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SUMMARY

The development of new materials that can be integrated into current technologies is one of
the most important challenges of today. As a result, fields such as nanotechnology and
biotechnology have seen great advances. More recently, a link between these two fields has
been established and has resulted in nano-biosciences being considered to be an important
economic factor by many. The field of nanobiotechnology continuously test the boundaries
and promises many breakthrough results in the near future. The purpose of this work was thus
to add to and advance this very promising field with an emphasis on biomolecules with
technologically exploitable properties. In order to achieve this, the interactions between
nanomaterials and biomaterials were studied at nanoscale, with further investigations into the
effects that these interactions have on the functionalities of biomolecules. Three model
systems were chosen for the investigations based on the range of potential applications that
they can provide. Semiconductor quantum dots (QDs) were selected as the nanomaterials

component in each of these systems.

In Chapter 1, the motivation behind this work is described in a little more detail. It also
includes an introduction to semiconductor QDs and a short overview of the state-of-the-art on
nanobiotechnology. This is followed by a description of methods and techniques that were
common to each of the three model systems (Chapter 2). Chapter 3 introduces the first model
system composed from a photosensitiser molecule (methylene blue dye) and QDs. The effect
of the energy and charge transfer from QDs to the photosensitiser is examined in terms of the
photodynamic efficiency of the dye and its ability to inhibit the growth of cancerous cells in
vitro. In Chapter 4, QDs are employed as light-collecting elements instead of the naturally-
occurring light-harvesting complexes of photosynthetic reaction centres. This model system
reveals great potential for the utilization of QDs in artificial photosynthetic devices. Finally,
research involving the third model system, containing bacteriorhodopsin (bR) membrane
protein, is described in Chapters 5 and 6. In Chapter 5, the bR/QD system is first introduced
and examined for energy transfer interactions, as well as the effect of these interactions on
the in-built functionality of the protein (proton pumping). In Chapter 6 the effect of the
nanoscale interactions on the nonlinear optical properties of the bR/QD material is

investigated.
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ABBREVIATIONS & ANNOTATIONS

Units
“C Celsius
a.u. Arbitratry units
eV Electron volt
g Standard gravity or gram
K Kelvin
Da Dalton
L Litre
m Metre
Molar (concentration)
Hz Hertz
min Minute
mol Mole
\Y Volt
rpm Revolutions per minute
sorsec Second
W Watt
Mathematical symbols
A Absorbance
& Concentration
dorD Diameter
D; Diffusion coefficient of species i
E FRET efficiency

Eg orAE Bandgap energy

G(t) Correlation intensity at time lag t
h Planck’s constant

J(A) Spectral overlap integral

I Signal intensity or Irradiance

k Kinetic rate constant or wavevector (= 21/4)



ies Eccentricity of effective excitation volume

lorL Sample length, width or thickness
Less Effective sample thickness

n Linear refractive index

n, Nonlinear refractive index

(N) Average number of particles

Ny Avogadro’s number

Qp Quantum yield of a donor

T Radius or separation distance

Ry Forster radius

S Aperture transmittance

b Time or time lag

T (AT) Transmittance (change)

Verr Effective excitation volume

Wo Lateral focal radius or beam waist
5% Molar ratio

Zy Focal length along optical axis

Linear absorption coefficient

Nonlinear absorption coefficient

£ Extinction coefficient

K* Dipole orientation factor

A Wavelength

T; Lifetime or diffusion length of species i

v Frequency

Ad, Phase change due to nonlinear refraction
AY, Phase change due to nonlinear absorption

Chemical groups and compounds

Y Singlet oxygen

’MB Triplet excited state of methylene blue
ADP Adenosine Diphosphate

Al,Te; Aluminium Telluride

ATP Adenosine Triphosphate

Cd(ClOy), Cadmium perchlorate



CdSe
CdTe
CO,
-COOH
Cys
D,0
DMSO
DNA
EDTA
bt
H,O
H,SO,
HC
HDA
ITO
LDAO
MB

Na
NaOH
-NH,
-OH
PEG
PO;5’
TGA
TOP
TOPO
Tris-HCI
ZnS

Cadmium Sellenide
Cadmium Telluride

Carbon Dioxide

Carboxylic acid group
Cysteine

Heavy water

Dimethyl sulfoxide
Deoxyribonucleic acid
Ethylenediaminetetraacetic acid
Proton

Water

Sulphuric Acid
Hydrochloric acid
Hexadecylamine

Indium Tin Oxide

Lauryl dimethylamine oxide
Methylene Blue

Nitrogen (gas)

Sodium

Sodium Hydroxide

Amino group

Hydroxyl group
Polyethylene glycol
Phosphite

Thiol-glycolic acid
Trioctylphosphine
Trioctylphosphine oxide
tris(hydroxymethyl)aminomethane hydrochloride

Zinc Sulphide

Other abbreviations

2-D
3-D
AFM

Two-dimensional
Three-dimensional

Atomic Force Microscopy

xi



AGR
APS

bR

CB

CE
DS6N
DLS
EPR
FCS
FRET
FWHM

LH
MPA
NC(s)
NIR
NLA
NLO
NLR
NP(s)
P or P870
PDT
PDT
PM(s)
BS

PS
PTL(s)
PV

QD(s)
Qy
RC(s)
ROS

xii

Aggregated

Artificial Photosynthetic (e.g device)
Bacteriochlorophyll
Bacteriorhodopsin protein
Covalence Band

Chemically conjugated
Bacteriorhodopsin mutant
Dynamic Light Scattering
Enhanced Permeability and Retention
Fluorescence Correlation Spectroscopy
Forster Resonance Energy Transfer
Full-Width Half-Maximum
Bacteriopheophytin
Light-harvesting

Multi-photon absorption
Nanocrystal(s)

Near Infra-Red (spectral region)
Nonlinear absorption

Nonlinear optical (e.g. properties)
Nonlinear refraction
Nanoparticle(s)

Special pair

Photodynamic Therapy
Photoinduced charge transfer
Purple Membrane(s)
Photosensitiser

Photosynthetic (e.g. system)
Proteoliposome(s)

Photovoltaic

Quinone

Quantum Dot(s)

Quantum Yield

Reaction Centre(s)

Reactive Oxygen Species



SA
TESPC
TTTR
uv
UV-Vis
VB

Vis
WD
WM(s)
WT

Self-assembled

Time-Correlated Single Photon Counting
Time-Tagged Time-Resolved
Ultra-Violet (spectral region)
Absorption spectroscopy

Valence Band

Visible (spectral region)

Well-dispersed

White Membrane(s)

Wild-type (bacteriorhodopsin)

Xiii



. LR ekt ks A
Fa-'r'ﬁ"l%"-' [l e et S G T k R e Ly
~ 3 & é WS A - :I B = d ¥
ey o i i ! o s~ £ I una’e : i i

T

ki
Iy -

B
I

» ATk
/ .?,_n‘?d', i

A E




TABLE OF CONTENTS

CHAPTER 1 — INTRODUCTION 1
1.1. Biomaterials for technological applications 3
1.2. Nanomaterials — Quantum Dots 4

1.2.1. Size-quantization in Quantum Dots 4
1.2.2. Optical properties of Quantum Dots 5
1.2.3. Quantum Dots and Forster Resonance Energy Transfer 7
1.2.4. Advantages of Quantum Dots over fluorescent dyes 10
1.3. Nanobiotechnology research and Quantum Dots 12
References 14

CHAPTER 2 — MATERIALS AND METHODS 21

2.1. Quantum Dots preparation and characterization 21
2.1.1. Cadmium Telluride Quantum Dots 2
2.1.2. Cadmium Selenide / Zinc Sulphide Quantum Dots 23
2.1.3. Initial characterisation of Quantum Dot samples 24

2.2. Spectroscopic measurements 27
2.2.1. Steady-state spectroscopic measurements 2.

Absorption spectroscopy 207
Photoluminescence spectroscopy 2.
Deconvolution of spectra into contributions from constituents 29
2.2.2. Time-resolved photoluminescence measurements 29
Fluorescence measurements 29
Fluorescence Correlation Spectroscopy 30

XV



2.3. Other techniques 34

2.3.1. Zeta potential and nanoparticles size measurements 34

References 36

CHAPTER 3 — PHOTOSENSITISER / QUANTUM DOT SYSTEM 37

3.1 Introduction 37
3.1.1. Photodynamic therapy 37
3.1.2. Use of Quantum Dots in medicine 38
3.1.3. Methylene Blue as a photosensitiser 39

3.2. Interaction in MB/QD complexes 41
3.2.1. Sample preparation and labelling 41
3.2.2. Assembly of MB/QD complexes 42
3.2.3. Mechanism of photoluminescence quenching 46

3.3. Photodynamic properties of MB/QD complexes 49
3.3.1. Production of singlet oxygen 49
3.3.2. Cell growth in the presence of PS/QD complexes 50

3.4. Conclusions 54

References 55

CHAPTER 4 - QUANTUM DOTS AS

LIGHT-HARVESTING ANTENNAE 57
4.1. Mimicking natural photosynthesis 59
4.1.1. Bacterial photosynthesis 59

4.1.2. Bacterial reaction centres 60

4.1.3. Artificial photosynthesis 62

XVi



4.2. Sample preparation 65

4.2.1. Extraction and purification of reaction centres 65
4.2.2. Properties of extracted reaction centres 66
4.2.3. Reaction centre / quantum dot assembly 68
4.3. Energy transfer in QD/RC complexes 70
4.3.1. Photoluminescence of self-assembled complexes 70
4.3.2. Covalently linked complexes 73
4.3.3. Time-resolved photoluminescence measurements 75
4.3.4. Special pair emission in QD/RC complexes 76
4.4. Conclusions 79
References 80

CHAPTER 5 — PROTEIN-BASED PHOTOCHROMIC MATERIAL 83

5.1. Bacteriorhodopsin protein 84
5.1.1. Purple membranes (PMs) 84
5.1.2. Bacteriorhodopsin — structure and function 86
5.1.3. Applications of bacteriorhodopsin 88
5.1.4. Bacteriorhodopsin and semiconductor nanocrystals 89

5.2. Preparation of PM/QD material 92
5.2.1. QD/PM complex formation 92
5.2.2. Self-assembly of QDs on PMs 93

5.3. Investigations of energy transfer 96
5.3.1. Verification of energy transfer occurrence 96
5.3.2. Parameters affecting energy transfer 98

Quantum Dots’ diameter 100
Quantum Dots’ composition 102

Quantum Dots’ surface charge and pH of solution 102

XVii



Covalent conjugation 104

Mutation of bacteriorhodopsin 105

5.4. Proton pumping 107

5.5. Conclusions 109

References 110
CHAPTER 6 — NONLINEAR OPTICAL PROPERTIES OF

QUANTUM DOT / BACTERIORHODOPSIN MATERIAL 113

6.1. Nonlinear properties of materials 113

6.2. The Z-scan technique 115

6.2.1. Measurements of nonlinear absorption and refraction 115

6.2.2. Extraction of nonlinear coefficients from Z-scan data 118

6.2.3. Z-scan set-up 119

6.3. Optical nonlinearities in bR/QD material 120

6.3.1. Assembly of PM/QD complexes 120

6.3.2. Enhancement of nonlinear optical properties of bR 124

Temporal evolution of n, 123

Effect of QD aggregation 123

6.3.3. Origin of n, enhancement 126

Wavelength dependence of n, enhancement 126

FRET contribution to n, enhancement 129

6.4. Conclusions and future work 130

References 132

CHAPTER 7 — CONCLUSIONS 133

XViii



APPENDICES 135
A. Determination of effective excitation volume for FCS 135
A.1. FCS measurements on a dilution series of a dye 135

A.2. Raster scanning of sub-resolution fluorescent particles 136

B. Cell counting using haemocytometer 138

B.1. Introduction to the technique 138

B.2. Protocol for cell counting 138

XiX



INTRODUCTION

1.INTRODUCTION

The increasing energy demands (by both the developing and developed countries), the drive
for technological advancement and concurrent ever-approaching limits of the semiconductor
industry have all made the development of new materials one of the most crucial challenges of
today. The demand for new materials has inspired scientists to expand their research beyond

the standard materials and techniques.

One of the earliest alternative materials to be considered for technological applications were
biomaterials. Optimised over millions of years by evolution, the complexity, functionality,
sustainability and efficiency of some of the bio-systems cannot be rivalled despite the
extraordinary scientific advancements of the last centuries. More recently, the discovery of
chemical methods to produce nano-sized particles has sparked the conception of
nanotechnology. Nanomaterials posses unique properties that can vary significantly from
those of their bulk counterparts; moreover, these properties can be tuned to requirements by
manipulation of nanoparticles’ (NPs) size. Both of these fields contributed appreciably towards
the field of materials development with the discovery of some extraordinary materials (such as

the bacteriorhodopsin protein and graphene).

Recent years have seen the emergence of a new field in the materials research that still
remains largely unexplored — nanobiotechnology. Broadly defined as the amalgamation of the
nano- and bio- technologies, the field is in its infancy with the main research directions still
being defined. The interface of these fields is most promising in that it would combine the
unique properties of the nanomaterials with the complex performance of the bio-systems. The
possible applications of these nano-bio materials should span from the medical to
technological applications, and perhaps provide a way to better interface the two. As such,
nanobiotechnology has enormous potential for many breakthrough discoveries in advanced

materials research.

