.

3.2.4 Growth dependency on the temperature

We also investigated the temperature dependence of CdS biosynthesis. Figure 3.5

shows the influence of incubation temperature (0 oC, 37 oC and 60 oC) on the optical

properties of the nanocrystals at a fixed initial concentration of cadmium acetate (1 mM),

L-cysteine (8 mM), and cells (OD600 = 0.5) at pH 9 Tris-HCl buffer for 30 min incubation.

The peak wavelength of the absorbance spectra clearly exhibits red-shift with elevating

temperature from 335 nm to 390 nm, while the intensity remains similar. The peak shift

indicates that the particle size increases at higher temperature. This also means that at

higher temperature, CdS QDs growth is favored, likely owing to higher activity of the

enzyme associated with the CdS growth.
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Figure 3.5. Aqueous phase optical properties of CdS nanocrystal solutions after 30 min
incubation time with varying temperature. (a-c) UV-vis absorption spectra of the as-grown
cultures at 0 oC, 37 oC and 60 oC, respectively.

3.2.5 Discussions

The CdS nanocrystal growth rate is clearly sensitive to the S:Cd ratio, with values

between 4:1 and 16:1 yielding stable nanocrystal solutions after 30 minutes of incubation

that show optical properties consistent with CdS particles in the quantum confined size

range. Figures 3.1 and 3.2 also reveal practical limitations in both the upper Cd

concentration and lower limit of L-cysteine concentration. A Cd concentration of 4 mM

leads to minimal nanocrystal growth, most likely due to the toxicity of Cd to the cell. The

original directed evolution approach selected a viable bacterial strain at 1 mM Cd. An L-

cysteine concentration below 4 mM also leads to minimal nanocrystal growth, which in

this case is due to a combination of low availability of reactive sulfur and utilization of the

amino acid in unrelated cellular processes.

Within the range of stable solutions, increasing the S:Cd ratio leads to a red-shift

of optical properties, consistent with an increase in nanocrystal size and consistent with
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other reports of varying S:Cd ratio during chemical synthesis with reactive chemical

precursors added to solution.[94,95] Wang et al. proposed that at low cysteine/Cd ratio, the

Cd precursor is primarily in the form of reactive Cd-cysteine monothiol-complexes that

initiate large population of nuclei, and consequently a larger number of smaller particles

are formed during synthesis. In contrast, at higher cysteine/Cd ratio, they suggest that the

Cd precursor is mainly in the form of a lower reactivity dithiol-complex, leading to a

smaller number of nuclei and subsequent increased average size of QD. Critically Wang et

al also discuss that increased cysteine concentration also favors the formation of the cystine

dimer. The potential formation of this dimer is likely of increased importance to our

biomineralization process as cysteine acts as both capping agent and sulfur precursor. No

reactive chemical precursor such as Na2S is added for biomineralization, instead strain

-lyase enzyme previously identified as

responsible for mineralization and templating.[96] This class of enzyme converts L-cysteine

or L-cystine to H2S, pyruvic acid and NH3,[97] thereby providing the reactive sulfur required

for solution phase CdS biomineralization. It may be that the presence of the dimer reduces

the number of initial nuclei through slower enzymatic turnover.

3.3 Surface modification of biosynthesized CdS quantum dots

3.3.1 Phase transfer and capping exchange of the biosynthesized CdS QDs

A facile method was developed to transfer the CdS QDs from the aqueous phase to

organic solvent. The protocol is very efficient that simply mixing two phases result in

successful phase transfer. In a typical procedure, 10 mL 1-octadecene (solvent) and 5 mL

oleylamine (capping agent) were mixed with 15 mL purified CdS QDs solution. Then the

mixture was vigorously stirred to ensure successful phase transfer. After that, phase
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separation by centrifugation was used and the top organic phase with CdS QDs was

collected. Multiple washes by anti-solvents were introduced if necessary.

Figure 3.6. Optical properties of CdS QDs in aqueous phase and 1-octadecene after phase
transfer. (a) UV-vis absorption spectra; (b) Fluorescence emission spectra using a 350 nm
excitation wavelength. Inset in (a) is a photograph of the bi-phase solution illuminated
under UV light before and after transfer.

The absorbance and photoluminescence emission spectra of the QDs in the aqueous

phase and in the organic phase after phase transfer are shown in Figures 3.6.a and b

respectively. The efficiency of the phase transfer procedure is confirmed by the low level

of photoemission observed under UV illumination for the (lower) aqueous phase after

transfer, and correspondingly high level of photoemission from the (upper) organic phase,

inset in Figure 3.6.a. The peak intensity before and after phase transfer are nearly the same,

which in the other way confirms the high efficiency of this phase transfer protocol. The

maxima of the absorbance and photoemission peaks both red-shift, by 15 and 5 nm,

respectively, upon transfer to the organic phase due to the change of capping agent. The

quantum yield of the CdS QDs in the organic phase increases to 2.9 % from an initial value

of 1.5 % in the aqueous phase, most likely due to more efficient QD capping in the organic
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phase. This facile procedure for aqueous to organic phase transfer enables integration of

the biomineralized QDs into more standard processing procedures.

Figure 3.7. Optical properties of CdS QDs in aqueous phase and organic phase after phase
transfer with different capping agent, oleylamine, dodecylamine, octylamine and oleic acid.
(a) UV-vis absorption spectra; (b) Fluorescence emission spectra using a 350 nm
excitation wavelength.

Besides oleylamine (C18), other capping agents have also been introduced for phase

transfer, such as dodecylamine (C12), octylamine (C8) and oleic acid. Except oleic acid,

other amines also show efficient phase transfer according to the absorbance spectra (Figure

3.7.a). The absorbance spectrum from oleic acid does not show a characteristic peak which

indicates existence of CdS QDs, while others show nearly identical spectra as the aqueous

CdS sample. The emission spectra of the transferred CdS QDs reveal that with oleylamine

as the capping agent, the intensity is the highest, indicating better passivation or coverage

of Therefore, it is safe to conclude that amines exhibit better

affinity to CdS QDs and can be used for phase transfer of L-cysteine capped CdS QDs with

high efficiency. Among these amines, oleylamine exhibits the best transfer efficiency and

highest photoluminescence.
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We also investigated the pH effect on this phase transfer protocol. The pH of the

purified CdS QDs solution was adjusted from 4.5 to 11.1 by either acetic acid or sodium

hydroxide, and then identical conditions were used for phase transfer. At acidic condition,

e.g. pH 4.5, the phase transfer is not as efficient as that with higher pH (Figure 3.8.a). For

the sample with pH 4.5, the transferred absorbance peak intensity is much lower. However,

the emission intensity is the highest indicating the highest quantum yield. As we discussed

before, low pH favors the protonation of L-cysteine, resulting in desorption of the capped

ligands. The coverage of CdS nanocrystals at acidic conditions and this

promotes the absorption of amines. More amine but fewer L-cysteine

surface enhance their photoluminescence with high emission intensities. It is worth to note

that poor capped nanocrystals in the aqueous phase at acidic conditions have the trend to

aggregate since there are fewer ligands left on the surface to stabilize them. This can

explain that lower pH has a lower absorbance intensity.

Figure 3.8. Optical properties of CdS QDs after phase transfer at different pH. (a) UV-vis
absorption spectra; (b) Fluorescence emission spectra using a 350 nm excitation
wavelength.
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Another protocol reported by Gaponik et al. has also been used for CdS QDs phase

transfer. Instead of amines, 1-dodecanethiol is the capping agent.[14] In a typical procedure,

10 mL 1-dodecanethiol and 20 mL acetone was mixed with 15 mL purified CdS QDs

solution. Then the mixture is vigorously stirred and heated up to the boiling point of acetone

around 60 oC to ensure successful phase transfer. After that, phase separation by

centrifugation was used and the top organic phase enriched with CdS QDs was collected.

Further precipitation and resuspension steps were used to purify the QDs. The purified CdS

QDs are then soluble in solvents, like hexane or chloroform and ready for characterizations.

Figure 3.9. Characterizations of CdS QDs before and after phase transfer with 1-
dodecanethiol. (a) UV-vis absorption spectra; (b) Fluorescence emission spectra using a
350 nm excitation wavelength; (c) Typical HAADF-STEM images of CdS QDs after phase
transfer.

This protocol is also very efficient and the nanocrystals can be transferred to the

organic phase in minutes. The absorbance spectra also confirm the efficiency of the phase

significantly quenched compared to the initial one (Figure 3.9.b). We attribute the

quenching of photoluminescence to the capping ligand, 1-dodecanethiol. Thiols were

widely reported to quench the emission of CdS or CdSe quantum dots.[98,99] CdS QDs after

phase transfer are also characterized by STEM (Figure 3.9.c). Interestingly, the

nanoparticles turn to be amorphous clusters rather than nanocrystals, while the shapes of
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the particles are maintained. It is hypothesized that 1-dodecanthiol capped CdS QDs are

very sensitive to electron beam and can be easily damaged.

3.3.2 ZnS shell growth on CdS via chemical route

Figure 3.10. Normalized optical characteristics of the core CdS QDs capped with oleic
acid and resultant core-shell CdS/ZnS QDs. Black lines are UV-vis absorption spectra;
red lines are fluorescence emission spectra using a 350 nm excitation wavelength.