The main topics of nanobiotechnology can be roughly divided into only a few categories, such
as the applications of nanomaterials in biosciences (medicine, diagnostics), bacterial
production of nanomaterials, and utilisation of biomaterials as templates for production of
ordered nanoparticulate films. A much more exciting prospect of nanobiotechnology is the
development of nano-bio hybrids that would take advantage of the properties of both the

nano- and bio- materials. For example, one can postulate that incorporation of NPs can greatly



INTRODUCTION

enhance the exploitable properties of bio-materials, endorsing the integration of these hybrid

materials in technological applications.

The main aim of this work was to look at the viability of this approach for the development of
next-generation photonic materials (Figure 1.1). In particular, three model systems were
looked at with possible applications in medicine, green energy technology and optical
communications. Due to the complexity and varied functionalities of these chosen bio-
systems, the introductions to each are given in later chapters. Here, only the possibilities of
biomaterials are discussed briefly, followed by an introduction to the nanomaterials (in

particular, quantum dots) and the application of these.

Nanomaterials Biomaterials
Unique, size-dependent properties Complexity and functionality
i 5

v‘
Development, characterisation and
optimisation of Nano/Bio Hybrids

UV-vis, integrated (vis and NIR) and
time-resolved PL, DLS, FCS, AFM, Z-scan

Novel hybrid materials with
advanced properties

Figure 1.1| Flow-chart of the project. The integration of nano- and bio- materials into nano/bio hybrids can exploit
the merits of each. Hybrids were characterised and optimised using a well-established spectroscopic platform with

the aim of developing hybrid materials with advanced functional properties.
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1.1. Biomaterials for technological applications
Biotechnology recognises the exquisite nature of the biological systems and applies the
recently gained understanding of the structure and function of many of these systems to

fabricate functional devices.

The viability of the use of such “molecular devices” can be attested to by considering the many
merits of bio-materials over conventional materials — the ability of these systems to self-
assemble, and the level of the molecular recognition required for this, is particularly
remarkable. For example, the components of photosynthetic systems will reconstitute into the
original complexes [1, 2], purified membrane proteins dissolved in solutions containing
phospholipids will form ordered structures within lipid bilayer membranes [3-7], and two
complementary DNA strands will assemble into a double helix structure — a process known as

DNA hybridisation [8].

The progressive insight into the structure and function of the bio-systems over the last few
decades provided methods for the extraction of these systems from their natural habitat
without the loss of their functionalities [9], and the ability to alter and fine-tune these systems
for a specific application using genetic engineering (mutagenesis) at a molecular level [10].
Both the self-assembly and the genetic modification provide sophisticated control over the

manipulation of the structure and function of biomaterials.

Millions of years of evolution have often solved problems similar to those that man attempts
to solve in materials development research through perfection of the built-in functionalities of
biological systems on an atom-by-atom basis. As a result, biosystems often perform at
efficiencies close to theoretic (thermodynamic) maxima with only minimum energy
requirements, further attesting the promise of biomaterials for the development of next-

generation materials [11].

The biggest challenge in the implementation of biomaterials in technological applications is a
perception that, in contrast to conventional solid state materials, biomaterials are “soft” and
thus not capable of providing the sort of stability and cyclicity that is required. This, however,
is not always the case, as is demonstrated by a number of organisms that live under extreme
conditions including extreme pH values, salt concentrations and high and low temperatures

[12].
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1.2. Nanomaterials - Quantum Dots

Nanomaterials research is an interdisciplinary subject that involves physicists, chemists,
material scientists, biochemists, medics and engineers working together with the aim of
progression of this highly dynamic and growing field [13]. Today, nanomaterials encompass a
large range of materials such as graphene, carbon nanotubes and a variety of nanoparticles
each possessing unique and often superior properties relative to their bulk counterparts. The
immense and varied interest in nanoparticles arises from the finding that many of these
properties (optical, catalyticc magnetic or electronic) depend not only on the chemical
composition of the nanoscale materials, but also on their size [14] allowing fine-tuning of the
properties according to requirements. For example, the optical properties of nano-sized
crystals of semiconductor material, known as Quantum Dots (QDs), can be tuned by

adjustments of their size [15].

1.2.1. Size-quantization in Quantum Dots.

Bulk semiconductors have full valence bands and empty conduction bands at 0 K, but the latter
become occupied at finite temperatures [16]. The optical transitions in semiconductors are
defined by the energy gap between these two bands, known as a band gap (Figure 1.2(a)).
When an electron is promoted into the conduction band, it leaves a hole in the valence band
and, in crystalline semiconductors, the electron and the hole weakly couple to form an exciton.
Theoretically, the exciton can be treated as a hydrogen atom-like entity, and from this
formulation the exciton binding energy and also the average electron—hole separation (Bohr-

exciton radius) can be calculated [16].

Colloidal QDs are crystalline particles of semiconductor material of 2 to 10 nm in diameter,
which are surrounded by a shell of ligand molecules. The ligand shell prevents the aggregation
of QDs in solution and also defines their chemical properties, such as miscibility and solubility
[13]. The size-dependent optical properties of QDs arise from the fact that their size is of the
order of or smaller than the Bohr-exciton radius. The result is the confinement of the exciton
by the potential well, defined by the particle boundaries, giving rise to size quantization effects
[15]. In essence, this situation is equivalent to that of a particle-in-a-box problem, in which the
spacing of energy levels is inversely proportional to the size of the confining potential. For QDs,
discrete energy levels “split off” from the edges of the two bands and the separation between

these is inversely defined by QD’s size (Figure 1.2(a)).
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1.2.2. Optical properties of Quantum Dots

As a consequence of the quantum confinement effects, the optical properties of QDs are a
function of their size. The absorption spectrum of a solution of QDs is a superposition of peaks
corresponding to optical transitions between discrete hole and electron energy levels
(indicated by arrows in Figure 1.2(b)). Upon absorption of a photon by a QD, the excited
electron quickly decays (thermally) to the lowest excited level. It then recombines with the
hole in the valence band with an emission of a photon, whose energy is equal to the band gap
energy of the QD (Figure 1.2(a)). Thus, the emission spectrum of a single QD is just a narrow
line at the band gap energy and, for any given material, the emission line of the QD can be

tuned simply by adjusting its size (Figure 1.2(c)).
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Figure 1.2| Optical properties of semiconductor quantum dots. (a) A schematic representation comparing band
structures of bulk semiconductors and those of semiconductor quantum dots. Bulk semiconductors have
continuous valence and conduction bands (VB and CB respectively), while quantum dots have discrete energy levels
at the bands’ edges. Due to size-quantisation effects, the bandgap of a QD increases (E; < E, < E3) as the size of
the QD is reduced (ry > r, > r3). (b) The QDs’ absorption spectrum (black curve, left axis) is a superposition of
lines corresponding to optical transitions between discrete energy levels (indicated by black arrows). The emission
spectrum (blue curve, right axis) is a single peak at the bandgap energy. The peak has a Gaussian profile due to the
distribution of QDs sizes within a sample. The spectra shown are those of CdSe/ZnS core-shell QDs emitting at 530
nm. (c) A series of QD samples of increasing diameters (left-to-right), illuminated by a camera flash (absorption) and

a standard UV lamp (emission), showing shifts of optical bands towards lower energies.
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improves, leading to increased amounts of exciton energy being transferred. The distance at which the probability
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A typical sample of colloidal QDs has a Gaussian-like distribution of diameters and, as a result,
the emission spectrum of a colloidal QDs solution also has a Gaussian-like profile (Figure

1.4(b)). Similarly, exciton lifetimes also have a distribution of values (Figure 1.4(b)).

Time-resolved measurements typically show a double-exponential decay of fluorescence, with
a faster and a slower component (Figure 1.4). The shorter lifetime — the faster component — is
usually attributed to direct band-to-band transitions, while the involvement of surface defect
states has been suggested to be responsible for the longer lifetime. The latter contribution can
be reduced by addition of an inorganic shell around the core of the QD — the so-called “core-
shell” QDs. The core and the shell are made from different semiconductors, such that the shell
material has a larger band-gap. This treatment chemically passivates the surface defects of the
QDs’ core, which reduces the involvement of the defects states in QDs’ de-excitation and
increases the emission efficiency of the QDs. On average, the complete de-excitation of QDs in
solution occurs within 10-100 ns [17], although this is significantly reduced when QDs are
deposited onto solid substrates or incorporated into thin films. These timescales are
significantly larger than the lifetimes of conventional fluorescent dyes (usually less than 5 ns,

[17]), which can be advantageous for some technological applications.

The QDs used in this work were the as-prepared core-only Cadmium Telluride (CdTe) QDs and
core-shell Cadmium Sellenide/Zinc Sulphide (CdSe/ZnS) QDs that were synthesised in an
organic solvent but later phase-transferred into aqueous solution and coated with a number of

different ligands (cysteine and polyethylene glycol (PEG)-derived polymers).

1.2.3. Quantum Dots and Forster Resonance Energy Transfer
Extensive research is under way into the application of QDs in different areas of technology
and medicine (more on this later). A considerable portion of these are based on the utilisation

of QDs as donors of energy in Forster Resonance Energy Transfer (FRET).

FRET is a radiationless transfer of energy between an emitter (termed donor) in its excited
state and an acceptor in its ground state, through long-range dipole-dipole interactions [18].
The rate of energy transfer (k) depends strongly on the donor-acceptor separation distance

(r), as illustrated qualitatively in Figure 1.3(b):

kr(r) =T—1D- (%)6 (1.1)
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In this expression’, T, is the fluorescence decay time of the donor in the absence of acceptor
and R, is the Forster distance (or radius), defined as the donor-acceptor separation at which
the FRET efficiency is 50% (Figure 1.3(b)). The Forster distance can be calculated from the

material and spectral properties of the donor and acceptor using:

RE = 8.79 x 10°5(x* n"* 0p J(1)) (1.2)

Here Qp is the fluorescence quantum vyield (QY) of donor, n is the refractive index of the
medium. k2 is a factor that expresses the relative orientation of the transition dipoles of donor
and acceptor in space; it is usually assumed to be equal to 2/3 [18]. The overlap integral (J(1))
relates to the degree of spectral overlap between the donor emission and acceptor absorption

bands and is defined mathematically as:

o= f Fo(A) 4(A) A* dA (13)
0

where Fp(A) is the fluorescence intensity of the donor in the range A to A + AA with total

intensity normalised to unity, and £4(21) is the extinction coefficient’ of the acceptor at A.

The FRET efficiency (E) is the percentage of the donor excitation events that result in energy

transfer or, equivalently, acceptor activation (Figure 1.3):

¥ kr(r)
Tttt kr() + Lk

(1.4)

where k; are the rate constants of any de-excitation pathways other than radiative emission or
energy transfer (Figure 1.3). If no such other pathways exist, this equation can be re-arranged

to a simpler form that shows the dependency of E on the donor-acceptor separation distance:

RS

e S SRR 4%5
RS + 16 i)

! It should be noted that the distance dependence of the energy transfer rate given in equation 1.1 is
valid for two point dipoles. For entities of finite sizes, the equation is only valid if the separation distance
between them is much larger than their size. In cases outside of these conditions, the transfer rates still
follow a power-law dependence (with a smaller exponent). Therefore, equation 1.1 can be used to
provide a qualitative explanation of the distance dependence of the FRET process for all cases.

? Equation 1.3 is only valid for acceptor samples with negligible scattering. For strongly-scattering
samples, only the absorption contribution to the extinction coefficient should be used in the expression.

8
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As can be seen from the definition of R, above (equation 1.2), the FRET efficiency is not only
sensitive to acceptor-donor separation, but also depends on the spectral overlap between the
donor emission and acceptor absorption bands, the emission QY of the donor and the relative

orientation of donor’s and acceptor’s dipoles.

The advantage of using semiconductor QDs as donors in FRET pairs is that maximum spectral
overlap can be achieved by selecting QDs with appropriate photoluminescence (PL) spectrum,
thus ensuring maximum FRET efficiencies. The fact that their size is of the order of a typical
Forster radius is also beneficial since it results in small donor-acceptor separation distances
and hence high FRET efficiencies. Furthermore, QDs have wide absorption bands, which allows
QDs to be excited at wavelengths where no direct excitation of the acceptor occurs [19]. While
this is not crucial for technological applications, it does make the interpretation of the data

more straightforward.

Experimentally, the energy transfer process in QDs-based system can be verified because it
represents an additional de-excitation pathway. As a result, when QDs act as energy donors,
their PL intensity is reduced — a process known as quenching — with an additional decrease of
their average radiative lifetime [20]. A shift of the PL band is also expected due to the
distribution of QDs sizes within a sample — the smaller or larger QDs will typically have better
spectral overlap with the acceptors absorption band and hence they will transfer the energy
more efficiently. In the case of a fluorescent acceptor, an increase of its emission intensity is
also expected, which is sometimes accompanied by a lengthening of the lifetime [21] (despite
the fact that, theoretically, the radiative behaviour of the acceptor is not expected to be

affected by the energy transfer process).

It should be noted that, while in QD-based systems energy transfer is by far the most exploited
interaction, these systems are by no means limited to it. For example, given favourable band
alignment, charge transfer is also frequently observed. In fact, both energy and charge transfer
can occur simultaneously in a complementary manner, which is often exploited in QD-based
solar cells [21-25]. Spectroscopically, the two processes can in some cases be separated:
charge transfer does not necessarily result in the enhancement of the acceptor’s emission and
in some cases it is actually quenches it [21, 26]. Also, the acceptor lifetime decreases in the

case of charge transfer and remains unchanged or increases when energy transfer occurs.