To further demonstrate the possible utility of these biomineralized QDs, CdS/ZnS

QDs were synthesized from the phase transferred CdS by following a single precursor

method previously developed by Chen et al.[24] The absorbance and emission spectra of the

QDs before and after ZnS shell growth are shown in Figure 3.10. While the emission

spectrum of the CdS core material shows a broad trap-state emission with a large Stokes

shift of 135 nm, the CdS/ZnS QDs exhibit a dominant band-edge emission with a Stokes

shift of 20 nm. This indicates that the growth of a ZnS shell on the biomineralized QDs

eliminates the majority of the surface traps and is consistent with previous reports for

chemically synthesized materials.[24,25,100,101] The ZnS growth procedure requires capping

agent exchange on the seed QD to oleic acid which causes an accompanying quenching of
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CdS photoluminescence, as compared to the original oleylamine capped CdS QDs. The

quantum yield of oleic acid capped biomineralized CdS QDs prior to ZnS growth is only

0.8 %, but increases to 2.7 % after ZnS shell growth, suggesting effective passivation of

CdS surface trap states.

High angle annular dark field - scanning transmission electron microscopy

(HAADF-STEM) was utilized to visualize the size and crystalline nature of the CdS and

CdS/ZnS QDs, and complementary X-ray energy dispersive spectroscopy (XEDS) analysis

was performed to confirm the co-existence of Cd and Zn within individual core-shell QDs.

Well dispersed CdS QDs prior to ZnS growth are observable in Figure 3.11.a.

Corresponding higher resolution images are able to resolve atomic structure within

individual particles (Figure 3.11.b). Previous fitting of lattice fringe spacings and

intersections angles indicate that the biomineralized CDs QDs are in fact a mixture of the

hexagonal wurtzite and cubic zinc-blende phases. Comparable particle dispersion, crystal

quality and polymorph distribution are observed for the CdS/ZnS QDs, as shown in Figures

3.10.e and f, respectively. XEDS analysis from individual QDs confirmed that the as-

synthesized CdS particles contain only Cd and S (Figure 3.11.d) while the XEDS spectrum

of a single CdS/ZnS particle confirms the presence of Cd, Zn and S (Figure 3.11.h).

Although there is not enough contrast to directly observe a distinct core-shell structure in

these images, the thickness of the ZnS layer can be estimated by comparison of the particle

size distributions acquired before and after ZnS shell deposition as measured from analysis

of at least 200 particles per sample. The mean particle size of the CdS only QDs is 4.28 ±

0.68 nm with a dispersion of 16 % (Figure 3.11.c). After ZnS growth, the mean size
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increases to 4.79 ± 0.73 nm with a dispersion of 15 % (Figure 3.11.g). This is consistent

with the deposition of about a monolayer of ZnS on the exterior surface of a CdS core. [25]

Figure 3.11. Electron microscopy characterizations of CdS and CdS/ZnS quantum dots. (a
and b) HAADF-STEM images of the CdS QDs; (c) Particle size distribution of the CdS
QDs; (d) XEDS analysis from an individual CdS QD. (e and f) HAADF-STEM images of
the CdS/ZnS QDs. (g) Particle size distribution of the CdS/ZnS QDs. (h) XEDS analysis of
the CdS/ZnS QDs. A small Si-escape peak from the detector material is present in the XEDS
spectra; the copper peaks arise from the TEM support grid.

As described in the experimental session, the method used for ZnS shell growth is

a low temperature procedure, which is chosen owing to the thermal stability of the

biosynthesized CdS. Figure 3.12.a shows the absorbance evolution of CdS QDs when

heated up to 220 oC and it clearly demonstrates that the absorbance peak red-shifts above

180 oC. This indicates that these nanocrystals are not stable at high temperature and

procedures for shell growth with temperature beyond 180 oC is not feasible. We also

checked the excitation spectrum emitted at 380 nm of the CdS/ZnS QDs after shell growth

and from the spectrum we cannot find the evidence supporting considerable population of

ZnS nanocrystals (Figure 3.12.b). ZnS has a bulk band gap of 3.6 eV corresponding to ~

344 nm wavelength. For quantum confined ZnS nanocrystals, the absorbing wavelength
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should be even smaller. This excitation spectrum confirms that no significant population

of ZnS nanocrystals form. However, from single nanocrystal XEDS analysis, we find some

nanoparticles with composition of Zn and S but not Cd, which indicates few populations

of ZnS nanocrystals (Figure 3.12.c and d). Therefore, there are some ZnS nanocrystals

forming during the core/shell growth, which are difficult to avoid, but the population is not

massive.

Figure 3.12. More characterizations of CdS/ZnS quantum dots. (a) Absorbance evolution
of CdS QDs after phase transfer when heated up to 220 oC. (b) Excitation spectrum of
CdS/ZnS QDs emitted at 380 nm. (c) HAADF-STEM images of the CdS/ZnS QDs sample.
(d) XEDS analysis from an individual nanocrystal (red frame highlighted), indicating the
composition of Zn and S; the copper peaks arise from the TEM support grid and the silicon
peak is from the instrument.
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The formation of a chemically synthesized ZnS shell on the biomineralized CdS

core is clearly demonstrated by the change in mean particle diameter, XEDS analysis from

individual particles and a shift from trap-state to band-edge emission after the ZnS shell

growth. All of these combined observations are in agreement with prior reports of ZnS

shell growth on CdS.  Direct imaging of a ZnS shell was not feasible but the measured

diameter increase indicates a single ZnS layer has been deposited. While the quantum yield

increases upon phase transfer to the organic phase with oleylamine capping, it decreases

again upon capping with oleic acid. Growth of ZnS again increases the quantum yield. The

biomineralized QDs are crystalline, and the surface traps are significantly decreased upon

ZnS shell growth; however, the maximum quantum yield achieved in all conditions is

below three percent. Improvement in quantum yield is hence a fertile area for further work

in these biomineralized systems.

3.4 CdS QDs sensitized solar cell

We also demonstrated that the phase transferred CdS QDs can be utilized in a

quantum dot sensitized photovoltaic cell by drop casting the solution into a TiO2 electrode,

Figure 3.13. Addition of the biomineralized CdS QDs leads to both increased open circuit

voltage, VOC, from 0.32 to 0.60 V, and increased short circuit current density, JSC, from

0.41 to 0.55 mA/cm2. In addition, there is an increase in fill factor from 41 % to 50 %,

which translates to a corresponding increase in device efficiency to 0.17 %. These

performance improvements upon integration of biomineralized CdS quantum dot

nanocrystals into the solar cell are in line with prior reports utilizing chemically synthesized

materials.[102 104] It should be noted that these basic photovoltaic cells are not fully
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optimized and here only serve to illustrate the potential for technological use of these

biomineralized CdS QD materials.

Figure 3.13. J-V characteristics of the CdS quantum dot based cells measured under one-
sun illumination (AM 1.5 G, 100 mW/cm2). VOpen Circuit = 0.60 V, JShort Circuit = 0.55 mA/cm2,
Fill Factor = 50 %, Efficiency = 0.17 %.

3.5 CdS and reduced graphene oxide composite

Aqueous CdS QDs has been also studied to form a CdS and reduced graphene oxide

(rGO) composite for further applications. Here, the biosynthesized CdS QDs and rGO were

mixed together to fabricate CdS-rGO composite by a simple sonication step. The graphene

oxide was synthesized via the improved .[105] Then the graphene oxide

was reduced by sodium borohydride to form rGO precipitations. The composite product

was characterized by STEM and the images are shown in Figure 3.14. The STEM images

of rGO clearly shows single or fewer layer carbon sheets (Figure 3.14.d). The dark field

and bright field images clearly confirm that CdS QDs are attached on rGO sheets rather

than carbon film of the TEM grid (Figure 3.14.a and b). High magnification images provide
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more detailed information of the nanocrystals on rGO (Figure 3.14.c). They are well

dispersed on the sheets and maintain the crystal structure. Since the composite has been

aggressively washed by either water or acetone, we believe that the CdS QDs are firmly

attached on the rGO sheets with strong bindings. The quenching fluorescence also confirms

the interaction of CdS QDs with rGO. This simple procedure opens a door for exploring

the functions of biosynthesized CdS QDs with rGO. Future work could be carried out based

on this simple method for preparing biosynthesized CdS-rGO composite.

Figure 3.14. Electron microscopy characterizations of CdS and reduced graphene oxide
(rGO) composite. (a and b) HAADF-STEM dark filed and bright field images of the CdS-
rGO composite; (c) High magnification image of CdS-rGO composite; (d) High
magnification image of rGO.
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3.6 Conclusions

We presented a detailed study of the biosynthesized CdS QDs from

Stenotrophomonas maltophilia (SMCD1). The growth parameters, such as the

concentrations of cadmium acetate and L-cysteine, the pH of the buffer, and the growth

temperature have been systematically investigated. The optical properties can be controlled

and tuned by varying the growth conditions. In addition, the biosynthesized water soluble

CdS QDs can be efficiently transferred to organic solvents with a concurrent improvement

in their optical properties. Furthermore, CdS/ZnS quantum dots with core-shell

morphologies have also been successfully generated which display suppression of CdS

surface trap states. By utilizing such post-growth treatments on the as-grown cell-derived

CdS particles (i.e. solvent exchange, stabilizing ligand exchange, and ZnS shell formation),

QD materials have been produced which show comparable properties to their chemically

synthesized CdS QD counterparts. Potential functions of the biosynthesized CdS QDs have

been tested on solar cell which exhibits the improvement of the efficiency with loading of

these nanocrystals. Meanwhile, CdS QDs and reduced graphene oxide composite has been

fabricated by a simple sonication step and it can be used for further applications.

While the solar cell performance results and ZnS shell growth are in good

agreement with previous reports utilizing CdS and CdS/ZnS core-shell QDs, what is

remarkable about this study is that an optimized biomineralization procedure can produce

crystalline CdS QDs of sufficiently high enough quality that they can be utilized in a similar

manner to chemically synthesized materials. While clearly there is still some way to go in

optimizing the biomineralization procedure to produce the highest quality QDs in terms of

absolute quantum yield, the potential cost benefits over chemical synthesis routes are
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considerable. The biomineralized materials are fabricated at 37oC in water in an open

laboratory container from low-cost cadmium acetate and L-cysteine. There may well be an

application space where the lower QY may be outweighed by the potential environmental

and cost benefits of biomineralization.
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Chapter 4

Biomineralization of CdSe and Core/shell

CdSe/CdS Quantum Dot from Cystathionine -

lyase

In this chapter, we demonstrated biomineralization of CdSe and core/shell CdSe/CdS

-lyase (smCSE) enzyme. The quantum yield of the

core/shell CdSe/CdS is up to 12 % which is, to the best of our knowledge, the highest

quantum yield reported of biomineralized CdSe quantum dot and is comparable with that

from chemical synthesis routes. The particle size of CdSe nanocrystals is precisely

controlled by varying the incubation time up to 24 h and the mean size can be tuned from

3.85 ± 1.01 nm to 6.91 ± 1.68 nm. The CdSe nanocrystals are identified to be a wurtzite

type crystal structure rather than zinc-blende type. This single-enzyme route to

functional nanocrystals synthesis reveals the powerful potential of biomineralization

processes.

4.1 Introduction

In chapter 2 and 3, an engineered strain of the bacteria, Stenotrophomonas

maltophilia (SMCD1) are capable of promoting extracellular CdS nanocrystal formation

in the quantum confined size range. The extracellular synthesis from SMCD1 is linked to
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the expression of -lyase (smCSE), which is a class of enyzmes that catalyze

the formation of pyruvate, ammonia, and hydrogen sulfide from L-cysteine.[106 108] The

slower mineralization rate and intrinsic nanocrystal size control which smCSE enzyme

facilitates demonstrates the important additional role of biological templating. Strain

SMCD1 and smCSE have also been introduced for PbS nanocrystal formation and a CdS

shell was successfully grown onto the purified PbS nanocrystals as the seeds, forming a

core/shell PbS/CdS nanostructure.[109] Thereby, smCSE enzyme is a versatile enzyme for

biomineralization of nanosized sulfides. We also speculate that this enzyme may be able

to catalyze selenides formation.

In this chapter, we described an enzyme-based biosynthetic procedure for CdSe

nanocrystal synthesis at 37 °C. smCSE enzyme is the single enzyme intriguing the

formation and templating of CdSe nanocrystals and selenocystine is the selenium source.

The synthesis is as efficient as that of CdS QDs. The particle size of CdSe QDs can be

tuned by varying the incubation time up to 24 h accompanied with evolution of optical

properties. Though the as-grown CdSe nanocrystals show low quantum yields, a CdS shell

was successfully grown onto the purified CdSe nanocrystals and formed core/shell

CdSe/CdS structure, which significantly enhances the quantum yield. The most important

feature of shell growth is that the shell material with a larger band gap than the core material

can efficiently passivate the surface of the core nanoparticle. The quantum yield of

CdSe/CdS nanocrystals by smCSE enzyme approaches those of chemical synthesized

materials.
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4.2 Biosynthesis of CdSe quantum dots

Figure 4.1. Optical properties of the as-grown CdSe QDs with increasing growth time. (a)
Photos of the CdSe QDs under ambient light (top) and UV lamp (bottom); (b) UV-vis
absorption spectra of CdSe QDs as a function of growth time. (c) Fluorescence emission
spectra using a 420 nm excitation wavelength as a function of growth time.

We have previously demonstrated that smCSE is capable of biomineralization of

CdS quantum dots utilizing cadmium acetate as the cadmium source and L-cysteine as the

sulfur source and capping agent. Selenium containing compouds, such as selenocysteine

or selenocystine, were studied for CdSe nanocrystals synthesis. Selenocysteine is a cysteine

analogue with a selenium-containing selenol group in place of the sulfur-containing thiol

group, while selenocystine is the dimer. Our results clearly show that CdSe nanocrystals

were successfully synthesized by smCSE enzyme using selenocystine as the Se source.
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Figure 4.2. Quantum yield of CdSe QDs with increasing growth time from 20 to 100 min.

Selenocystine, the dimer, was chosen as the selenium source because it is stable,

while selenocysteine can be easily oxided. A similar protocol as for CdS biosynthesis was

utilized. In short, 1 mM cadmium acetate, 8 mM selenocystine and 0.04 mg/mL smCSE in

Tris-HCl buffer (pH = 9) was prepared in a glovebox with nitrogen controlled and then

transferred to 37 oC incubator with shaking. Samples with different growth time starting

from 20 min to 24 h were collected and inspected. The color of the culture turns from light

yell incubation, indicating the growth of CdSe

nanocrystals (Figure 4.1.a top). The samples under UV lamp show strong

photoluminescence especially for the samples within 2 h growth (Figure 4.1.a bottom),

while with long time incubation, the photoluminescence quenches significantly.

Absorbance and emission spectra were also collected. The absorption spectra for samples

with various incubation times demonstrate well-defined first excitonic peaks (Figure 4.1.b)

with maxima that shift to higher wavelengths with increasing growth time. After about 5 h

growth, the peak shifts very little, indicating slow growth rate probably owing to the
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consumption of the precursors and deactivation of smCSE enzyme. The fluorescence

emission spectra (Figure 4.1.c) reveal a broad trap-

indicating poor surface passivation of CdSe QDs. The emission intensity decreases sharply

with increasing growth time and after about 80 min, there is almost no photoluminescence

detected. For the absorption spectra, the peak wavelength increases from about 438 nm to

535 nm as the growth time increased from 20 min up to 24 h; the emission peak wavelength

of 20 min growth is about 550 nm and shows a red-shift trend with increasing growth time,

however, after 80 min the peak positions are difficult to identify because of the low

intensities. The quantum yield of the as-grown CdSe QDs decreases from 0.8 % for 20 min

growth to 0.1 % for 100 min growth (Figure 4.2). This is in agreement with the

photoluminescence under UV lamp. The quenching of the photoluminescence with

increasing growth time is attributed to more surface defects of CdSe nanocrystals generated

when the size increases.

Figure 4.3. Optical properties of the as-grown CdSe QDs with increasing growth time with
addition of 3-mercaptopropionic acid. (a) UV-vis absorption spectra of CdSe QDs as a
function of growth time. (b) Fluorescence emission spectra using a 420 nm excitation
wavelength as a function of growth time.
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We also investigated the CdSe QDs growth in presence of 3-mercaptopropionic

acid (MPA), which is a commonly used capping agent for aqueous nanocrystals reported

elsewhere.[110,111] In the presence of 20 mM MPA, the growth rate apparently slows down

according to the absorbance spectrum evolution (Figure 4.3.a). The absorbance spectra

exhibit similar features as those from the cultures without MPA (Figure 4.1.b), while the

peak wavelength shifts from 424 nm after 2 h growth to 530 nm after 24 h. The intensities

of the emission spectra show similar decrease trend indicating fluorescence quenching with

increasing incubation time. The peak wavelength of 2 h growth is about 531 nm and red-

shifts with increasing incubation time. Same phenomenon has been reported by Wang et

al.[94] It was also reported that increasing the ratio of MPA:Cd above 1.5, the majority of

Cd precursors form Cd MPA dithiolcomplex rather than monothiol-complex.[112] Since the

release of Cd from dithiol-complex is more difficult compared to monothiol-complex,

introducing excess MPA would reduce the nucleation and growth rate of QDs. No

nanocrystals formed when further increasing the concentration of MPA to 200 mM.

The formation of CdSe nanocrystals by smCSE enzyme was further confirmed by

STEM high angle annular dark field (HAADF) imaging and X-ray energy dispersive

spectroscopy (XEDS) of phase transferred materials. The crystal structure and particle size

distribution of the CdSe nanocrystals produced at a growth time of 24 h were purified and

characterized. The well dispersed QDs are clearly observable (Figure 4.4.a and b) with

clear lattice fringes by phase contrast imaging, while the shapes of the nanocrystals are

irregular rather than spherical. This shape feature may be associated with different facet

growth rate of the nanocrystals.
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Figure 4.4. Electron microscopy characterizations of the large core (24 h growth) CdSe
QDs. (a and b) High angle annular dark field (HAADF) images of the core CdSe QDs. (c
and d) High magnification HAADF image and FFT (fast Fourier transformed) images of
a single CdSe QD, showing a wurtzite structure. (e) Energy-dispersive X-ray spectroscopy
(XEDS) analysis, confirming the existence of Cd and Se. (f) Particle size distribution.

A high resolution image and its FFT (fast Fourier transformed) image of a single

CdSe nanocrystal are shown (Figure 4.4.c and d) for lattice fitting. Its spacings and

intersection angles are consistent with the wurtzite form of CdSe. The measured d-spacing

values of 0.35, 0.36 and 0.37 nm (Figure 4.4.d) match those of the (1 0), (100) and (010)

planes in wurtzite type CdSe, which is 0.37 nm when viewed along [001], respectively; the

measured interplanar angles of 56.9°, 65.2°, and 57.9° are also in consistence with expected

value of 60o (Table 4.1). More lattice fitting results support that the CdSe nanocrystals are

wurtzite type rather than zinc-blende type. Thus, we conclude that only wurtzite type
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structure of CdSe QDs are produced by smCSE enzyme. X-ray energy dispersive

spectroscopy (XEDS) analysis confirmed that the particles are primarily comprised of

cadmium and selenium (Figure 4.4.e); some trace of silicon is from the instrument and the

nickel peaks are artefacts of the TEM support grid. Particle size of the as-grown CdSe QDs

with 24 h growth has a broad distribution and its measured mean size is 6.91 nm (spherical

equivalent) with a standard deviation of 1.68 nm (Figure 4.4.f).

Table 4.1. Lattice fitting of nanocrystals in Figures 4.3.d to wurtzite type CdSe.