INTRODUCTION

1.2.4. Advantages of Quantum Dots over fluorescent dyes

As discussed above, the tunability of QDs’ emission spectra is of great importance for their use

in FRET-based applications. However, by far the strongest impact of the discovery of

semiconductor QDs have been in the field of bio-imaging, previously dominated by fluorescent

organic dyes. This is due to the many advantageous properties that QDs possess, in particular:

The molar extinction coefficients of QDs can be much larger than those of organic
chromophores, reaching values of up to 1,000,000 M~1cm™? for the largest QDs [27],
compared to maximum values of ~300,000 M~1cm™1 for organic dyes [28, 29). This is
particularly significant in the near infa-red (NIR) region of the spectrum where, unlike
organic dyes, QDs can have fairly large two-photon absorption cross-sections [30-32].
Furthermore, the fluorescence QYs of QDs are comparable to those of organic dyes in
the visible region of the spectrum, and are significantly larger in the NIR [17]. As a
result, QDs are generally considered to be brighter than organic fluorophores®.

QDs have superior photo- and thermal stabilities [17], especially when an NIR-
emitting fluorophore is required [33]. This makes them better suited for applications
that require imaging at high laser intensities or over long periods of time [34-37].

Their relatively long fluorescence lifetimes [38, 39] allow easy temporal discrimination
between the signal and the autofluorescence of cellular components as well as
scattered excitation light, thus improving the sensitivity of the imaging technique.

The presence of stabilising molecules on QDs’ surfaces allows straightforward
modification of their surface chemistry without adverse changes of their basic optical
properties, such as the position and shape of absorption and emission spectra [40, 41].
In contrast, the chemical structure of organic dyes is the key factor determining their
optical properties. Therefore, fine-tuning of their chemical properties, such as
solubility and specificity, typically requires an in-depth knowledge of their structure-

property relationship and complicated design strategies [17].

In addition to the above, several of QDs’ properties are beneficial for multi-fluorophore

applications, including their large absorption bands with increasing extinction coefficients

towards the higher-energy end of the spectrum, their relatively narrow and symmetric PL

bands and the large spectral separations between their absorption and emission maxima, i.e.

large Stokes’ shifts:

! Here, brightness is defined as the product of absorption coefficient and fluorescence quantum vyield.
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The wide absorption bands allow excitation of several QD samples at a single
wavelength — thus, a single light source is required for the simultaneous detection of
several QD-labelled analytes. On the contrary, the narrow absorption bands of the
organic dyes impose the use of multiple light sources.

The narrow and symmetric PL bands of QDs facilitate deconvolution of the measured
signal into individual contributions from QDs of different colours — a technique known
as spectral multiplexing [42-44].

Finally, small Stoke’s shifts favour cross-talk between different fluorophores and
reduce the spectral detection windows [17, 19]. QDs have large Stokes’ shifts, owing to
the strong exchange splitting of the excitonic states [45, 46], and so they are the ideal

candidates for multi-fluorophore applications.

Hlal



INTRODUCTION

1.3. Nanobiotechnology research and Quantum Dots

The unification of nanotechnology with biosciences has great potential to deliver breakthrough
discoveries in the near future. This is reflected in the great variety of topics that are already
being addressed, despite the fact that the field of nanobiotechnology is still in its infancy. The
main research directions are still being defined, but most can be attributed to one of the five

main branches.

Firstly, the use of biomaterials as templates for assembly of nanostructures has seen a
significant rise over the last decade, facilitated both by the advances in NP conjugation
techniques and the ever-expanding knowledge of biological systems. To date, S-layers, DNA,
peptides, proteins, viruses and microorganisms have all been utilised to produce ordered

nano-structures [47-54].

Secondly, extensive nanotechnology research into the nanoscale control of surface properties
is now being applied to bio-related systems, such as medical implants and stents [55-60],
microfluidic devices [61-63], cantilever array sensors [64], and also for immobilisation of

proteins and cells on substrates [65-67].

Bio-production and patterning of nanostructures is another fascinating topic that involves the
production of plasmonic and magnetic nanoparticles by bacterial, microbial and biocatalytic

growth [68-73].

Finally, the last two topics — nanoanalytics and nanomedicine — deal with the utilisation of
nanomaterials in medicinal and analytics applications respectively. In nanoanalytics, the
bioconjugated or biofunctionalised NPs and NCs are employment for cell imaging and analysis
of structures (e.g. DNA, proteins) via microscopic and spectroscopic means [42, 74-84]
Nanomedicine, on the other hand, involves the use of NPs for diagnostic imaging, as contrast
agents (e.g. for MRI) and as nano-carriers for delivery of therapeutic and imaging agents [85-
94]. Both of these fields have received the most attention up to date due to their potential
impact on the quality and efficacy of the available healthcare. These are also the areas in
which the use of QDs features prominently. In fact, due to the several advantages of QDs over
the conventional organic dyes (see above), most of the proposed practical applications of QDs

have been in these fields.

QDs have so far been employed as diagnostic and therapeutic agents and as contrast material

for advanced molecular, cellular and tissue imaging. Tumour targeting and imaging in live

12
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animals [95-99], specific labelling of tissues in vivo and in vitro [39, 95, 100], real-time tracking
of embryonic development [101], multiplexed nucleic acid detection [77, 102], monitoring of
DNA replication and telomerisation [103], in vitro assay detection of proteins and analytes [43,
104, 105], deep-tissue imaging of vasculatures [30], in vivo tracking of cancer cells during
metastasis [96, 106, 107], lymph node mapping [108] and subcellular resolution imaging of a
mouse brain [109] have all been achieved, whilst many more applications have been proposed
and are currently under investigation (e.g. gene profiling and high throughput drug and disease

screening [110], super-resolution analysis and imaging of tissue sections [111]).

Despite great advances in the abovementioned categories, there remains one largely
unexplored area of nanobiotechnology: the development of nano-bio hybrid materials that
exploit the unique properties of nanomaterials to enhance the functionalities of
technologically-promising biomaterials. The aim of this thesis was to address this issue and to
demonstrate the potential of QDs/biomolecule integration for the development of materials
for a variety of applications, ranging from light-harvesing to optical communications. This
approach is rarely explored in the literature, with the majority of reports appearing in the last
few years [112-117]. As such, this thesis represents a significant contribution to

nanobiotechnology and materials research.
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MATERIALS AND METHODS

2. MATERIALS AND METHODS

This thesis deals with three widely different systems, each of which involved use of different
materials and techniques. These materials and techniques are described in later chapters. This
chapter deals with the materials and methods that were common to most systems. In
particular, this chapter starts by describing the synthesis and characterization of
semiconductor quantum dots, since all of the systems contained them as one of the
components. This is followed by a discussion of several spectroscopic techniques, with an
emphasis on the parameters and conclusions derived from each technique. Finally, protocols

and instrumentation for some other experimental methods are presented.

2.1. Quantum Dots preparation and characterization

Two types of quantum dots were used in the work described in this thesis: CdTe and CdSe/ZnS.
Because CdSe/ZnS QDs are core-shell in structure, they tend to be of larger diameters when
compared to CdTe QDs. Smaller diameters are beneficial for FRET-based applications, so CdTe
QDs have an advantage over CdSe QDs in that respect. On the other hand, the surface
chemistry of CdSe QDs can easily be changed, while that of CdTe QDs is not very flexible. This
ability presents opportunity to change the surface charge of QDs and make them more bio-
compatible (i.e. non-toxic). In addition, CdSe/ZnS QDs tend to be more stable when compared
to CdTe QDs due to both the core-shell structure and the thicker ligand (stabiliser) shell. Below
is a short description of the two types of QDs used, including a synopsis of the synthesis

methods and the pre-measurement characterisation of QDs.

2.1.1. Cadmium Telluride Quantum Dots

CdTe QDs are cadmium telluride nanocrystals of 3 — 6 nm in diameter. These nanocrystals are
kept in solution by thioglycolic acid (TGA) molecules attached to the surface of the
nanocrystals through the sulphur atom to surface cadmium atom bond. Each TGA molecule

has a net negative charge, resulting in an overall negatively charged surface of the CdTe QDs.

QDs of this type were synthesised using an aqueous method developed by Rogach et al. [1]
(Figure 2.1). Typically, this method involves a reaction between a cadmium salt and telluride
extracted from the precursor. In particular, a cadmium salt (e.g. Cd(ClO,),-6H,0) is dissolved in
water and a stabiliser is added to this solution. The pH of the solution is adjusted with 1 M
NaOH and is transferred to a round-bottom flask fitted with a septum and valves. This is then

deaerated by N, gas for approximately 30 minutes, after which Te precursor (typically Al,Tes) is
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MATERIALS AND METHODS

reacted with acid (H,SO,) to produce H,Te gas which is carried by the nitrogen flow to the
reaction flask containing cadmium salt and stabilizer. This causes nucleation/seeding of CdTe
nanocrystals. These are then grown to desired size through application of heat. The growth is
usually monitored by recording fluorescence spectra of small amounts taken from the flask.
Upon completion of synthesis, the volume of the sample is reduced via rotary vacuum

evaporator in order to increase the overall concentration of QDs.

Further optimisation of samples usually involves size-selective precipitation/re-dilution of QDs
that separates the synthesised sample into fractions that have smaller size-distribution of QDs.
Using this method, fractions of QDs that have larger diameters are obtained first, and fractions
of smallest QDs are produced last. This is often advantageous as the middle fractions tend to
have highest QYs. In addition, sample(s) may be aged — they are stored under direct sunlight

for a period of time. This has been shown to increase the QY of CdTe QDs.

CdTe QDs used in this work were synthesised, optimised and supplied by Dr. Vladimir Lesnyak

and Dr. Nikolai Gaponik.

(b) = *]‘ Ct{ndonur

p
(

CdTe,
TGA and TGA and _
Cd(CI0y); Cd(CI04);
stirring bar/ stirring bar

Figure 2.1| Aqueous synthesis of thiol-stabilised Cadmium Telluride quantum dots. (a) After purging of the
thioglyocolic acid (TGA) and cadmium precursor (Cd(ClO,),) solution with nitrogen, hydrogen telluride gas is added
to the nitrogen flow. Once in solution, hydrogen telluride reacts with cadmium perchlorate and in so doing seeding
the CdTe nanocrystals. The nanocrystals are grown to desired size by refluxing (b) the solution, while monitoring the

growth via photoluminescence measurements.

2.1.2. Cadmium Selenide/Zinc Sulphide Quantum Dots

CdSe/ZnS QDs are nanocrystals of a core-shell structure. The core is composed from Cacmium

Selenide and it is covered by a thin shell of Zins Sulphide. This results in a double-potential well

22



Quantum Dots preparation and characterization

confinement of excitons, greatly improving their radiative recombination rate or, equivalently,
their fluorescence quantum vyield. The core diameter is typically 2-6 nm, while only a few

monolayers of ZnS are required to improve the QY of QDs.

The CdSe/ZnS QDs were synthesised and functionalised by Dr. Alyona Sukhanova. These QDs
were prepared according to a protocol adapted from Hines and Guyot-Sionnest [2]. In this
method, the CdSe core is grown first by drying and degassing a solution containing
trioctylphosphine oxide (TOPO) and hexadecylamine (HDA) under vacuum at 180 °C, and then
heating it to 340 °C under argon flow in a reaction flask. Next, a solution containing elemental
Selenium and dimethylcadmium in trioctylphosphine (TOP) is prepared and added to the flask
by a fast injection (< 1 sec) using a syringe. This produces CdSe nanocrystals of approximately 2
nm diameter. The CdSe QDs are then grown to the desired size by refluxing the mixture at 280
°C. At this stage, QDs can be precipitated from solution cooled to 50-60 °C by addition of
methanol to the solution, followed by repeated washing with methanol and drying. To grow
the ZnS shell on top of the CdSe cores, the dried CdSe QDs are first re-dissolved in TOPO/HDA
mixture and the purged with argon flow at 180 °C and heated to 220 °C or, alternatively, the
CdSe QDs precipitation stage is skipped and replaced by a simple cooling of the reaction
mixture to 220 °C. A solution of hexamethyldisilthiane and diethylzinc in TOP is added
dropwise, followed by a slow cooling of the mixture containing the QDs to 60 °C. CdSe/ZnS QDs
are then precipitated and washed with methanol and dried. QDs synthesised in this manner
have CdSe core diameters of 2-6 nm and ZnS shell thickness of a few monolayers, with a
narrow size distribution within a sample (< 5%) and a quantum yield of ~ 60% in an organic

solvent at room temperature [3].

For experiments with biomolecules, the surface molecules of the QDs have to be changed in
order to make QDs soluble in agueous solvents. The simplest way to do this is to exchange the
TOPO-TOP coating of CdSe/ZnS QDs by cysteine (Cys) molecules [4]. This is achieved by first
dissolving the dried QDs in chloroform and adding a 10 mg/mL solution of DL-Cys in methanol.
Upon this addition, the solution becomes cloudy and QDs can be extracted by centrifugation at
14,000 rpm followed by triple washing of precipitate with methanol. QDs extracted in this way
are dried under vacuum and then re-dissolved in water, which is assisted by a drop-wise
addition of 1 M NaOH and sonication. QDs are again extracted by centrifugation and re-
dissolved in water. This QD solution is then dialyzed against pure water for 8 — 10 hours using
the Spectra/Por® Float-A-Lyzer® Dialysis Tubes (Sigma), followed by centrifugation at 8,000
rpm for 10 minutes. The supernatant containing the QDs is removed from the tubes and finally

filtrated through the 0.22 um Ultrafree®-MC microcentrifuge filters (Sigma).
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CdSe/ZnS QDs solubilised by Cys molecules in water are highly luminescent (QY>50%) [5],
however their stability is considerably diminished. In order to improve the stability of QDs in
aqueous solutions a further substitution of ligand molecules on QDs’ surface can be
performed. The preferred way is to replace the Cys molecules by a polymer shell consisting of
PEG-derived polymer molecules. This ensures the biocompatibility of QDs [5]. In order to do
this, a solution of PEG-derived polymer, for example~50 mg/mL of PEG acid thiol (Polypure), is
added to 1 mg/mL solution of cysteine solubilised QDs. Sample is incubated overnight at +4 °C
and filtered by centrifugation in Amicon Ultra-15 filter units with 10 kDa cut-off (Millipore).
Excess ligands are removed by gel exclusion chromatography through home-made Sephadex-

25 (Sigma) column.