All the evidences provided above confirm the formation of CdSe QDs by smCSE

enzyme. The as-grown CdSe QDs exhibits red-shift of the first exctionic peak with

increasing growth time and this indicates the size of nanocrystals increaseing with growth

time. The electron microscopy characterizations reveal that the mean particle size changes

from 3.85 nm after 20 min to 6.91 nm after 24 h with a dispersion of about 25 %, showing

a broad size distribution (Figure 4.4.f and 4.8.c). This was also observed in the study of

CdS QDs biosynthesis. When compared to the particle size with identical absorbance peak

[001]

(100)

0
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position from chemically synthesized CdSe QDs, the mean particle size of these

biosynthesized CdSe QDs from smCSE enzyme is clearly larger. Yu et al. has

systematically studied the relation between mean particle size and absorbance peak

wavelength and they provided a sizing curve of CdSe showing that the mean particle size

is around 2.5 nm at absorbance peak of 530 nm.[81] We attribute the difference to the

different shapes of CdSe nanocrystals. The chemical synthesized nanocrystals usually

exhibit uniform spherical shapes and quantum confinement relies on the radius of the

nanocrystals. If the nanocrystals have irregular shapes with different size on different

dimension, for example, CdSe nanorod, the optical property would be very different. Peng

et al. compared the optical properties of CdSe quantum dots and nanorods. [113] It reported

that the absorbance spectra are very similar when the sizes along a-axis are nearly the same,

however the sizes along c-axis are different. In addition, the reported quantum yield of

nanorod is much smaller than that of quantum dots. From the TEM images of these

biosynthesized CdSe nanocrystals (Figure 4.4.a-b), it is obvious that these nanocrystals

have irregular shapes rather than spherical. When estimating the particle size, the particles

were measured as spherical equivalent shape. The irregular shapes of these CdSe

nanocrystals might explain the disagreement between the optical properties and the

measured particle size. Meanwhile, it might also explain the low quantum yield.

4.3 Photoluminescence enhancement of CdSe quantum dots

4.3.1 Core/shell CdSe/CdS growth via biosynthesis route

Our previous study reveals that PbS and core/shell PbS/CdS QDs can be

synthesized in the presence of smCSE enzyme.[109] Considering a mechanistic similarity

between biomineralization of CdSe and CdS QDs using smCSE, we attempted to grow a
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thin CdS shell onto the CdSe QDs by a sequential biomineralization process. In a typical

procedure, biomineralized CdSe cores with 20 min growth were precipitated by acetone at

high speed centrifugation and the supernatant was discarded. The CdSe nanocrystals were

then re-suspended in a pH 9 Tris-HCl buffer solution with 8 mmol L-cysteine, 1 mmol

cadmium acetate and 0.04 mg/mL smCSE enzyme. The solution was then incubated at 37

oC for 12 hours. The core/shell CdSe/CdS QDs solution exhibits significant enhancement

of the emission and shows a quantum yield of as high as 12 %. Singh et al. reported an

approach of core/shell CdSe/ZnS synthesis using a peptide template, however there are no

quantum yield data reported and the ZnS shell growth only resulted in a 1.5-fold increase

in photoluminescence.[114] To the best of our knowledge, this is the first report of

biosynthesis of core/shell CdSe/CdS quantum dots with such a high quantum yield.

The optical properties of CdSe and core/shell CdSe/CdS QDs with different initial

core sizes are shown in Figure 4.5. Small CdSe QDs with 20 min growth show a first

excitonic peak around 436 nm (Fig 4.5.a) and a broad emission peak around 524 nm (Fig

4.5.b). The core/shell CdSe/CdS QDs exhibit very similar absorbance and emission spectra

without notable peak shift except a significant increase of the emission intensity. The photo

inset displays the fluorescence of the as-grown CdSe and core/shell CdSe/CdS under UV

lamp. There is no sigh of CdS population during the shell growth according to the optical

spectra. The quantum yield of the CdSe QDs with 20 min growth is only 0.8 % initially,

however, after CdS shell growth, it is improved up to 12 %, which confirms the formation

of CdS shell.
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Figure 4.5. Optical properties of CdSe and CdSe/CdS QDs. (a and b) UV-vis absorption
spectra and fluorescence emission spectra of smaller particle size sample using a 420 nm
excitation wavelength, inset is a photograph of the samples illuminated under UV lamp.
Quantum yield increases from 0.8 % to 12.0 %. (c and d) UV-vis absorption spectra and
fluorescence emission spectra of larger particle size sample using a 420 nm excitation
wavelength, inset is a photograph of the samples illuminated under UV lamp Quantum
yield increases from almost 0 to 2.7 %.

We also investigated larger CdSe with 24 h growth and carried out the same CdS

shell growth. The absorbance of core CdSe shows the first excitonic peak around 532 nm

(Fig 4.5.c) and almost nothing from the emission spectrum (Fig 4.5.d). After the shell

growth, the absorbance shows similar features and the intensity of the emission peak at

around 545 nm is clearly enhanced. The quantum yield of the larger core/shell CdSe/CdS

is about 2.7 %. In summary, the as-grown CdSe QDs synthesized from smCSE enzyme



71

show poor photoluminescence, especially for large particle size samples. After CdS shell

growth, there is as high as 15-fold increase of the quantum yield. The optical properties

provide firm evidence of successful CdS shell growth.

Figure 4.6 Electron microscopy characterizations of the large size (24 h core growth)
core/shell CdSe/CdS QDs. (a and b) Bright field and dark field (HAADF) images of the
core/shell CdSe/CdS QDs. (c) Energy-dispersive X-ray spectroscopy (XEDS) analysis of a
single particle, confirming the existence of Cd, Se and S. (d) Particle size distribution (the
mean value was derived from 122 particles), indicating ~0.5 layer of CdS.
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Figure 4.7. Electron microscopy characterizations of the large size (24 h core growth)
core/shell CdSe/CdS QDs. (a-c) Images of single core CdSe QDs (highlighted in red box).
(d) Typical single particle energy-dispersive X-ray spectroscopy (XEDS) analysis. (e)
Calculated atom ratio of Cd:Se:S from the XEDS spectra of a-c. The average estimated
layer of CdS shell is about 0.4.

In comparison, the core/shell CdSe/CdS QDs based on 24 h growth CdSe cores

were characterized by STEM high angle annular dark field (HAADF) imaging and X-ray

energy dispersive spectroscopy (XEDS). Typical bright field and dark field images of

core/shell CdSe/CdS QDs samples are presented in Figure 4.6.a and b. The images show

well dispersed nanocrystals with clear lattice fringes. Because the lattice parameters of bulk

CdSe and CdS are very close with only 3.9 % lattice mismatch[20] and the shell thickness

is also very small, it is difficult to extinguish shell structure from the core material within

the images. Herein, we used XEDS analysis on a single nanocrystal to identify its

composition. A typical spectrum collected from a single nanocrystal confirms that the
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nanocrystal is primarily comprised of cadmium, selenium and sulfur (Figure 4.6.c),

confirming a core/shell structure. Particle size of the core/shell CdSe/CdS QDs shows a

broad distribution and the measured average particle size is 7.26 nm with a standard

deviation of 1.99 nm (Figure 4.6.d). The mean size difference of the core and core/shell is

about 0.35 nm corresponding to about 0.5 layer of CdS shell (a single layer a CdS shell

increases the diameter of a nanocrystal by 0.7 nm). The simulated results of the atom ratio

Cd:Se:S from the XEDS analysis were also obtained (Figure 4.7). The shell thickness

calculation reveals that the thickness is about 0.4 layer, which is in good agreement with

the particle size distribution result.

The small size CdSe QDs with 20 min growth and CdSe/CdS core/shell QDs were

also investigated by STEM-HAADF imaging and XEDS. The dark field image (Figure

4.8.a) of the CdSe QDs reveals that they apparently have smaller particle size than that of

24 h growth sample. However, the crystallinity is not as good as that of 24 h growth sample

and only part of them show clear lattice fringes. This is probably owing to their frangibility

under intense electron beam. The particle size of the CdSe QDs has relatively narrow

distribution (Figure 4.8.c) and its measured mean size is 3.85 nm with a standard deviation

of 1.01 nm. The dark field image (Figure 4.8.b) of the core/shell CdSe/CdS QDs shows

that the nanocrystals tend to aggregate, though some dispersed nanoparticles were also

found (Figure 4.9). Lack of surface capping or beam damage may result in the poor

dispersion of the nanocrystals. The particle size distribution of the core/shell CdSe/CdS

QDs (Figure 4.8.d) exhibits a mean size of 4.73 nm with a standard deviation of 1.41 nm.

The mean size difference of the core and core/shell is about 0.88 nm corresponding to about

1.3 layer of CdS shell. Furthermore, similar XEDS analysis on single core/shell CdSe/CdS
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QDs was carried out (Figure 4.9). The calculated shell thickness reveals that the thickness

is about 1.5 layer and this is also in good agreement with the particle size distribution result.

Therefore, electron microscopy characterization results from both small and large core

CdSe and core/shell CdSe/CdS QDs confirm the successful growth of CdS shell. With

identical shell growth condition, smaller cores are able to grow a thicker shell, probably

because less amount of CdS crystallization per layer is required for small-sized

nanoparticles. The higher quantum yield of the small-sized core/shell CdSe/CdS QDs also

supports the thicker shell growth.

Figure 4.8. Electron microscopy characterizations of the small size core CdSe and
core/shell CdSe/CdS QDs. (a and b) Dark field (HAADF) images of the core CdSe and
core/shell CdSe/CdS QDs, respectively. (c and d) Particle size distributions of the core
CdSe and core/shell CdSe/CdS QDs (the mean values were derived from measurement of
236 and 100 particles), indicating ~1.3 layer of CdS.
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Figure 4.9. Electron microscopy characterizations of the small size (20 min core growth)
core/shell CdSe/CdS QDs. (a-c) Images of single core CdSe QDs (highlighted in red box).
(d) Typical single particle energy-dispersive X-ray spectroscopy (XEDS) analysis. (e)
Calculated atom ratio of Cd:Se:S from the XEDS spectra of a-c. The average estimated
layer of CdS shell is about 1.5.