2.1.3. Initial characterisation of QDs samples
Preliminary characterisation of QD samples involved determination of their absorption (ABS)
and PL peaks’ positions, determination of the quantum vyield (QY) of their emission,

concentration of stock solution and their physical and hydrodynamic size.

The concentration and the average core diameter of QDs in the sample were determined
according to Yu et al. [6]. First of all, the stock solution was diluted by approximately 50 times
and its absorption spectrum was recorded. Based on the absorption value (4,,.) at the
position of the excitonic peak (d.4.), the concentration of this solution was adjusted to give
Aexc between 0.15 and 0.25. The total dilution of the stock solution to achieve this was noted.
Next, the PL spectrum of the diluted solution was recorded and the maximum (PLy;4x) and the
FWHM (PLgwypm) of the emission peak were determined (Figure 2.2). From that point on, the

QD sample was usually referred to by its composition and PLy4x, e.8. CdTe600.

The average core diameters of QDs in the sample (in nm) were calculated from A,y (also

in nm) according to the following empirical equations [6]:

CdTe: D(nm) = (9.8127 x 10™7)A3,. — (1.7147 X 1073) 2%, + (1.0064) A, (2.1)
— (194.84)

CdSe: D = (1.6122 x 10~9)A%,. — (2.6575 x 107923, + (1.6242 x 1073)2%,,  (2.2)
—(0.4277) Agxc + (41.57)

It is important to note that these diameters correspond to core diameters only. The actual
physical size of the nanocrystals is always larger than this value. For CdTe QDs, which do not
have an inorganic shell, the difference is the size of the stabilising molecules, so the physical

diameter of TGA-stabilised CdTe QDs is ~1 nm larger than the core diameter as calculated
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above. For CdSe/ZnS QDs, the thickness of the ZnS shell as well as the size of the ligand

molecules must be accounted for.

The extinction coefficient of a QD sample can be calculated from the value of the average
physical diameter (D, in nm) of QDs obtained in equation 2.1 or 2.2 and the transition energy

(AE, in eV) corresponding to the first absorption peak [6] using another set of empirical

equations:
CdTe: e(M~'cm™1) = 3450 AE D?* (2.3)
CdSe: e(M~'cm™!) = 1600 AE D3 (2.4)
n
N
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Figure 2.2| Preliminary spectroscopic characterisation of QDs. For each QD sample, the position of the excitonic
peak (Aexc) and the centre of the emission peak (PLp4x) were determined. These values, together with the value
of the FWHM of the emission peak (PLgypyp), Were then used to calculate the concentration of the QD stock. For
accurate determination of the concentration, the absorbance at the excitonic peak was kept between 0.15 and

0.25, in accordance with [6].

Using the measured value of absorption at the first excitonic peak (A.,.) and the extinction
coefficient as calculated above, the concentration of the diluted QD solution can be easily
determined through the Beer-Lambert law (A = eCL), with a small correction to account for

the size distribution of QDs in the sample, determined by the value of the PLgy -

c= Aexe X (PLrwnum/ K)

eXL (2:5)
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Here, K is the correction constant which is equal to 29 and 25 for CdTe and CdSe QDs

respectively.

The next step in the characterization of a QD sample was the determination of its QY (Q¥pp)
by comparing the intensity of its emission to that of a solution of a standard fluorophore of
known QY (QYst). The fluorophore was chosen so as to have emission over a similar
wavelength range as the QD sample being analyzed. Both the QD sample and standard
fluorophore were diluted until their absorption spectra intersected close to the absorption
peak of the QDs, and the wavelength at which they intersected was used as the excitation
wavelength when measuring the photoluminescence spectra of these two solutions. The QY of
the QD sample was calculated by integrating the PL peaks of the QDs and the standard

fluorophore and then comparing them according to the following equation:

PL;
== (2.6)

Finally, the average hydrodynamic size and the surface charge of QDs were determined by the

dynamic light-scattering technique. These measurements are described in detail in section 2.3.
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2.2. Spectroscopic measurements

The three model systems were studied using a variety of different techniques, some of which
were common to all systems. The most important ones for initial characterization were
absorption and photoluminescence spectroscopies. Further investigations usually involved the
use of time-resolved fluorescence measurements. The experimental procedures,

instrumentation and possible outcomes of these techniques are described in this section.

2.2.1. Steady-state spectroscopic measurements

Absorption Spectroscopy (UV-vis)
UV-vis spectroscopy was primarily used to determine the concentration of sample components

using Beer-Lambert Law:

AN =¢-C-L (2.7)

where 4 and €, (M~ cm™1) are sample absorbance and extinction coefficient at wavelength
A, usually at the absorbance peak. L is sample length in ¢cm, and it corresponds to sample
thickness for thin films and to the length of the cuvette cavity for liquids. C is the
concentration of the sample in M (mol L™1). Absorbance measurements were also useful in
determining the molar ratio of components in a sample by deconvoluting the spectra of the

hybrid sample into contributions from constituent components, as described below.

Varian Cary50Conc UV-visible spectrophotometer was used to record absorption spectra.
Samples being analyzed were diluted until their concentration was of the order of 1 uM to

avoid re-absorption effects.

Photoluminescence (PL) spectroscopy

Apart from the determination of QDs’ QY, the most important application of PL measurements
was to monitor the energy/charge transfer within the model system studied. As discussed
previously, charge and energy transfer from donor to acceptor typically results in a decrease of
donor’s emission. An increase of acceptor’s emission is expected for energy transfer, although
this does not always occur. In the absence of any other mechanisms of fluorescence
quenching, the efficiency of the energy transfer (E) is directly proportional to the relative

decrease of PL intensity of the donor (PLp) in the presence of acceptor (PLp4):
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PLpa

E=1-
PLp

(2.8)

Steady-state PL measurements in the UV and visible wavelength ranges were carried out using
a Varian CaryEclipse  Fluorescence Spectrophotometer. Near-infra red (NIR)
photoluminescence spectra were recorded on a FLS920 Fluorescence Spectrometer (Edinburgh
Instruments) with a Hamamatsu R5509 NIR photomultiplier tube, which was cooled to -70°C

and equilibrated at this temperature for at least 1 hour prior to measurements.

After the measurements, the raw PL data was corrected for inner filter and re-absorption
effects, both of which can cause a decrease in emission intensity, unrelated to the quenching
effects caused by charge or energy transfer [7]. The correction was achieved by introducing a
correction factor k, such that

PLpg4
PLnormalized,corrected =k (2.9)
PLp

Here PLp,4 and PLp are the PL intensities of a donor-acceptor (DA) mixture and a pure donor

(D) solution respectively. The correction coefficient k was calculated according to the following

equation:
(1-10745%) (1 - 10748™") AgE . pemiss
e - : 2.10
Agxc A Aél.’)mlss (1 S 10_A¢BJ;C) (1 iy 10_A$72(ss) ( )

Where the absorbances of the DA and D solutions and those of donor-acceptor mixtures are

defined as usual:

A =ep(Aexc) " Cp- L
A™® = €p(Aemiss) * Cp - |
pa = [ep(Aexc) * Cp + €a(Aexc) - Cal - L
AFR™S = [ep(Aemiss) * Cp + €a(Aemiss) - Cal * 1

(2.11)

where €y and g4, and Cp and Cy4 are the extinction coefficients and concentrations of donor
and acceptor solutions respectively. A,.. is the excitation wavelength at which the PL

spectrum was measured and Agpiss is the wavelength at the PL peak.

Deconvolution of spectra into contributions from constituents
Due to the overlap of the spectral bands it was found that, in some cases, it is necessary to

decompose a spectrum of the donor-acceptor mixture into contributions from the
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constituents. In particular, it was found useful to determine the donor to acceptor molar ratio
from the UV-vis measurements and also to evaluate the degree of quenching of donor’s

fluorescence and enhancement of acceptor’s PL.

In order to achieve this, it was assumed that the spectrum of the DA solution (Ip4(1)) can be

represented as a linear sum of contributions from the donors (/5 (1)) and acceptors (1,(1)):

Ipa(A) = kp - Ip(A) + kg - 14(A) + kpgr {232]

where kp and k, are the weighing coefficients and kpgg is the background constant. The
spectrum of the DA solution was fitted to this equation by least-squares analysis [8] using

Matlab or by a linear regression analysis in Origin.

2.2.2. Time-resolved PL measurements

Fluorescence Lifetime Measurements

Fluorescence lifetime measurements are a very powerful tool for monitoring and determining
the mechanisms of interactions between the different components. For example, changes in
radiative lifetime provide a way to quantify the efficiency of energy transfer from donor to

acceptor entities in a hybrid complex [9]:

T
Falf <224 (2.13)
Tp

Fluorescence lifetimes are usually measured by Time-Correlated Single Photon Counting
(TCSPC). This technique works on a single photon level [10], which is achieved by controlling
both the concentration of the sample and the excitation intensity. The sample is excited by a
pulsed laser, and the time delay between the excitation and the arrival of the emitted photon
to the detector is measured. This is repeated over millions of cycles and the time delay for
each emitted photon is recorded (Figure 2.3, panel A). The time delays are then binned into
time intervals to build up a histogram that corresponds to the decay of the excited state of the
fluorophore (Figure 2.3, panel B). The histogram is then fitted to a multiple-exponential

equation using least-squares analysis to extract the values of the lifetimes:

I(t) = Nzai eXP(—%) (2.14)
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where N is the normalization constant, 7; are the PL decay lifetimes and a; are the
corresponding weighing coefficients. In some cases, it is beneficial to calculate the intensity-

averaged lifetime (74y):

2
. 2 a;T;

= (2.15)
W T

In particular, the average lifetime is used to calculate the efficiency of the energy transfer from

donors to acceptors (using equation 2.13).

Fluorescence decays were measured using PicoQuant MicroTime200 system (Figure 2.3, panel
C) equipped with time-correlated single photon counters (Micro-Photon-Devices). Samples
were excited with 480 nm pulses of ~50 ps duration generated by a LDH-480 or LDH-P-C-
405B diode laser, controlled by a PDL-800B driver. The frequency was adjusted between 20
and 80 MHz to accommodate the time window over which the fluorescence decays fully, while
providing maximum resolution. The time response of the whole system was ~100 ps. Data

were fitted to equation 2.14 using FluoFit software (PicoQuant).

Fluorescence Correlation Spectroscopy (FCS)

Fluorescence Correlation Spectroscopy is a widely used technique that measures fluctuations
in fluorescence intensities of single molecules/particles. Information about any type of
associative and/or physical interactions that result in temporal intensity fluctuations can be
extracted using FCS [11]. One of the more established applications of FCS is the determination
of concentrations and diffusion coefficients of molecules/particles at pico- to nano-molar

concentrations.

In a standard FCS measurement, laser light is focused by a high-numerical aperture objective,
which excites a small number of molecules/particles which emit photons (Figure 2.4, panel A).
A confocal pinhole, placed between the objective and the detector, reduces the detection
volume from which the photons are collected along the Z-axis. The arrival of photons is
recorded at a single photon level resulting in a time-tagged time-resolved (TTTR) trace. In the
case of a simple diffusion, the passing of fluorophores through the detection volume causes
the intensity fluctuations which are reflected in the TTTR trace. The strength and temporal

length of these fluorescence fluctuations are quantified by correlating the TTTR trace [11].
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Figure 2.3| Fluorescence Lifetime measurements by Time-Correlated Single Photon Counting (TCSPC). (a) TCSPC
records the time-delay between the excitation of the fluorophore and the arrival of emitted photon to a detector.
(b) The time delays are recorded over many cycles and are combined to build-up a histogram that represents the
decay of the fluorescence. (c) The main optical unit of the MicroTime200 system includes guiding optics for the
excitation and emission beams, two avalanche single-photon detectors and a pinhole. Figure was adapted from the

MicroTime200 product brochures.
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The correlation is a mathematical procedure that evaluates the temporal self-similarity of the
trace(s) through caiculations of the overlap integral at different time lag values (Figure 2.4,
panel B). The correlation curve is then fitted to a theoretical curve from which the values of
the sought-after parameters are extracted. For a simple diffusion model, which assumes that
only diffusion contributes to intensity fluctuations, the correlation curve (G (7)) is given by the

following expression [12]:

=

n

O Z oy (1 i Tii)_1 (1 e tkg>_2 (2.16)

L

Here, t is the time lag and p; and 7; are the relative contribution and the diffusion time of the

i" diffusing species. k,(= Zy/(2w,)) is the is length to diameter ratio of the effective

3
excitation volume Ve = 2wl Zy, where wy and Z, are the lateral focal radius and the focal
radius along the optical axis at e =2 intensity respectively. The diffusion coefficient (D;) of the

i species can be calculated from the obtained 7; value using the following expression:
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Figure 2.4| Principles of Fluorescence Correlation Spectroscopy. (a) As fluorophores diffuse into and out of the
effective excitation volume, the intensity of the detected fluorescence signal fluctuates. These fluctuations are
recorded as a function of time to develop the time-tagged time-resolved (TTTR) curve. (b) The evaluation of the self-
similarity of the TTTR curve at different time lags (smaller graphs) results in the auto-correlation curve (main graph),

which can be fitted to a diffusion model to extract the diffusion coefficient of the fluorophore.
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The accuracy of the results obtained by the FCS is sensitive to a number of different
parameters, including the excitation wavelength, the refractive index of the solvent and the
photophysics of the fluorophore, among others. It also relies heavily on the precise knowledge
of the dimensions of the effective volume which, for best accuracy of results, must be
determined at experimental conditions as the FCS measurements themselves. The three most

used methods of determination of V¢ are:

1. FCS measurements on a dilution series of a dye.
2. Fitting FCS curve for a standard dye of known diffusion coefficient.