Our previous study on core/shell PbS/CdS nanocrystals biosynthesis reveals that

smCSE enzyme can encourage CdS shell growth onto purified PbS nanocrystal seeds,

though it has not been ruled out whether it is a shell growth or cation exchange reaction.

Singh et al. reported synthesis of core/shell CdSe/ZnS nanocrystals via a bi-functional

peptide containing a CdSe domain and a ZnS domain. The peptides offer the possibility for

layer-by-layer deposition to synthesis core-shell hybrid nanocrystals without any cross

contamination.[114] In our case, CdSe and CdS can both be synthesized by smCSE enzyme

probably at the same domain. The optical properties of the core/shell CdSe/CdS

nanocrystals maintain similar features except for significantly enhanced emission intensity.
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It has been widely reported that successful shell growth results in red-shifts of the

absorbance and emission peaks especially for a thick shell growth[20 22]. If the shell

thickness is small, no significant peak shift is observable. Our results are in good agreement

with thin shell growth. Even though direct evidence of a core/shell structure either from

TEM imaging or XEDS line-scan analysis on a single nanocrystal is lack because of the

thin shell, the quantum yield improvement, mean size differences and XEDS analysis

altogether provide strong evidences of successful CdS shell growth.

Another concern about the core/shell structure is that these nanocrystals might be

CdSe/CdS alloy rather than core/shell structure. To exclude the possibility of alloy

formation, we compared our results with those reported CdSe/CdS alloy synthesis. Qian et

al. reported CdSe core and gradient CdSeS external shell synthesized in aqueous phase by

microwave irradiation. The alloyed CdSeS shell growth significantly enhance the quantum

yield from initially less than 0.1 % to 25 % with a strong band-edge emission.[115]

group studied the relation of Auger recombination of core-shell CdSe-CdS nanocrystals

with the alloy CdSeS structure in the core-shell interface.[116,117] Their results indicate that

the alloy layer forms rapidly during the initial growth of the shell (up to 9 ML), and then

its thickness stays nearly constant at the value of 0.5 nm, which corresponds to 1.3

monolayer. The alloy layer formation result in significant increase in emission efficiencies

of multiexciton states. Homogeneously alloyed CdSxSe1-x nanocrystals have also been

reported by Swafford et al.[118] They investigated the size and composition of CdSxSe1-x

nanocrystals and the dependence of the band gap on alloy composition is found to be

slightly nonlinear, with a bowing constant of 0.29. Thus, the optical properties of alloy

CdSe/S should intermediate between CdS and CdSe with identical particle size. In our case,
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the optical spectra after CdS shell growth do not blueshift but the quantum yield is

significantly improved. Therefore, they are more likely to be core/shell structure rather

than a homogeneously alloy since no blue-shift is observed. While considering the shell

structure, it is still unclear whether the shell is CdS or CdSe/S alloy or both.

It is also worth to point out the core/shell CdSe/CdS should be synthesized under

an inert condition. When exposed to air (oxygen), with identical growth conditions, the

absorbance spectrum has an additional peak at around 370 nm, which is very likely to be

the population of CdS QDs which peaks in that range according to our previous result.

With atmosphere control (inert condition), no such peak shows up and it indicates the

absence of CdS QDs. Thus, we concluded that an inert environment inhibits the formation

of CdS QDs and favors the shell growth.

Figure 4.10. Absorbance spectra of core/shell CdSe/CdS growth under inert and in-air
conditions.
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4.3.2 Photoenhancement of luminescence by UV illumination

Figure 4.11. Optical properties of the core CdSe QDs under UV illuminations. (a) UV-vis
absorption spectra of CdSe QDs as a function of time. (b) Fluorescence emission spectra
using a 420 nm excitation wavelength as a function of UV illumination time, inset is a
photograph taken at different time. (c) Quantum yield of the sample under different UV
illumination time.
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The photoluminescence of the as-grown CdSe QDs can be improved by either a

CdS shell growth, which was described above, or UV illumination. UV illumination has

been reported for photoluminescence enhancement of QDs.[119,120] Here, an 8W UV lamp

with an excitation wavelength of 312 nm was introduced to study the UV-assisted

photoluminescence enhancement. The as-grown CdSe QDs with 24 h growth were phase-

transferred to organic solvent (chloroform) by the procedure described above and placed

under the UV lamp. The absorbance and emission spectra (Figure 4.11.a and b) were

collected at different illumination times from 1 min to 33 min. The absorbance peak shows

a blue-shift trend and decreased intensity with increasing UV illumination time. The

emission peaks also exhibit obvious blue-shifts. The quantum yield increases from initially

nearly 0 to 1.3 % after 33 min illumination (Figure 4.11.c). The illuminated QDs solution

exhibits strong band- of about 26 nm. The full-

width at half maximum (FWHM) of the emission peaks are about 35 nm, which is similar

to that of chemical routes.[19] It is believed that the UV illumination reconstructs the surface

of the nanocrystals and improves the surface capping. In this case, the blue-shift of the

absorbance peak indicates the decrease of the particle size of CdSe QDs, and the band-edge

emission with higher quantum yield implies better surface passivation of the nanocrystals.

4.4 Conclusions

In summary, cystathionine -lyase enzyme is capable of controlled CdSe

nanocrystal synthesis directly from aqueous solution by using selenocystine and cadmium

acetate as reactants. The particle size of CdSe QDs can be tuned by varying the incubation

time up to 24 h with average size from 3.85 nm to 6.91 nm. Furthermore, CdS shell is

successfully grown on CdSe seeds in the presence of cystathionine -lyase and form
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core/shell CdSe/CdS nanocrystals with significantly enhanced photoluminescence, a

quantum yield up to 12 %. The photoluminescence of the as-grown CdSe QDs can be also

improved by UV illumination at the expense of decreased particle size. This versatile

enzyme demonstrates great potential for a variety of nanocrystal synthesis and can be

exploited for large scale production of nanocrystals with high qualities.
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Chapter 5

Proposed Biosynthesis Mechanism of CdS and

CdSe Quantum Dots

The mechanism of CdS and CdSe synthesis by Stenotrophomonas maltophilia (SMCD1)

and cystathionine -lyase (smCSE) was studied and proposed. Cystathionine -lyase was

identified as the enzyme catalyzing the CdS and CdSe nanocrystal formation. For CdS

formation, L-cysteine is the sulfur source; for CdSe formation, selenocystine (dimer of

selenocysteine) is the selenium source. Although the precursors are different, they follow

a similar mechanism. The proposed mechanism reveals that both processes rely on the

cleavage of the dimers, either cystine or selenocystine, by the enzyme through multiple

elimination reactions. Meanwhile, cystathionine -lyase was also proved to template the

nanocrystal formation and control their sizes within quantum confined ranges.

5.1 Introduction

Cystathionine -lyase is widely distributed in prokaryotic and eukaryotic organisms

and it plays an important role in the desulfuration pathway of cysteine and its derivatives,

such as cystathionine and thiocysteine. In some bacteria and mammals, including humans,

this enzyme takes part in generating hydrogen sulfide, which has been proved to be a

physiologic vasodilator and regulator of blood pressure.[106 108,121] With its nominal

substrate, L- -elimination reaction and yield -
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ketobutyrate, cysteine and NH3. It also exhibits the ability to catalyze -elimination

reactions with several disulfides, such as cystine, to form persulfide and furthermore

hydrogen sulfide.[122,123]

Since the 1950s, scientists have noticed that mammalian tissues contain enzymes,

cystathionine -lyase and cystathionine -synthase, capable of catalyzing the

desulfhydration of cysteine. Stipanuk et al. studied the roles of these enzymes in rat tissues,

and concluded that both enzymes catalyzed cysteine desulfhydration under physiologic

conditions both in vitro and in vivo.[107] Steegborn et al. provided a deep insight of the

catalytic mechanism of recombinant human cystathionine -lyase with different substrates,

such as L-cystathionine, L-cysteine and L-cystine. It was demonstrated that the enzyme

showed high -lyase activity toward L-cystathionine (Km = 0.5 mM, Vmax = 2.5 units/mg)

with an optimum pH of 8.2 and only marginal reactivity toward L-cystine and L-cysteine

was detected.[84] Martin also inspected the mechanism of a cystathionine cleavage enzyme

which shows much higher activity against L-cystine than L-cysteine. He also speculated

that many cases of L-cysteine desulfhydrase reactions should be reinvestigated because of

the extreme susceptibility to air oxidation of L-cysteine to form L-cystine.[124] Cavallini et

al. suggested cystathionine -lyase is the single enzyme for cysteine and cystine

desulfhydration. They pointed out that the actual substrate for the enzyme is cystine which

is rapidly produced by cysteine oxidation.[125,126] They also suggested that cysteine is not a

substrate of cystathionase but must contain a trace of cystine. Although L-cysteine acting

as substrate of cystathionine -lyase has been widely reported, the exact mechanism is still

unclear.
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Cystine cleavage by cystathionine -lyase has been well studied. Yamanishi et al.

proposed the mechanism of cystine cleavage reaction by cystathionine -lyase.[122] Cystine

undergoes a disulphide elimination reaction that results in the production of pyruvate,

NH4+ and thiocysteine. Then, thiocysteine interacts with a disulfide bond in the enzyme to

form cysteine and a trisulfide structure on the enzyme side. Furthermore, the trisulfide

structure is cleaved by consuming two cysteine to eliminate the S-atom as a sulfide ion,

accompanied by the reformation of a disulfide bond in the enzyme and the oxidation of

cysteines to cystine. This work provides a clear pathway of cystine to release H2S in

presence of cystathionine -lyase.

As an analogue, selenocystine is believed to experience the same reduction process.

Esaki et al. investigated a variety of cysteine and selenocysteine related reactions with

cystathionine -lyase in rat liver.[127] They reported that cystathionine -lyase can slowly

eliminate selenocysteine to form H2Se via elimination reaction. They also reported a

selenocysteine lyase enzyme from pig liver acting on selenocysteine.[128] Although they

named the enzyme as selenocysteine lyase, they did not provide enough evidence to

identify the enzyme structure. According to its absorbance spectrum, it exactly fits the

spectrum of cystathionine -lyase.[96] It is skeptical that the selenocysteine lyase might have

a high chance to be cystathionine -lyase. Thus, selenocystine and selenocysteine are

believed to be able to act as the substrates for cystathionine -lyase.

5.2 Identification of cystathionine -lyase

To further elucidate the growth mechanism of nanocrystal formation, we

investigated the nanoparticle growth following the removal of the bacterial cells from
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culture via centrifugation (Figure 5.1). The optical density at 600 nm (OD600) of the

supernatant, a measure of cell concentration, after centrifugation was <2% of the initial

value, confirming removal of the cells. The CdS QDs in the free supernatant continued to

grow in the absence of cells, although at a slower rate as characterized by a smaller red-

shift in both adsorption and fluorescence peak maxima with increasing growth time. For

example, after 360 minutes the absorbance and fluorescence maxima were at 343 and 469

nm, respectively, without cells and at 378 and 562 nm, respectively, with cells. This result

confirms the extracellular production of the QDs, and indicates that QD growth does not

require the continuous presence of cells throughout the entire growth process. We suggest

that the presence of cells accelerates the rate of QD biosynthesis by continuously

generating the extracellular components responsible for QD biosynthesis. Removal of the

cells after an initial period reduces the rate of QD biosynthesis by reducing the

concentration of extracellular components necessary for QD biosynthesis.

Figure 5.1. Optical properties of the as-grown CdS QDs as a function of growth time in
the supernatant following removal of cells via centrifugation at 30 minutes. (a) UV-vis
absorption spectra; (b) Fluorescence emission spectra using a 350 nm excitation
wavelength as a function of growth time.
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SDS-PAGE (polyacrylamide gel electrophoresis) analysis of the concentrated

supernatant of CdS QDs culture clearly shows some traces of associated proteins (Figure

5.2, lane C), indicating that some enzymes may be involved in the formation of CdS

nanocrystals. To compare, we also provide the purified cystathionine -lyase protein

overexpressed by engineered E. coli cells in lane A. The bands on both lanes are very

similar, which reveals that their molecular weights are in the same range. It is still not sure

that the protein in the CdS culture is cystathionine -lyase protein. Thus, further qualitative

analysis needs to be introduced to identify this protein.

Figure 5.2. SDS-PAGE results of the CdS QDs culture comparing to pure cystathionine -
lyase protein -lyase (highlighted band); lane C,
concentrated culture of CdS QDs; Lane B and D show molecular weight ladders.

In order to identify what the protein is, the QD containing supernatant was dialyzed

against distilled water to reduce the free Cd salt and L-cysteine concentration, then

lyophilized and analyzed by electrospray ionization mass spectrometry (ESI-MS). This

technique is significantly more sensitive than the SDS-PAGE and revealed several proteins

associated with the QDs that may be responsible for the observed extracellular CdS QD
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synthesis. Of particular note, a putative cystathionine -lyase (NCBI Accession Number

WP_012509966) was identified from independent QD samples analysed by ESI-MS

(Figure 5.3). Cystathionine -lyase protein is a class of enzyme that produces H2S from L-

cysteine, and prior work has shown that overexpression of a highly active cystathionine -

lyase in E. coli confers resistance to otherwise toxic concentrations (0.1- 0.4 mM) of

aqueous cadmium chloride by precipitation of bulk CdS through generation of H2S from 1

mM L-cysteine.[129] Consistent with these results, we find that in the presence of

cystathionine -lyase protein, CdS QDs can be synthesized from cadmium acetate and L-

cysteine with similar growth conditions (Figure 5.4). It clearly demonstrates the formation

of CdS nanocrystals.

Figure 5.3. Sequence of the protein associated with the QDs. The identified protein
sequence (NCBI accession number WP_012509966), which corresponds to a predicted
cystathionine -lyase, based on the results of ESI-MS (electrospray ionization mass
spectrometry) is listed above. Specific peptide sequences from ESI-MS used in protein
identification are given in bold and boxed for emphasis.

In summary, all of our results point to a mechanism in which CdS QD biosynthesis

occurs extracellularly via a cystathionine -lyase catalyzed conversion of L-cysteine to H2S.

This enzyme is produced in culture by strain SMCD1 and is found to be associated with

the CdS QD formation.
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Figure 5.4. Optical properties of CdS QDs by cystathionine -lyase: absorbance spectrum
(black solid line) and emission spectrum (red dash line).

5.3 The QD formation mechanism by cystathionine -lyase

As we discussed before, cystathionine -lyase is widely reported to catalyze L-

cysteine to release H2S both in vivo and in vitro. Here, we propose a mechanism that the

enzymatic reactions of the dimers catalyzed by cystathionine -lyase generate the sulfur

and selenium source for QDs formation. Meanwhile, the enzyme also anticipates in

templating the nanocrystals growth. There are two major steps involved: enzymatic

reactions of anion precursors for mineralization and growth templating. Coupled

mineralization and templating by cystathionine -lyase results in precisely controlled

nanocrystal formation.
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Figure 5.5. Absorbance of CdS synthesis by cystathionine -lyase using L-cystine as the
sulfur source.

Figure 5.6. A proposed mechanism for selenocystine cleavage by cystathionine -
lyase.(CySe-Secy, CySeH denote to selenocystine and selenocysteine, respectiviely; smCSE
with disulfide bond denotes to cystathionine -lyase)

L-cysteine and cystine can be transformed to one another at specific conditions[130].

It is frequently noticed that the stock solution of L-cysteine in deionized water forms white

precipitation, indicating the formation of cystine which is slightly soluble in water.

Synthesis of CdS using L-cystine instead of L-cysteine as the sulfur source confirms the

formation of CdS (Figure 5.5). The absorbance peak around 400 nm indicates the formation
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of CdS nanocrystals. After 4 h incubation, the solution turns yellow and shows yellow

precipitation after centrifugation. This directly proves the cleavage of L-cystine to form

H2S by cystathionine -lyase. As an analogue, selenocystine has been reported to be

reduced to form selenocysteine by multiple reducing agents, such as L-cysteine and

glutathione.[131] Selenocystine is believed to follow the same pathway as cystine.

Both CdS and CdSe nanocrystal formation confirm the cleavage of L-cysteine and

selenocystine to form H2S and H2Se, respectively. The enzymatic catalysis of L-cysteine

and selenocystine by cystathionine -lyase is proposed to follow a mechanism similar to

that of cystine cleavage. The proposed mechanism is as follows (Figure 5.6): L-cystine or

selenocystine is cleaved to thiocysteine or Se-selenocysteine, pyruvate and NH3;

thiocysteine or Se-selenocysteine binds with the disulfide bond in the enzyme to form a

cystine trisulfide or S-Se-selenocysteine structure and cysteine or selenocysteine; the

cystine trisulfide or S-Se-selenocysteine structure is cleaved by consuming two cysteine or

selenocysteine molecules to form cystine or selenocystine and H2S or H2Se.

Cystathionine -lyase not only participates in the reduction of L-cysteine or

selenocystine to form H2S or H2Se, but also templates and regulates the nanocrystals

formation within the quantum confined size range. To further elucidate the templating role

of the enzyme, our group carried out a study on the CdS QDs formation without generating

H2S from L-cysteine.[96] To decouple the process, we introduced Na2S rather than L-

cysteine as the sulfur source. Na2S is not a substrate for cystathionine -lyase, thus H2S is

not produced under these conditions. Addition of Na2S to cadmium acetate solution at room

temperature leads to nearly instantaneous formation of bulk CdS, with no distinct

absorbance peak (Figure 5.7.a) or photoluminescence (Figure 5.7.b). Lack of a capping
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agent to control nanocrystal growth leads to bulk CdS formation. However, when

cystathionine -lyase was introduced, a distinct absorbance peak rapidly shows up at 360

nm (Figure 5.7.a) and a strong emission peak also shows up at 480 nm, indicating the

formation of CdS nanocrystals. Therefore, cystathionine -lyase has the intrinsic ability to

template CdS nanocrystal growth independently from its role on H2S generation. The

formation of CdS nanocrystals in the absence of L-cysteine clearly indicates the role of

cystathionine -lyase on templating and controlling the growth of CdS nanocrystals.

Figure 5.7. Cystathionine -lyase forms CdS nanocrystals using Na2S as the sulfur source.
(a) UV-visible absorbance spectra obtained upon the addition of Na2S to a preparation
containing cadmium acetate in the presence of cystathionine -lyase; a solution of Na2S
added to cadmium acetate is shown as a control. (b) Corresponding fluorescence
(excitation at 340 nm) of solutions in a.

In summary, we proposed the mechanism of CdS or CdSe nanocrystal formation

by cystathionine -lyase. The cleavage of cystine (cysteine) or selenocystine by

cystathionine -lyase results in the release of H2S or H2Se providing the source for CdS or

CdSe formation in the presence of cadmium source. Cystathionine -lyase also templates

the nanocrystal growth by controlling the growth rate of the nanocrystals and prohibits the

formation of bulk materials.
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5.4 Preliminary results for other types of quantum dots

In previous chapters, we reported the synthesis of CdS, CdSe and core/shell

CdSe/CdS QDs by cystathionine -lyase. Other metal (such as Pb, Zn) sulfide or selenide

nanocrystals were also considered for biosysnthesis. Based on the detailed discussion of

the mechanism for nanocrystals formation by cystathionine -lyase, we tried to exploit

different types of nanomaterials. Here, some preliminary results for ZnS, PbSe, and ZnSe

were demonstrated.