3. Direct measurement by raster scanning of a sub-resolution fluorescent bead.

The advantage of method 1 is that this method can be used with any dye that is readily
available in the laboratory, as long as its concentration in the chosen solvent can be accurately
determined. The advantage of using a standard dye of known diffusion coefficient (method 2)
is that the concentration of the dye does not need to be known precisely. The main advantage
of the third method of the determination of the effective volume is that it is a direct

measurement, requiring no additional treatment of data.

FCS measurements were performed using a 100x oil-immersion objective on the
MicroTime200 described above. The calibration of FCS was performed using methods 1 and 3,

as described in Appendix A.
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2.3. Other techniques

2.3.1. Zeta potential and nanoparticle size measurements

The determination of the hydrodynamic size of the nanocrystals and their zeta potential
(surface charge) are vital factors in the initial characterization of quantum dots — both of these
determine the minimal achievable distance between the QDs and the acceptors of energy in

solution, a key parameter for the energy transfer efficiency.

Both the size and the surface charge of particles in solution can easily be measured by
Dynamic Light Scattering (DLS) measurements. DLS technique is similar in principle to the FCS
measurements in that both involve temporal correlation of signal fluctuations caused by
movement of particles. However, in the case of DLS, the signal comes from scattering of light
by particles compared to emission of photons for FCS. The light scattered by particles
interferes constructively and destructively resulting in formation of a 2-D pattern at the
detector, consisting of bright and dark patches [13]. As the particles move, the area of these

patches increases and decreases and it is these fluctuations that are correlated in time.
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Figure 2.5| Determination of particle size and surface charge by DLS measurements. (a) The correlation intensity
of the light scattered by particles undergoing Brownian motion is strongly dependent on the particles’ diameter.
The bigger they are, the slower they move and hence correlation remains strong for longer periods of time. (b)

Particles with smaller surface charge move slower, and so correlation is stronger at higher time lag values.

For size measurements, the movement of the particles is due to the Brownian motion. The
larger the particles, the slower they move and so the correlation remains large for longer time
lag periods (Figure 2.5, panel A). In zeta potential measurements, an alternating voltage is
applied across the liquid, causing the position of the charged particles to oscillate. The higher

the charge, the faster the particles move thereby decreasing the correlation at higher time lag
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periods (Figure 2.5, panel B). In both cases, the sought-after parameters are determined by

fitting the correlation curve to a theoretical model.

Zeta potential and hydrodynamic diameter of quantum dots or QD-containing complexes were
measured using a NanoZS ZetaSizer (Malvern). Disposable polystyrene cuvettes (DTS0012) and
Folded Capillary cells (DTS1060) were utilized for size and zeta potential measurements
respectively. Prior to measurements, samples were filtrated through the 0.22 um Ultrafree®-
MC microcentrifuge filters (Sigma), diluted to ~1075 M with deionised water and then
sonicated for 60 seconds. Measurements were performed at 20°C, the duration of each
measurement was determined automatically by the Malvern software. For each sample, three

measurements with 20 repeats were performed and the results were averaged.
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PHOTOSENSITISER / QUANTUM DOT SYSTEM

3. PHOTOSENSITISER/QUANTUM DOT SYSTEM

On average, about 1.5 million people are diagnosed with cancer and approximately 550
thousand people die from it every year in USA alone [1]. It is the second most likely disease to
cause death and, statistically, every second man and every third woman will be diagnosed with
some type of cancer during their lifetime. Hence, the need for the development of new, more

advanced and/or more efficient treatments has never been more evident.

Several types of cancer treatments are in common use today. Of these, chemotherapy,
radiotherapy and surgery have received the most attention in research. The lesser known
cancer treatment techniques include biological therapy, antiogenesis inhibitors therapy, bone
marrow and peripheral blood stem cell transplantations, hypothermia treatments, gene
therapy and photodynamic therapy [1]. While these treatments are based on different
principles, all of them have the same functional goal — the specific death of cancerous cells.
Here “specific” refers to an ideal situation where only cancer cells are affected by the
treatment, minimising the side effects of the treatment. Of all the above mentioned therapies,
photodynamic therapy offers perhaps the best potential in this regard. In this chapter the
investigations into the enhancement of photodynamic properties of a photosensitiser using

colloidal semiconductor quantum dots are reported.

3.1. Introduction

3.1.1. Photodynamic Therapy (PDT)

Photodynamic therapy is a type of cancer treatment. It is similar to chemotherapy in that it
involves an injection of a chemical into a body — the photosensitiser (PS). However, unlike the
chemotherapy drugs, the photosensitiser only becomes harmful to cancer cells once it is
illuminated by light of a certain wavelength [2]. Hence the treatment limits the number of
healthy cells affected by the treatment and avoids the many detrimental side-effects typically

associated with chemotherapy.

The photosensitiser is the key element of the photodynamic therapy. Upon illumination with
light of specific wavelength, the photosensitiser produces reactive oxygen species (ROS) —

singlet oxygen molecules, free radicals or highly reactive charged species — which attack the
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lipid membrane of the cells by lipid peroxidation, ultimately leading to cell death [3]. Among
the above mentioned ROS, the production of singlet oxygen is of particular importance since it
has been linked to apoptosis — a more favourable type of cell death that includes a safe
disposal of cellular debris [4]. The production of other reactive oxygen species, such as free
oxygen radicals, is more likely to cause necrosis — a form of traumatic cell death that often

leads to inflammation and other complications [4].

The production of singlet oxygen by a photosensitizer involves several steps [5]. The first is the
formation of the excited triplet state of the PS (T;(PS)) by intersystem crossing from the
singlet excited state (S;(PS)):

intersystem crossing

So(PS) + v — S,(PS) T, (PS) (3.1)

where Sy (PS) is the singlet ground state of the photosensitiser.

This is followed by a transfer of energy to the ground triplet state of oxygen (Ty(oxygen)) to

produce the highly reactive singlet excited state (S; (oxygen)):

T, (PS) + To(oxygen) — S,(PS) + S;(oxygen) (3.2)

3.1.1. Use of QDs in medicine

The majority of the investigations involving the application of semiconductor quantum dots in
medicine have been in the field of bio-imaging and bio-labelling. This is due to the advantages
that QDs possess over conventional dyes used for these applications. In particular, QDs have
tunable and relatively narrow emission spectra, high photostability and the possibility of
exciting QDs of different emission colours at the same wavelength [6]. As a consequence, and
despite concerns over toxicity issues, attempts have been made to utilize QDs for the imaging
of cellular and sub-cellular structures, imaging of the cell surface receptor dynamics and even
real-time cell imaging in live animals [3]. It should be noted that, while several studies have
shown that QDs are cytotoxic in vitro [7-9], the toxicity of QDs in vivo is still a hotly debated
topic. For example, recently Hauck et al. [10] have shown that medium doses of CdSe/ZnS QDs
with three different surface functionalities do not cause any appreciable toxicity in Sprague-
Dawley rats, even after breakdown in vivo. The general consensus today is that the toxicity of
QDs strongly depends on their composition, stability and coating materials [9, 11-13] and

future developments in QDs’ fabrication are expected to improve on all of these. Thus, the
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issue of QDs’ toxicity does not inhibit investigations into their use of QDs for medical

applications.

In cancer therapies, quantum dots have been investigated both as a diagnostic tool and as a
drug delivery system. The first of these is based on the excellent potential of using QDs for
imaging in vivo, but also on the possibility of specifically targeting particular tumours via
functionalization of the QDs’ surface [14]. Also, it is known that macromolecules and
nanoparticles can accumulate in tumours due to the hypervasculature and the enhanced
permeability and retention (EPR) effect [15]. Such passive uptake of QDs has been reported for
in-vivo studies of different cell populations in syngeneic mice [16]. The EPR effect can thus be
exploited for the delivery of drugs attached to the QDs’ surface — this would reduce the non-

specificity of the drug action and lessen the side-effects of the treatment.

In addition, QDs themselves can act as therapeutics against cancer cells. Various studies have
shown that, in response to light in the presence of oxygen, QDs can produce reactive oxygen
species [3] — that is, they themselves can act as photosensitisers in PDT although with much
lower efficiencies than the PS that are already in use. A recent direction in this research is the
addition of QDs to already existing photosensitizers with the aim of enhancing the
photodynamic properties of the PDT drugs [17, 18]. We test this hypothesis by examining the

photodynamic properties of a model PS (methylene blue) in the presence of colloidal QDs.

3.1.2. Methylene Blue as a Photosensitizer

Methylene Blue is a well-known phenothiazinium dye that has been extensively used for a
variety of photochemical [19] and medical [4] applications. Medical uses of MB include the
treatment of methemoglobinemia [20], as well as its use as a mild antiseptic [21] and as a
tissue stain for diagnostic detection [22] and delineation of body tissues during surgery [23,

24]. By itself, it has very little toxicity and rarely results in side-effects.

The intersystem crossing of excited MB from singlet to a triplet state has a high quantum yield
(~0.5), and the triplet state has a long intrinsic lifetime [25]. Both of these are important
properties of a photosensitizer. However, the use of methylene blue as a photosensitizer in
PDT has been limited by the formation of MB dimers [26] and the reduction of MB to the
photochemically inactive leuco-MB [27] under physiological conditions. Both of these result in

a decrease of its efficiency for singlet oxygen production [4].
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The concentration of methylene blue is solution can be determined from its absorption

spectrum utilizing extinction coefficient of 73,000 cm™M™ at 664 nm:

A
C(diluted stock) = et (3.3)

It should be noted, however, that the absorption spectrum of a MB solution depends on its
concentration due to dimerization. MB dimers absorb at lower wavelengths (~590 nm)
compared to MB monomers [28], and their distinct absorbance spectra allows the calculation
of the monomer to dimer ratio. The dimerization increases in the presence of charged surfaces
and with increasing ionic strength of the solution [26, 28]. MB fluoresces weakly in water

(QY~0.04) with a characteristic PL peak centred at 680 nm.
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3.2. Interactions in MB/QD complexes

Investigations of the interactions between semiconductor QDs and a model photosensitiser
Methylene blue involved spectroscopic measurements on a series of aqueous solutions
containing increasing molar ratios of MB to QDs. Two QD samples were used, with emissions
centred at 545 nm and 645 nm, corresponding to average QD diameters of 2.8 nm and 3.3 nm
respectively (Figure 3.1, panels A and B respectively). These two samples were chosen because
their emissions have widely different spectral overlaps with the absorption band of the

Methylene blue dye, shown diagrammatically in Figure 3.1, panel C.
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Figure 3.1| Optical characteristics of MB and QD samples. Photoluminescence (red curves, right axes) and
absorption (black curves, left axes) spectra of (a) QD2.8 and (b) QD3.3 samples. (¢) The 2.8 nm and 3.3 nm QD
samples were chosen based on the degree of spectral overlap of their PL bands (orange and red respectively, right

axis) with the absorption band of the Methylene blue dye (blue curve, left axis). The spectral overlap integrand for

each sample is shaded in blue.

3.2.1. Sample preparation and labelling

Methylene Blue dye powder was purchased from Sigma-Aldrich. A small amount of the dye, of
unknown mass, was dissolved in ~ 5 mL of water. Prepared solution was sonicated for ~30
seconds to make sure that the dye dissolved fully. This solution was diluted by 20 to 50 times,

and the concentration of this diluted solution was determined from the absorption
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measurements. The concentrations of the QDs’ stock solutions were determined as described

in previous chapter (section 2.1.3).

Methylene blue stock solution and QDs’ stock solutions were dissolved to give new stocks of
50 uM concentrations. All newly prepared stock solutions were sonicated for ~1 min to ensure
homogeneity of samples. Increasing amounts of MB stock were then mixed with equal
volumes of each of the QDs stocks, resulting in a set of MB-QD mixtures of increasing MB
concentrations for each of the QD samples (summarised in Table 3.1). To aid the reference of
the samples, each sample was referred to by the QD size (2.8 or 3.3) and letters “a” through

g” corresponding to increasing concentrations of MB (Table 3.1). Prior to measurements,

samples were left to equilibrate for ~30 min.

Table 3.1] MB-QD sample composition for spectroscopic measurements. The total volume of prepared samples
was 2 mL. CdTe QDs concentrations were kept equal for samples “a” through “f”. Sample “a” did not contain any

MB, and sample “f” was the MB only control.