(1) ZnS nanocrystals synthesis: In a typical experiment, 1 mM zinc acetate, 8 mL L-

cysteine and 0.05 mg/mL cystathionine -lyase were mixed in Tris-HCl buffer (pH = 9).

The solution was then placed in the 37 oC incubator with shaking. The sample was taken

at a certain time to check the absorbance. As we can see from Figure 5.8, the absorbance

spectra clearly exhibit a characteristic peak around 280 nm with slight redshift with

increasing incubation time, indicating the formation of quantum confined ZnS nanocrystals.

The TEM images (Figure 5.8.c and d) show the nanocrystals with clear lattice fringes and

the XEDS spectrum (Figure 5.8.b) shows that the composition of the nanocrystals to be Zn

and S. These evidences confirm the formation of ZnS QDs.
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Figure 5.8. Preliminary result for ZnS QDs synthesis. (a) Absorbance spectra of the as-
grown ZnS with increasing incubation time. (b) Energy-dispersive X-ray spectroscopy
(XEDS) analysis, confirming the existence of Zn and S. (c and d) TEM images of the ZnS
QDs.

(2) PbSe nanocrystals synthesis: In a typical experiment, 1 mM lead acetate, 8 mL

selenocystine and 0.05 mg/mL cystathionine -lyase were mixed in Tris-HCl buffer (pH =

7). The solution was then placed at ice. The temperature is controlled at around 0 oC for a

slow growth rate of the nanocrystals. As we can see, high resolution TEM images (Figure

5.9.a and b) clearly show the nanocrystals with lattice fringes and the XEDS spectrum

(Figure 5.9.c) shows that the composition of the nanocrystals to be Pb and Se. PbSe

synthesis is very sensitive to temperature. At higher temperature, the solution turns brown

and turbid very quickly showing the formation of bulk PbSe materials. Decreasing the



93

temperature can slow down the growth rate and control the particle size in the nanoscale

range.

Figure 5.9. Electron microscopy characterizations of the PbSe nanocrystals. (a and b)
Bright field and dark field (HAADF) images of the PbSe nanocrystals. (c) Energy-
dispersive X-ray spectroscopy (XEDS) analysis, confirming the existence of Pb and Se.

(3) ZnSe nanocrystals synthesis. In a typical experiment, 1 mM zinc acetate, 8 mL

selenocystine and 0.05 mg/mL cystathionine -lyase were mixed in Tirs-HCl buffer (pH =

9). The solution was then placed the 37 oC incubator with shaking. As we can see from

Figure 5.10.a, the absorbance spectrum after 8 h growth shows a peak around 300 nm which

is in consistence with the quantum confined range of ZnSe reported elsewhere.[132]

Figure 5.10. Preliminary result for ZnSe QDs synthesis with increasing incubation time.
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These preliminary results, especially for ZnS and PbSe, clearly demonstrate the

formation of nanocrystals. Although for ZnSe, the absorbance spectra are not enough to

confirm the synthesis of nanocrystals, but they match with the reported optical properties.

Ongoing work is focused on further proving the versatility of cystathionine -lyase for

nanocrystal synthesis.

5.5 Conclusions

Cystathionine -lyase is identified from the culture for CdS QDs synthesis by

bacteria Stenotrophomonas maltophilia. The analysis of SDS-PAGE and electrospray

ionization mass spectrometry confirm its amino sequence. Cystathionine -lyase is capable

of controlled sulfide or selenide nanocrystals formation through generating sulfur or

selenium from the cleavage of L-cysteine or selenocystine. The cleavage is believed to

happen at the active site of cystathionine -lyase with a disulfide bond from two cysteine

residues. Meanwhile, cystathionine -lyase also templates the formation of these

nanocrystals and controls the particle size within the quantum confined range. Attempts to

synthesize different types of nanocrystals, such as ZnS, PbSe or ZnSe, show very positive

results. Besides our previous reported PbS and core/shell PbS/CdS synthesis, this further

reveals the versatility of cystathionine -lyase. This dual-function, single-enzyme, and

aqueous route to functional material synthesis demonstrates the powerful potential of

engineered functional material biomineralization.
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Chapter 6

Summary

This dissertation focuses on biosynthesis of cadmium chalcogenide (CdS and CdSe)

quantum dots from an engineered strain of Stenotrophomonas maltophilia (SMCD1) and

cystathionine -lyase which is produced by SMCD1 cells and further overexpressed by

engineered E. coli cells. CdS and CdSe QDs as well as core/shell CdSe/CdS have been

sucessfully synthesized by either SMCD1 or the enzyme with precisely controlled

properties which are comparable to chemically synthesized QDs. These nanocrystals were

characterized by STEM, absorption and luminescence spectroscopy and powder XRD.

Strain SMCD1 enables controlled growth of CdS QDs over a period of 6 hours in culture,

allowing precise, extrinsic control of QD size and optical properties with emission maxima

ranging from 460 to 560 nm. This procedure exhibits high reproducibility. The mean

particle sizes were tuned from 2.75 to 3.04 to 3.36 nm after 60, 180 and 300 min,

respectively, with a dispersion of about 25 %. Gel filtration chromatography has also been

introduced to further purify aqueous QDs and provided a simple method for size selection.

The as-grown CdS QDs show both zinc-blende and wurtzite type structures with a quantum

yield of up to 2.08 %.

Growth conditions, such as the concentration of cadmium acetate and L-cysteine, pH and

growth temperature, were studied to elucidate the growth mechanism. High ratio of L-

cysteine/cadmium acetate exhibits a high growth rate with absorbance peak red-shifting



96

compared to that with a lower ratio. High pH of the growth buffer favours the nanocrystal

formation since the enzyme has high activity at basic conditions. Temperature also plays

an important role on controlling the growth where high temperature favours the synthesis.

Post treatments, such as capping exchange and ZnS growth, were introduced to manipulate

the surface chemistry. After capping exchange, CdS QDs can be transferred to organic

solvents and exhibit improved optical properties. ZnS shell growth suppressed the trap-

state emission with an improved quantum yield up to 2.7 % from initial 0.8 %. For

applications, CdS QDs solar cells were studied with a device efficiency of 0.18 %, though

still very low; CdS-reduced graphene oxide composite was also fabricated and studied.

-lyase (smCSE) enzyme

were achieved. The quantum yield of the core/shell CdSe/CdS is up to 12 % which is the

highest reported quantum yield of biomineralized CdSe quantum dots to date. It is

comparable with that reported from chemical synthesis routes. The shell thicknesses were

estimated either by mean particle size difference or elemental analysis to be about 0.5 ~

1.5 layer. The particle size of CdSe nanocrystals was precisely controlled by varying the

incubation time up to 24 h and the mean size can be tuned from 3.85 ± 1.01 nm to 6.91 ±

1.68 nm. The CdSe nanocrystals were identified to be a wurtzite type crystal structure

rather than zinc-blende type. UV illumination was introduced to enhance the

photoluminescence especially for larger CdSe QDs and quantum yield of about 2.5 % was

achieved after several minutes of illumination.
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The mechanism of CdS and CdSe synthesis by Stenotrophomonas maltophilia (SMCD1)

and cystathionine -lyase was proposed. Cystathionine -lyase was identified as the

enzyme catalyzing the CdS and CdSe nanocrystal formation from several techniques.

Although the precursors are different, one being a monomer and the other a dimer, they are

believed to follow a similar mechanism. Generation of H2S and H2Se from cleavage of the

dimers, either cystine or selenocystine, by the enzyme through multiple elimination

reactions, results in the nanocrystal formation. A detailed pathway of the reactions was

provided to elucidate the mechanism. Meanwhile, cystathionine -lyase was also proved to

template the nanocrystal formation and control their sizes within quantum confined ranges.

Exploiting different types of QDs is one direction for future work. Preliminary results

clearly demonstrate various nanocrystal formation, such as ZnS and PbSe. Others, like

ZnSe, are still unclear but show positive results. Pursuing potential applications, especially

fuel production via photocatalysis assisted by these biosynthesized nanocrystals, could be

another direction for study.
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Appendix

Experimental Section

A1. Apparatus and characterizations.

The luminescence of purified QD suspensions was analyzed using a UV Bio-Rad

Gel Doc 2000 system. Absorption spectra of QD suspensions were collected using an

Ultrospec 3300 Pro (Amersham Biosciences) or UV-2600 Spectrophotometers (Shimadzu).

Fluorescence excitation and emission spectra for QD suspensions were collected using a

Cary Eclipse Fluorescence Spectrophotometer (Varian). Room temperature

photoluminescence quantum yields (PL QYs) were calculated using coumarin 1 in ethanol

as a standard with a PL QY of 73 %[133] for CdS test and coumarin 153 in ethanol with PL

QY of 54 %[134] for CdSe test. Powder XRD measurements (Rigaku Miniflex II) were

. For enzyme

identification, a standard SDS-PAGE technique was used to study the associated enzyme

and the dry sample after lyophilisation was analysed via electrospray ionization mass

spectrometry (ESI-MS). For QD solar cell test, the photocurrent density-voltage (J-V)

performance characteristic was measured using an electrochemical workstation (Reference

600, Gamry Instruments) under irradiation (AM 1.5 G solar simulator, Model No. 10500,

ABET Technologies) with an incident light intensity of 100 mW cm-2.