Sample label QD to MB ratio V (QD stock) V (MB stock) V (water)
uL pL pL
a oo 100 0 1900
b 10:1 100 10 1890
o 5:1 100 20 1880
d 1:1 100 100 1800
e 1 (L 100 500 1400
f 1:10 100 1000 900
g 0 0 1000 1000

3.2.2. Assembly of MB/QD complexes

After the preparation of MB/QDs solutions, spectroscopic measurements were performed to
identify any interactions and/or associations between the QDs and the MB. The first step in
the characterization of samples was to examine their absorption spectra for the occurrence of
chemical reactions and/or degradation (Figure 3.2). A degradation of the sample, in the form
of the aggregation of QDs, would result in formation of rather large particles which settle to
the bottom of the cuvette. An appearance of random peaks and very large noise in the
absorbance spectrum is a typical indicator of this process. On the other hand, chemical

reactions between components give rise to new absorbance peaks corresponding to newly
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formed bonds. As can be seen from Figure 3.2, the absorbance of mixtures containing 2.8 nm
QDs (panel A) and 3.3 nm QDs (panel B) show very little noise and have no new absorbance
peaks. In fact, the absorption spectra of QD2.8/MB samples appear to be linear combinations
of the QD and dye absorptions (panel A of Figure 3.2), indicating a lack of any major chemical

changes and degradation of the samples upon mixing of MB and QD solutions.
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Figure 3.2| Absorbance spectra of MB/QD complexes. The absorbance spectra of MB/QD complexes assembled
with (a) 2.8 nm QDs and (b) 3.3 nm QDs have a pronounced decrease at 664 nm, signifying a decrease of MB
monomers in solution. A corresponding relative increase of absorbance at and below 613 nm (c) indicates the

aggregation of the dye in the presence of QDs, pointing towards the adsorption of MB molecules on QDs’ surfaces.

Upon a more careful examination of the absorbance data, some changes in the absorption
spectra became apparent. In particular, the reference here is to the absorbance peak centered
at 644 nm, corresponding to the monomeric form of methylene blue dye. A pronounced
decrease in this peak was observed for samples “f” of both the 2.8 nm QDs and 3.3 nm QDs
sets when compared to the absorption of samples “g” (Figure 3.2). Samples “f” and “g” had
equal amount of MB dye in their composition (Figure 3.2) and were therefore expected to
have similar absorption at 644 nm (Figure 3.2, panel C). The observed decrease of absorption is

equivalent to a reduction of methylene blue monomers present in solution when QDs are
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added. This suggests that some dimerization of dye molecules occurs. This conclusion is
backed up by an increase in the absorption at and below 613 nm, corresponding to the
absorption by MB dimers and trimers. This is consistent with previous findings that the
presence of interfaces (surfaces) causes partial dimerization of methylene blue [26].
Furthermore, drawing a parallel to the work of Sykora et al [29] who observed the adsorption
of the positively-charged Ru—Polypyridine complexes onto the negatively-charged CdSe QDs,
an adsorption of MB molecules onto the QDs’ surface can be postulated. The existence of an
electrostatic attraction between the positively-charged MB and negatively-charged TGA-
capped CdTe QDs re-enforces this hypothesis. Additional measurements were necessitated to

validate the adsorption of MB molecules onto QDs.

Due to the relatively high fluorescence quantum vyields of QDs, photoluminescence
measurements can provide much useful information about the system being studied. It was
found that QDs’ fluorescence is quenched upon assembly with MB molecules, in a manner that
is dependent on both the MB to QD molar ratio and the pH of the solution (Figure 3.3, panel
A). The molar ratio dependence of the PL quenching does not provide any decisive insights into
the MB-QD association process and is therefore discussed in the next section. On the other
hand, the changing of the pH of a sample directly affects the ionic strength of the solution and
therefore the solubility of the QDs. For a pure QD solution, both the solubility and stability of
nanocrystals improves as the pH of solution is raised, with a subsequent increase of the PL
intensity. Once the MB dye is introduced, the QDs fluorescence is quenched. However, due to
an increased ionic strength of the solution the association/attraction between the MB
molecules and QDs is reduced resulting in lesser adsorption of MB molecules onto QDs and

incomplete PL quenching for pH values above 11 (Figure 3.3, panel A).

A more direct confirmation for the adsorption of MB molecules onto QD’s surface was
obtained from the FCS measurements of a 3.3 nm QD set (Figure 3.5, panel B). The basis of this
technique is the recording of the emission of a fluorophore, in our case a QD, as it diffuses
through a small excitation volume (see inset of panel B, Figure 3.5). The temporal correlation
of this record yields an FCS curve, and a simple theoretical fit to this curve allows the
calculation of the diffusion coefficient of the fluorophore. An adsorption of MB molecules onto
QDs would increase the average mass of QDs and would therefore result in a decrease of the
QDs’ diffusion coefficient. For samples 3.3a through 3.3d this was found to be the case (Table
S
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Figure 3.3| Adsorption of Methylene blue onto QDs. (a) pH-dependence of the PL quenching of 3.3 nm QDs is
indicative of the adsorption of MB molecules onto QDs’ surface. (b) Fluorescence Correlation Spectroscopy curves
of a (m), b (m), c (m) and d (m) MB-QD3.3 complexes diffusing through an excitation volume were calculated by
temporal correlation of the corresponding TTTR traces (inset). The decrease of the correlation value at short lag

times (G(0)) is due to the quenching of QDs’ fluorescence by MB. Fitting of the FCS curves revealed a decrease of
QDs’ diffusion coefficient at increasing MB to QD ratios (Table 3.2).

Table 3.2| FCS and ZetaSizer results for QD3.3/MB complexes. The diffusion coefficients of complexes were
calculated from the FCS correlation curves (Figure 3.3, panel A) and were found to increase for high MB to QD molar
ratios, suggesting the adsorption of MB molecules onto QDs’ surface. The fluorescence signal of e and f samples was
too low to obtain accurate fits to correlation curves, and so hydrodynamic size and zeta potential measurements
were performed instead. In accordance with other results, these measurements showed an increasing particle size

and a decrease in the zeta potential of QDs as positively charged MB adsorbed onto the negatively charged QDs.

Sample Diffusion Hydrodynamic Zeta
Coefficient Size Potential
(um?/s) (nm) (mV)
3.3a 259.6 433 -39.1
3.3b 183.3
3.3c 160.9
3.3d 158.3
3.3e Fluorescence signal too low: zeta potential 4.53 -34.1
3.3f and size measurements were taken instead 4.85 -31.3
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The intensity of PL emission of samples 3.3e and 3.3f was too low to obtain accurate results
from the fitting of the FCS curves, and so zeta potential and size of the QDs were measured
instead by the dynamic light scattering method. As expected for the adsorption of the
positively-charged MB onto negatively-charged QDs, these measurements showed an increase

of QDs’ average diameter and zeta-potential (Table 3.2).

3.2.3. Mechanism of PL quenching

Steady-state PL measurements disclosed a decrease in the luminescence intensity of both QDs
samples at increasing MB to QD molar ratios (Figure 3.5, panels A and B), corresponding to
samples “a@” through “f” in each QD sets. For the highest molar ratios used of 10 MB molecules
per QD (samples “f”), complete quenching of QDs’ PL was achieved. The 3.3 nm QDs were
quenched more efficiently (Figure 3.5, panel B), that is, less MB molecules were required to
quench the luminescence of this sample by the same amount. Assuming that in this system
quenching occurs through Forster Resonance Energy Transfer (FRET), this difference could be
attributed to the lesser overlap of 2.8 nm NC emission band and MB absorption band
compared to 3.3 nm NCs (Figure 3.1, panel C). However, the similarity of the quenching curves
was in contrast to the large difference of the spectral overlap for the two QDs samples.
Furthermore, in absence of other effects, a typical result of FRET is an enhanced emission from
the fluorescent acceptor [30], which in this case is the MB dye. However, no such
enhancement was observed for either of the samples. In fact, at 400 nm excitation, the

photoluminescence of MB was also fully quenched (inset of panel A of Figure 3.5).
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Figure 3.4| Time-resolved photoluminescence measurements. (a) The photoluminescence decay of the 2.8 nm
QDs remained unchanged upon addition of MB to QDs solution. (b) A small increase in the rate of the PL decay was
observed for the 3.3 nm QDs, corresponding to a small contribution of FRET to the slightly more efficient quenching

of QD3.3 fluorescence when compared to that of the 2.8 nm QDs.
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Lifetime measurements are often conducted in order to confirm the occurrence of energy
transfer in a system — a decrease of the average lifetime of a donor is expected [31]. As seen in
Figure 3.4, no change in the lifetime of 2.8 nm QDs was detected and a very small decrease in
the lifetime of the 3.3 nm QDs was observed. Taking into account the large difference in the
spectral overlap between MB absorption and QD emission spectra for the two samples, we
expected a much larger difference in the behavior of PL decays for the two series. Thus, PL
decay measurements confirm that FRET cannot be fully responsible for the observed effect,

but may contribute to the quenching of luminescence for the 3.3 nm QD sample.

The inspection of band off-sets for MB dye and QDs samples [32] (Figure 3.5, panel C), pointed
towards a possibility of a charge transfer as a more likely mechanism of photoluminescence
quenching. The adsorption of methylene blue dye onto the QDs’ surface provides the close
proximity of the two moieties necessary for the charge transfer between them [33]. In this
case, the similarity of the quenching curves is due to the fact that charge transfer occurs in
similar measures for both QD samples. The slightly more effective quenching of 3.3 nm QDs
emission is due to the FRET, which is aided by the large spectral overlap between QD3.3’s

photoluminescence and MB'’s absorption bands.

More detailed investigations of the PL changes in MB/QD complexes suggest a photoinduced
charge transfer (PCT) is the most likely mechanism of luminescence quenching. The evidence
for the photoinduction can be derived from the comparison of the PL spectra of the 2.8 nm QD
set 633 nm excitation (Figure 3.5, panel D). As discussed above, when QD/MB mixtures were
excited at 400 nm, complete quenching of the MB dye luminescence was observed. However,
at 633 nm, the excitation of the 2.8 nm QDs is minimal (see panel A of Figure 3.1) and a PL
signal due to the MB dye (~680 nm) was detected. The signal increased in proportion to the
absorption value of the samples at the excitation wavelength. The inset panel C (Figure 3.5)
shows PL spectra normalized to the absorption of two MB/QD samples of equal methylene
blue concentrations (2.8f and 2.8g) at 633 nm. The intensity of the normalized PL was found to
be same for both samples, indicating a lack of quenching at this excitation wavelength.
Therefore, PL quenching of the 2.8 nm QDs and MB only occurs when QDs are excited, hence

the charge transfer is induced by the excitation of QDs.
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Figure 3.5] Quenching of QDs’ fluorescence by Methylene blue. (a) Complete quenching of 3.3 nm QDs’
photoluminescence was observed for complex 3.3f, which has largest MB to QD molar ratio. However, complete
quenching of MB'’s fluorescence was also observed (inset), suggesting a quenching mechanism other than energy
transfer to be responsible for quenching, most likely charge transfer. The energy band off-set diagram of Methylene
blue and the two QD samples, shown in panel (c), indicates that such a mechanism of quenching is possible.
(b) Comparison of PL curves for 2.8 nm (black squares) and 3.3 nm (red circles) QD samples shows that the
photoluminescence of the 3.3 nm QDs is quenched more efficiently by the same number of MB molecules. The
difference can be attributed to the energy transfer from the 3.3 nm QDs, which have a larger spectral overlap with
MB’s absorption band. (d) Photoluminescence spectra of QD2.8/MB complexes at 633 nm excitation. At this
wavelength, QDs are not excited and only MB’s emission at 680 nm is observed. The emission was found to be
proportional to the absorption value at the excitation wavelength as can be seen in the inset, which shows the PL

spectra of 2.8f and 2.8g samples normalised to absorption at 633 nm.
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3.3. Photodynamic properties of MB/QD complexes

In photodynamic therapy, the excitation of a photosensitiser results in production of reactive
oxygen species, be that oxygen radicals or singlet oxygen. These species then damage the cells
thereby decreasing their rate of proliferation. An improvement of the photodynamic
properties of a PS should therefore be accompanied by both of these. The following sections
relay the measurements of the singlet oxygen production by the MB/QD complexes and cell

proliferation studies of cancerous cell lines in MB/QD — containing solutions.

3.3.1. Production of Singlet Oxygen

Both the energy and the charge transfer discussed above suggest an increased excitation of
MB molecules at wavelengths where the QDs absorb. in terms of the reactive species
produced, we expect charge transfer to result in the production of charged molecules and/or
radicals. On the other hand, FRET is likely to increase the yield of singlet-MB to triplet-MB
transition, and thus may increase the efficiency of singlet oxygen production by MB. We have

attempted to detect the increase in 'O, production by NIR PL measurements.

For these measurements, the QD/MB complexes were assembled in heavy water (D,0).
Replacing normal water (H,0) by heavy water lengthens the lifetime of the singlet oxygen [34]
and allows its detection by direct spectroscopic measurements [35]. Only the 3.3 nm QDs
sample was used since no FRET was observed for the 2.8 nm QD set. Samples with the highest

methylene blue concentration were used to minimize the error in the measurements.

The spectra of 3.3f (MB and QDs) and 3.3g (MB only) samples had a peak centred at 1268 nm
(Figure 3.6, top graph). This peak is due to the singlet oxygen molecules in heavy water [35].
The singlet oxygen peak was slightly higher for the 3.3f sample and, after background
subtraction, the differential PL intensity showed that this is indeed the case (Figure 3.6,
bottom graph). There was a slight increase (~14%) in the integrated PL intensity of singlet
oxygen produced by MB when a small amount of QDs was added”. Therefore, the efficiency of
singlet oxygen production by a photosensitiser can indeed be increased by utilizing QDs as a

source of additional excitation of the PS molecule.

* Due to their high QY, QDs have detectable emissions in the NIR. As a result, when larger amounts of
QDs were added to MB, the emission peak due to the singlet oxygen was no longer resolvable.
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Figure 3.6| Direct spectroscopic observation of singlet oxygen. Top panel shows the evolution of the NIR PL
spectra of a Methylene blue solution (sample 3.3g, -m-) upon addition of a small amount of 3.3 nm QDs (sample
3.3f, -m-). A slight increase of the singlet oxygen peak at 1268 nm, indicated by the arrow, suggests an increase in
the production of 102 upon assembly of MB and QDs. The increasing PL signal at the lower wavelengths is a tail of
emission of the triplet MB state (3MB). Bottom panel: difference in the spectra of 3.3f and 3.3g samples, after
correction for *MB contribution by least squares analysis. The increase of the singlet oxygen peak at ~1270 nm is

clearly distinguishable above the noise. The solid line is for guiding purposes only.

3.3.2. Cell growth in the presence of PS/QD complexes

Both singlet oxygen and oxygen radicals have been linked to cell death [36]. Hence, an
increased production of singlet oxygen and the existence of charge transfer from QDs to MB
suggest that addition of the QDs can increase the cell kill efficiency of MB. In the final set of
experiments, the effect of adding MB/QD complexes to the growth medium on the

proliferation of cancerous cell lines was studied. Two cell lines commonly used in cancer

research were chosen for this purpose.

Hela and HepG2 cancerous cell lines were bought from the European Collection of Cell
Cultures. Cells were received frozen in growth medium supplemented with 5% (v/v) DMSO.
Cells were stored at -82 °C until needed. Before use they were defrosted and subcultured by
first removing and discarding the culture medium and then rinsing the cell layers with a 0.25 %
w/v Trypsin in 0.53 mM EDTA solution. 3 mL of Trypsin/EDTA solution was then added to flask
and cells were monitored using an inverted microscope until complete dispersion was

obtained. To the flask, 8 mL of growth medium was added, consisting of a 10% fetal bovine
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serum in a serum-free medium ultraculture (Lonza). Cells were gently aspirated using a pipette

and distributed to new culture flasks. Subcultures were incubated at 37 °C in a 5% CO,

humidified atmosphere. For all proliferation studies, a subcultivation ratio of 1:2 to 1:6 was

used, and growth medium was replaced 2-3 times a week.

To study the effect of the MB-QD solutions on the growth statistics of cell lines, the following

protocol was used:

1.
22

5 uM stock solution of 3.3 nm QDs was prepared.

A series of MB stock solutions were prepared with concentrations ranging from 5 to
150 puM, corresponding to the MB to QD molar ratio range of 1:1 to 30:1 (see Table
3:3):

Either HelLa or HepG2 cancerous cells were seeded onto 96 wells of a 96-well plate
(average of 5000 — 1000 cells per well)

To each well of the plate, 5 uL of QDs stock solution and 5 puL of one of the MB stock
solution were added, as summarised in Table 3.3 and Figure 3.7.

The plate was placed under a standard UV lamp, at a distance of approximately 10 cm
for 30 or 60 seconds.

The cells were then washed with fresh growth medium and incubated for 24-32 hours.
At the end of the incubation period, cells were counted using either a CyQuant Cell
Proliferation Assay Kit or a haemocytometer. The description of the latter technique

can be found in Appendix B.

Table 3.3| PS-QD sample composition for cell proliferation studies. To each well of a 96-well plate containing

cancerous cells, 5 uL of QD and MB stock were added. Depending on the concentration of the stock solutions used,

the MB to QD molar ratio in the sample was varied from 1:1 to 30:1.

C(QD stock) C(MB stock) MB to QD ratio
um (11|
5 5 1:1
5 25 51
5 50 10:1
5 100 20:1
5 150 30:1
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The first cell proliferation experiments were performed with HepG2 cell line. However, very
large variations in the number of cells remaining alive after 24 hour incubation were observed
from well to well, which made it impossible to make any conclusions in regards to the cell kill
efficiency of the QD/MB hybrid system. The cause of these variations was the fact the HepG2
cells have a tendency to grow in clusters. As a result, the MB and QD solutions did not have
equal access to all cells. In contrast, Hela cells preferentially grow in monolayers. This resulted

in much smaller variations in counts for the repeats of any one sample.

c,
o "‘o/
s 0
'If,,o/
Co,
0',.
%
Sa,
K Ve

) & = & ’
~00000000000®
1000000000009
000000000000
1000000000000
:-IO00000000000
000000000000
= 0O00000000000
- 000000000000

R N e e

Figure 3.7| Contents of the 96-well plate used for proliferation studies. HelLa or HepG2 cells in a growth medium
were seeded into each well. 5 uL of 5uM QD solution was added to lines labelled “QD control” and “test samples”.
No Methylene blue or QD solution was added to wells in line labelled “full control”. To all other lines, 5 uL of one of
MB stocks was added. The concentration of MB stock added to each line is given at the bottom of figure. Each

sample was reproduced 8 times.

The growth of Hela cells after 30 seconds of illumination under a UV lamp depended on the
contents of the growth solution. Cells proliferation was most efficient for the “full control”
samples which contained no MB or QD solutions in their culture mediums. The presence of
both QDs and MB on their own inhibited the growth of the Hela cells, resulting in smaller
number of cells being counted after 24 hour incubation period (black and grey bars in Figure
3.8). The reduction of cell growth by QD/MB mixtures was only slightly bigger, with a more
pronounced effect for smaller MB to QD molar ratios (Figure 3.8, panel A). Smaller MB to QD
ratios correspond to a larger amount of QDs available to transfer energy or charge to MB

molecules, and hence the effect is largest for these samples.

52



Photodynamic properties of MB/QD complexes

Next, the time of illumination of QD/MB complexes by a UV lamp was doubled from 30 to 60
seconds. It is reasonable to assume that a prolonged excitation of MB/QD solutions would
result in an increased production of ROS, therefore leading to increased cell kill efficiency.
Comparison of cell proliferation measurements for 30 and 60 seconds illumination of Hela
cells in the presence of 1:1 MB:QD complexes revealed that this is indeed the case — the
number of cells counted after the incubation was ~15% smaller that the product of the “MB

only” and “QD only” controls (lower graph of panel B, Figure 3.8).
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Figure 3.8| Proliferation studies of Hela cell line in the presence of PS/QD complexes. (a) Hela cells were grown in
solutions containing MB/QD complexes of different MB to QD molar ratios. Samples were excited for 30 seconds
under a UV lamp before 24 hour incubation, after which the number of cells in each sample was counted. A strong
dependency on the molar ratio was observed when cell counts were normalised to the “no QD, no MB” control.
When compared to the “MB only” (black bars) and “QD only” (grey bars) controls, the maximum effect of MB/QD
complexes (blue bars) was observed for those with smaller MB to QD ratios. Results for the 1:1 MB to QD sample
were omitted for clarity and it can be found in the top graph of panel (b). (b) A decrease in the number of cells
remaining alive after 24 hour incubation was found to become more pronounced at longer excitation times. The top
graph shows the original cell count data for “QD only” control (grey bars), “MB only” control (black bars) and 1:1
MB/QD complex (blue bars). The bottom graph compares the number of cell for the same MB/QD complex to the
combined effect of the control samples, i.e. the product of the “MB only” and “QD only” controls shown in top

graph.
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3.4. Conclusions
In this study a hypothesis that colloidal quantum dots can be used to increase the
photodynamic efficiency of a photosensitizer is tested. Methylene blue dye, which possesses

reasonable photodynamic properties, was employed as the model photosensitizer.

MB was assembled with CdTe QDs in aqueous solutions at increasing MB to QD molar ratios. A
series of spectroscopic measurements revealed that methylene blue molecules adsorbs onto
the QDs’ surface followed by a partial dimerization of the dye. Subsequently, the fluorescence
of QDs was quenched, presumably by charge transfer from QDs to MB, aided by Forster
Resonance Energy Transfer provided there was sufficient spectral overlap between QDs’ PL
and MB absorption bands. It should be noted that while charge transfer is commonly observed
in QD-based systems, there are several obstacles to this mechanism. One of the main factors
that can affect this process is the presence of negative charges on QD’s surface. Investigations
into the effect of QDs’ surface charge on the quenching efficiency of their PL should certainly

provide an insight into the nature of the interactions between the QDs and the MB dye.

Both of the charge and energy transfer processes imply increased excitation of the dye
molecules, advocating an increase in the efficiency of MB to produce reactive oxygen species.
Near-infra red photoluminescence measurements confirmed the increase in the production of
the singlet oxygen by MB in heavy water, while proliferation studies of Hela cells in culture

mediums containing MB/QD complexes demonstrated an increase in cell kill efficiency of MB.

These results suggest the possibility of improving the efficiency of any generic photosensitizer
utilizing colloidal semiconductor quantum dots as light-harvesting elements. The broad
absorption bands of quantum dots mean that the necessity of the expensive monochromatic

light sources for PDT can be reduced.
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4. QUANTUM DOTS AS LIGHT-
HARVESTING ANTENNAE

The use of fossil fuels has had many social and environmental ramifications. The start of the
“petroleum era” instigated the rapid technological development of many countries. In fact, the
discovery of fossil fuels has impacted our lives so much that the economic well-being of a
nation is often judged on the basis of its energy use per capita. However, it has been suggested
that we are rapidly approaching the end of this “petroleum era”. There are several reasons for

this. The first and most fundamental one is that fossil fuels are a finite resource.

There exists a common consensus that the peak of oil production has already happened, or it
will occur within the next few decades [1, 2]. As this happens, the oil will become more and
more expensive while its availability will decline sharply, in contrast to increasing energy
demands. This would have a dramatic impact not only on the well-established economies but
also on the developing countries that require increasing amounts of energy to ensure even the

most basic of services, such as clean drinking water, food supply and adequate shelter.

Secondly, the political ramifications of the country’s dependency on the oil, imported mainly

from the Middle East, must not be ignored [3].

Finally, an important reason for the inevitability of the termination of the “petroleum era” is
the environmental damage that the use of fossil fuels had caused. Some technological
advances have been made to improve the air quality of the major metropolitan areas.
However, more than likely, these improvements were counteracted by the increasing vehicle
use and energy demands [3]. In fact, in 2001, the scientific opinion was that the content of the
carbon dioxide gas in the atmosphere needed to be reduced by ~60% for the natural systems

to be able to deal with it [4].

In recent years, several countries have introduced sustainability programs into their economic
agendas, including funding for green energy initiatives. While this is an important step in
addressing many of the environmental and political issues, it has been suggested that the

environmental impact of the fossil fuels use is likely to remain a problem for another century.
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The development of the energy production technology that is not only able to deal with the
energy demands, but also can aid in the reversal of the environmental damage caused, would

certainly have benefits bridging all areas of nation’s well-being.

One example of such a technology is artificial photosynthesis. As mimicry of the natural
photosynthesis, it has the potential to convert solar energy into electrical energy, produce
hydrogen gas for fuel and high-energy organic molecules for food and plastics, while fixing the
atmospheric CO, gas in the process. The straightforward way to construct an artificial
photosynthetic device for practical solar fuel production is to mimic the structural and
functional organization of the natural photosynthetic machinery. In naturally occurring
photosynthetic systems, light is first absorbed by light-harvesting (LH) antennae and the
absorbed energy, in the form of an exciton, is transferred to a reaction centre (RC) via Forster
Resonance Energy Transfer (FRET). In the RC, the exciton is split into an electron and a hole by
a dimer molecule called the “special pair”. The electron is later used in chemical reactions to
produce high-energy molecules that fuel the organism [5]. Mimicry of this process for artificial
solar energy conversion should include, among other components, an efficient LH antenna

capable of transferring the excitation energy to the RC.

This chapter describes the first attempts to replace the natural antennae of a bacterial
photosynthetic system by semiconductor QDs [6]. RCs, extracted from the purple bacteria
Rhodobacter sphaeroides and purified from the majority of naturally present LH complexes,
were assembled with QDs of carefully chosen emission colours. The QD/RC complexes were
then spectroscopically examined for the occurrence of energy transfer from QDs to the
“special pair” of RCs. Finally, the enhancement of the photosynthetic efficiency of RCs in the
presence of QDs was ascertained from the fluorescence intensity of the special pair. A three-
fold increase in the rate of generation of excitons at special pair of the RC was observed
experimentally, and theoretical estimates predict even stronger enhancements, paving the
way for further optimization. This proposed approach to enhanced light harvesting and

efficient energy transfer from QD to RC paves the way for the application of QD in artificial

photosynthetic systems.
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4.1. Mimicking natural photosynthesis

The development of artificial photosynthetic systems that utilize solar energy is one of the
most challenging goals of chemistry and material sciences [7]. In short, the goal of artificial
photosynthesis is to mimic the photosynthetic machinery and processes that nature had
perfected over millions of years. This section gives a short introduction to the natural
photosynthetic systems, in particular those used by bacteria, and to the strategies used to
mimic these systems. The possible implications of integration of QDs with a bacterial reaction

centre are also discussed.

4.1.1. Bacterial photosynthesis

In general terms, photosynthesis can be defined as a process used by organisms to convert
solar energy into high-energy molecules that fuel the cellular processes necessary for
organism’s survival. The type and the number of photosynthetic systems used depends on the
organism — plants and algae for example usually have two coupled photosynthetic systems (PSI
and PSII). Anoxygenic oraganisms, which do not evolve oxygen, only have one photosynthetic
system [8]. Purple bacteria Rb. sphaeroides is one of such organisms. In purple bacteria, the
conversion of solar energy into high-energy molecules via photosynthesis involves the

following steps [9]:

1) The absorption of solar photons by antennae composed of pigment-protein complexes
called the light-harvesting (LH) complexes (Figure 4.1).