For scanning transmission electron microscopy (STEM), selected area electron

diffraction (SAED) and X-ray energy dispersive spectroscopy (XEDS) analysis, purified

samples were prepared by drop casting the aqueous QD suspension onto a holey carbon-

coated copper grid and allowing the liquid component to fully evaporate. The specimen
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was then analyzed in either (i) a 200kV aberration corrected JEOL ARM 200CF analytical

electron microscope equipped with a Centurio XEDS system or (ii) a 200kV JEOL 2000FX

conventional TEM equipped with an Oxford Instruments XEDS system.

A2. Stenotrophomonas maltophilia and cystathionine -lyase production.

SMCD1 was isolated from soil collected from the mountaintop campus of Lehigh

University in Pennsylvania using previously described methods.[135] Strain identification

was confirmed using 16S rRNA sequencing (SeqWright). Standard microbiology

techniques were used for the growth and cultivation of SMCD1 using Luria-Bertani (LB)

broth and M9 minimal media. Selection of cadmium resistant strains was performed

iteratively in three steps by increasing the concentration of cadmium acetate: (1) Cultures

were grown for 8 - 12 h at 37 °C in an orbital shaker in LB broth containing increasing

concentrations of cadmium acetate (0.1 ~ 5 mM); (2) serial dilutions of cultures were plated

onto LB-agar plates containing equivalent concentrations of cadmium acetate; and (3)

individual colonies were isolated from plates. Cell growth rate in culture was measured by

monitoring the change in optical density at 600 nm (OD600). Colonies tolerant to cadmium

acetate at concentrations in excess of 1 mM were selected from cadmium-containing plates.

Using this selection procedure, we isolated a specific strain (SMCD1) that exhibits

continuous formation of luminescent particles. Expression and purification of recombinant

cystathionine -lyase was achieved according to the protocol reported by our group.[96] In

short, an E. coli codon-optimized form of the putative S. maltophilia CSE (Smal_0489;

Genscript) was subcloned into pET28a (+) and transformed in BL21 cells with expression

and purification.
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A3. CdS quantum dot biosynthesis.

In a typical experiment, the selected SMCD1 were sub-cultured into LB broth (100

mL) and grown for 12 h at 37 oC with shaking. Cells were isolated by centrifugation and

re-suspended in M9 minimal media (100 mL, OD600=0.5). Then, cadmium acetate (1 mM)

and L-cysteine (8 mM) were added and the mixture was placed in a 37 oC incubator with

shaking. Sample aliquots were collected every 30 min, and CdS QDs separated from intact

cells by centrifugation (5000 rpm), dialysis (Snakeskin 3500 MWCO; Thermo Pierce) with

ultrapure, deionized water as the buffer and gravity-feed size exclusion chromatography

(PD-10; Amersham). In order to investigate the mechanism of particle growth, the same

growth procedure was followed for 30 min growth time. At this point, the cell solution was

centrifuged at 8000 rpm for ten minutes, reducing the optical density at 600 nm to 2 % of

the original value. The centrifuge supernatant was then returned to the incubator at 37 oC

and sample aliquots were collected every 30 min.

A4. CdSe quantum dot biosynthesis.

In a typical procedure, 1 mM cadmium acetate (99.999%, Alfa Aesar), 8 mM

seleno-L-cystine (95%, Sigma Aldrich), 20 mM 3-Mercaptopropionic acid (99%, Sigma

Aldrich) and 0.05 mg/mL cystathionine -lyase enzyme in 0.05 M Tris-HCl buffer (pH =

9.0) were prepared in a N2 controlled glovebox and sealed properly. The mixture was then

transferred and placed in the incubator with shaking at 37 oC. After synthesis, CdSe

nanocrystals solution was purified by centrifugation at 8000 rpm, followed by syringe

filtration (0.2 µm). After that, CdSe QDs were either precipitated/resuspended in 0.05 M

Tris-HCl buffer (pH = 9.0) by introducing ethanol or dialyzed (Snakeskin 3500 MWCO;
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Thermo Pierce) against ultrapure water to remove residual salts depending on the particle

size. For small particle size, both techniques work well; for large particle size, the

precipitation by ethanol resulted in aggregates which cannot be resuspended, thus dialysis

was used.

A5. Phase transfer and capping excahnge of quantum dots.

Phase transfer protocol is applicable to both CdS and CdSe or related core/shell

QDs from aqueous to organic phase. In a typical procedure, taking CdS as the example, the

biosynthesized aqueous soluble CdS QDs was transferred into 1-octodecene (ODE, 90%,

Alfa Aesar) in the presence of oleylamine (98%, sigma Aldrich) capping agent. 15 ml of

the purified aqueous CdS QD sample was shaken with 5 ml oleylamine and 10 ml ODE.

The solution was degassed for 10 min and then stirred vigorously under argon for 1h at 60

oC. A centrifuge (5000 rpm) and decantation procedure was applied for separation of the

organic and aqueous phases. A hexane and methanol (volume ratio of 1:3) solution was

contacted with the organic phase as an extraction solvent to purify the organic phase and

this was repeated several times to wash excess capping agents. The nanocrystals can be

further precipitated by introducing acetone or ethanol and resuspended in sovlents, such as

chloroform and toluene.

Phase transfer with 1-dodecanethiol (DDT, 98%, Alfa Aesar) was carried out

according to the report by Gaponik et al.[14] In a typical experiment, 2 mL CdS QDs solution

was mixed with 2 mL DDT and 4 mL acetion; the mixture was then heated up to ~ 60 oC

with vigirious stirring under inert. After about 20 min, the solution was cooled down and

phase seperation was obtained; the top organic phase was collected and an equal amount
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of toluene was added; The nanocrystals were precipitated by methanol and resuspended in

chloroform.

Capping ligand exchange from oleylamine to oleic acid (90%, Alfa Aesar) was

accomplished through addition of oleic acid to the purified oleylamine capped CdS QDs.

Typically, 20 ml of the oleylamine capped CdS QDs in ODE was mixed with 10 ml oleic

acid. The solution was degassed for 10 min and placed under argon for 3 h at room

temperature. The same hexane/methanol extraction procedure as previously described was

utilized prior to precipitation of the QDs by methanol addition. The isolated precipitate is

readily soluble in chloroform to yield an optically clear solution.

A6. Core/shell structure synthesis.

Growth of a ZnS shell on CdS QDs was carried out following the procedure

described by Chen et al.[24] using oleic acid capped CdS QDs as the core material. A 2 ml

quantity of CdS QDs in chloroform was mixed with 10 ml ODE. The solution was degassed

in argon for 30 min and then heated to 50 oC prior to dropwise addition of 0.5 mL 0.01 M

zinc diethyldithiocarbamate (Zn(DDTC)2, >99%, TCI America) under argon flow. The

solution was then immediately heated to 170 oC. After 20 min, the solution was cooled

down to 120 oC and a second injection of Zn(DDTC)2 carried out before once again heating

to 170 oC.  This procedure was repeated for a third time. Finally, the temperature of the

solution was increased to 240 oC and maintained for 20 min. The final solution was washed

and purified by the same hexane/methanol extraction procedure. The CdS/ZnS QDs so

generated were precipitated by acetone addition and then re-suspended in chloroform.
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Biosynthesis of a CdS shell on CdSe QDs was aslo carried out. The purified CdSe

QDs solution was used as the core seeds. In a typical procedure, CdSe QDs (absorbance

peak intensity around 0.3), 1 mM cadmium acetate (99.999%, Alfa Aesar), 8 mM L-

cysteine (98%, Alfa Aesar) and 0.05 mg/mL smCSE enzyme in 0.05 M Tris-HCl buffer

(pH = 9.0) were prepared inert and sealed properly. The mixture was then placed in the

incubator with shaking at 37 oC for 12 h. After synthesis, CdSe/CdS nanocrystals solution

was purified by centrifugation at 8000 rpm, followed by syringe filtration (0.2 µm). The

solution was further dialyzed (Snakeskin 3500 MWCO; Thermo Pierce) against ultrapure

water to remove residual salts.

A7. Quantum dot sensitized solar cell assembly.

QD sensitized solar cells were fabricated using commercially available glass slides

coated with F- with a

TiO2 blocking layer by dipping it into a 40 mM TiCl4 (>99.0%, Sigma Aldrich) solution,

followed by sintering in air at 500 oC for 3 h. A second mesoporous TiO2 film (TiO2 paste,

27.0 wt-%, Sigma Aldrich) was deposited on top of the blocking layer with a doctor blade

followed by sintering at 500 °C for 1 h in air. The CdS QDs capped by oleic acid in

chloroform were loaded into the mesoporous TiO2 by drop casting. The completed photo-

electrode was dried under ambient conditions. The counter electrode was prepared by

painting a conductive gold paste (Electron Microscopy Sciences) onto FTO glass. The

working and counter electrodes were assembled into a sandwichstructure. The electrolyte

was prepared by dissolving 0.5 M Na2S (98%, Alfa Aesar), 0.5 M S (99.5%, Alfa Aesar)

and 0.055 M NaOH (99.99%, Alfa Aesar) in water.
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A8. Quantum dot/reduced graphene oxide composite.

Graphene oxide was synthesized according to a improved method by Marcano et

al.[105] The graphene oxide (0.5 g/L) was then reduced by sodium borohydride (150 mM

for 2 h) and the precipitated product was washed by precipitation/resuspension multiple

times with deionized water. The purifed reduced graphene oixde was then mixed with equal

volume of purified CdS QDs solution and the mixture was sonicated by a tip sonicator for

2 h. Finally, the product was collected after centrifugation and ready for test.



115

Curriculum Vitae

Zhou Yang
Email: yangzhou06@gmail.com
Place of Birth: Xiantao City, P.R. China
Date of Birth: February 23, 1986
Parents: Luocheng Yang (father) and Wangying Zhou (mother)

(1)

(2)



116



117