2) The transfer of the absorbed energy, in the form of an exciton, from the LH complexes
to a reaction centre (RC) via FRET (Figure 4.1). The transfer usually occurs within tens
of picoseconds after absorption of a solar photon [8].

3) The exciton is spilt into constituent charges (an electron and a hole) by a dimer of two
bacteriochlorophyll (B) molecules — the so-called special pair (P).

4) The charges are spatially separated through a series of photoinduced charge transfers
along the chains of the reaction centre to prevent immediate recombination [10].

5) The electrons are used in chemical transformations by a Cytochrome bc; complex and
ATP-synthase to produce high-energy adenosine triphosphate (ATP) molecules that

fuel the organism (Figure 4.1).
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Figure 4.1| Structural composition and functionality of a bacterial photosynthetic system. The light is absorbec by
the light-harvesting (LH) complexes and is transferred to the reaction centre, located inside the LH-I complex. The
exciton transferred to the reaction centre is split, and the electron is transferred to the opposite side of the
membrane while at the other side of the membrane the quinone (Q) is reduced to hydroquinone (QH,). It is then
used by the cytochrome bc; complex to oxidise the hydroquinone back to quinone and the energy released upon
this reaction is used to transport a proton across the membrane, thus creating a proton concentration gradient.
When the proton travels down this gradient through the ATP synthase (ATPase) enzyme, the energy released is in

turn used to convert adenosine diphosphate (ADP) into adenosine triphosphate (ATP). Adapted from [9].

4.1.2. Bacterial Reaction Centres

The structure of the reaction centre of an organism is optimised for the specific environmental
conditions that the organism lives in; as a result, different organisms often have structurzlly
different reaction centres. However, all reaction centres are complexes of pigments and
proteins. The reaction centre of the purple bacteria Rb. sphaeroides is the simplest and
therefore most studied and best understood RC. It is generally accepted to be a good model

for all photosynthetic reaction centres [9, 11].

In its natural environment, each RC of the purple bacteria has two membrane-spanning
branches — the active branch (A) and the inactive branch (B) [12]. Each branch consists of cne
quinone (Qu/), one bacteriopheophytin (Ha/s) and one molecule of bacteriochlorophyll (Bysg).
The two branches are connected by two coupled bacteriochlorophyll molecules — the special
pair (P or P870) (panel A of Figure 4.2). Each of the cofactors of the reaction centre (the
quinone, bacteriopheophytin, bacteriochlorophyll and the special pair molecules) can be

identified from the absorption spectra of a solution containing the RCs (Figure 4.2).
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Figure 4.2| Reaction Centre/Quantum Dot system. (a) A RC purified from Rb. Sphaeroides is composed from the
quinone (Qu/g), bacteriopheophytin (Hass) and bacteriochlorophyll (B,/g) cofactors arranged in two branches — the
inactive branch B and the active branch A. The two branches are connected by a dimer of bacteriochlorophyll
molecules — the special pair (P or P870). The positions of the absorption and photoluminescence bands of the
cofactors (P, B, H and Q) are indicated for the active branch only. A quantum dot is assembled with the reaction
centre and it transfers the energy it collects as photons to the reaction centre via Forster Resonance Energy
Transfer. (b) The absorption bands of each cofactor are clearly distinguishable in the extinction spectra of the RC.
Note that the position of the bands for the same cofactors is different for the active and inactive branch. For
example, bacteriochlorophyll molecule belonging to the active branch (B-Qy) absorbs at 800 nm, while

bacteriochlorophyll of the inactive branch (B-Qx) absorbs at 600 nm.
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When an exciton is transferred from the LH complexes to the RC, it quickly moves towards the
special pair, where it is split into an electron and a hole within 2-3 ps [13, 14]. Afterwards, the
electron moves along the active branch of the reaction centre towards Q, by a series of
electron transfers. The transfer of the electron must occur in several steps as a direct transfer
of the electron from the special pair to Q, would be too energetically demanding to be able to
prevent the recombination of the charges. The electron is later used by different

photosynthetic machinery, eventually resulting in the synthesis of ATP [9].

4.1.3. Artificial photosynthesis

It could be imagined that the best artificial PS systems can be developed on the basis of the
already well-established semiconductor photovoltaic (PV) technology. However, artificial
photosynthetic (APS) devices differ greatly from the p-n junction-based PV devices. The most
important difference between them is the photon absorption and charge separation processes
— the fundamental properties of any solar cell. In PV devices, both of these processes occur at
the same point in space — the depletion region. In APS devices, however, the two processes are
decoupled and performed by different entities: photons are collected by the LH antennae and
the separation of charges occurs at the reaction centre. This property of the artificial PS allows
the integration of a large number of the light-absorbing elements for each reaction centre,

potentially resulting in a superior collection of solar energy [15].

Many approaches to the development of APS systems are being pursued, all of which require
an efficient built-in antennae for the harvesting of solar energy. To date, the best light-
harvesting antennae developed are based on the arrays of porphyrin complexes of ruthenium
and osmium, such as N3' and ruthenium black? complexes [16-20]. Attempts have also been
made to employ organic chromophores that mimic one or more aspects of the natural light-
harvesting processes, including melanin-like biomolecules [15, 21, 22] and carotenoid-
prophyrin systems [23-25]. In many of above-mentioned cases efficient collection and transfer
of energy was achieved. However, the use of these systems is inhibited by the lack of long-
term stability and narrow light-collecting spectral windows [16, 26]. Recently, it has been
suggested that inorganic nanocrystals can be used to improve the light harvesting in the APS

systems [27].

Advances in inorganic synthesis enabled the production of monodispersed and highly

luminescent QDs, such as CdSe/ZnS and CdTe QDs nanocrystals [28, 29]. The extinction

! Cis-RuL,(NCS),, where L is 2,2’-bipyridyl-4,4’dicarboxylic acid.
? Tri(cyanato)-2,2’,2" terpyridyl-4,4’,4”-tricarboxylate Rull.
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coefficients and the photostability of these QDs are significantly larger than those of organic
molecules [30]. QDs have wide absorption bands resulting in very broad light-collecting
windows. The spectral width and position of QDs’ emission bands can be tailored to ensure
best coupling with the acceptor of the energy transfer process [31]. Finally, the surface
functionality of some QDs can be modified to requirements, allowing covalent attachment of
these QDs to the acceptor with the aim of achieving minimum donor-acceptor separation

distances [31-33].
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Figure 4.3| Energy flow in Reaction Centre/Quantum Dot complexes. QDs transfers collected photon energy to any
of the RC cofactors by FRET. The excitation quickly relaxes to the P870-Qy level, where the exciton is split into
constituent carriers (in natural environment) or it decays with a characteristic emission at ¥920 nm. The relaxation

times between different levels of the RC were taken from [9].

In this study, we experimentally demonstrate the potential of semiconductor QDs to act as a
light-harvesting antenna for bacterial reaction centres [6]. In order to develop an efficient
FRET-based nano-bio hybrid material, the diameters (or equivalently PL colours) of QDs were

carefully chosen to be optically coupled to the pigment chromophores of the RCs.
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The diagram of energy relaxation (Figure 4.3) for one such nano-bio hybrid illustrates the
proposed mode of action in this system. Photon energy is absorbed by QDs and is donated to
one of the cofactors of RC complex by FRET. The excitation within the RC quickly decays to the
lowest excited level, P870, which corresponds to exciton arriving at the special pair. Here, in its
natural environment, the exciton is split into an electron and a hole. However, under the
experimental conditions used, this does not occur. Instead, the exciton decays with a
characteristic emission at ~¥920 nm, the intensity of which can be used to judge the potential

photosynthetic efficiency of our nano-bio complexes.
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4.2. Sample preparation

Sample preparation involved the extraction of the reaction centres from the Rb. Sphaeroides
and purification of the extracted complexes from the natural light-harvesting complexes’. The
properties of extracted reaction centres differ from those observed in their natural
environment, requiring an addition of a strong anti-oxidant to prevent the photooxidation of
the RCs under experimental light fluxes used. CdSe/ZnS, with emissions at 530, 570 and 600
nm, and CdTe QDs emitting at 530 and 570 nm were either electrostatically assembled with or

covalently attached to the extracted reaction centres.

4.2.1. Extraction and purification of RCs

The cells of wild-type nonsulfur purple bacterium Rhodobacter sphaeroides were grown in
liquid Ormerod culture medium under anaerobic conditions in a luminostat at ~30°C for 4-6
days. Chromatophores (membranes containing photosynthetic apparatus) were isolated from
sonicated cells by centrifugation and were incubated in the dark for 30 min at 4°C in 0.01 M
sodium phosphate buffer (pH 7.0) containing 0.5% zwitterion detergent lauryl dimethylamine
oxide (LDAO). After this, the chromatophore suspension was centrifuged (144,000g, 60 min,
4°C). The supernatant was brought to 22% saturation with a solution of ammonium sulphate.
The precipitate containing RC was dissolved in 0.01 M sodium phosphate buffer (pH 7.2)
containing 0.05% LDAO and subjected to chromatography on a hydroxyapatite column. These

procedures were described in more detail elsewhere [34].

-The resulting RC preparation was suspended in 0.01 M sodium phosphate buffer (pH 7.2)
containing 0.05% LDAO and dialyzed against 0.01 M Tris-HCl buffer (pH 7.8) containing 0.1%
anionic detergent sodium cholate. Following this procedure, RC preparations were more
tolerant to long-term storage at a temperature of -80°C. It should be mentioned that the
detergent LDAO induced precipitation of QD from aqueous solutions and was never used in

our experiments.

The purity of RC pigment-protein complexes was characterized by the ratio of intensities of
UV-absorption bands of the protein at 280 nm to the absorption of bacteriochlorophyll at 800
nm. This ratio was found to vary from 1.3 to 1.4 for different RC preparations (Figure 4.2, panel
B), which is only slightly higher than the value of 1.2 for absolutely pure RC [35]. This means

that a small quantity of pigment impurity was present in the extracted RCs. The major

! The extraction and purification of RCs was performed at a laboratory of Prof. E. Lukashev at the
Department of Biophysics, Lomonosov Moscow State University, Moscow, Russia. The protocols for the
procedures described here were provided by E. Lukashev.
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constituent of this impurity was the LH-2 complex, which absorbs at 600 nm, 800 nm and 850
nm and provides a contribution in the 400 nm to 500 nm wavelength range, where carotenoids

absorb (panel B of Figure 4.3).

4.2.2. Properties of extracted RCs

The experimental conditions of the extracted RCs are very different to their natural
environment. The isolated RCs suspended in water are not protected by the membrane or the
pigment-protein complexes that usually surround them in the fully operational photosynthetic
system. Without this natural protection, they are easily photooxidized even under illumination
as weak as 0.02 mW/cm’ [36], leading to the oxidation of the special pair dimer
(P870->P870°). An addition of an antioxidant, which acts as a source of electrons, can prevent

the photooxidation of the RCs.

Sodium (Na) ascorbate is a common antioxidant used for this purpose [37-39]. When added to
RCs, it supplies electrons to the oxidised special pair dimer (P870*>P870) thus creating the so-
called ‘closed state’ of the RC (P870/Q. Qg ), in which the quinones are fully reduced. The
closed state of the RC is stable against photooxidation at experimental light fluxes (up to ~12.5
mW/cm?) and, most notably, its energy structure is very similar to the natural state of
P870/Q,Qg of the bacterial reaction centre [36]. Furthermore, the full reduction of the
quinones means that no additional electrons can be accepted by these molecules. As a result,
the electrons and holes are not separated at the special pair. Instead they recombine from the

P870-Q, level, giving rise to an emission band centred at ~ 920 nm (Figure 4.4).

The reversal of the photooxidation of the RCs by Na-ascorbate can easily be monitored
spectroscopically (Figure 4.4). As the concentration of Na-ascorbate is increased, an increase of
the 870 nm absorbance peak is observed (panel A of Figure 4.4), corresponding to the
reduction of the oxidised special pair dimer (P870°>P870). Consequently, the emission of
P870 at 920 nm also increases (panel B of Figure 4.4). Both processes achieve saturation at 10

mM concentration of Na-ascorbate in the RCs-containing solution.

The PL peak centred at ~¥860 nm (Figure 4.4, panel B) belongs to the residual amounts of the
LH-II complexes, left over after the RC purification procedure. The intensity of this peak is
comparable to that of the P870 PL peak. However, the quantum yield of the LH-II complex is
much higher than that of the P870 emission, even in the closed-state of RCs. So the amount of
LH-Il complexes left over is actually very small and is of the order of 1 in 1000 RCs. The

emission of LH-Il complexes decreases upon the addition of Na-ascorbate because the
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formation of the RCs’ closed state permits the energy transfer from LH-Il complexes to the RC

and consequently allows for an addition pathway of exciton decay within LH-1l complexes.

@) 015.2] Na Ascorbate
. concentration:
1 —0 mM
044 1.5 MM
8 i 7.5 MM
& 034 e 10 MM
ol
—
o) 4
a
- 0.2 4
0.1+
0.0 T T Y + i v
750 800 850 900
Wavelength (nm)
35
(b) . Na Ascorbate
30 - = - concentration:
* OmM
o5 * 25mM
* 5mM
* 7.5mM

10 mM

PL intenisty (counts x103)

104
5
0~
Ll b T * T T T T
840 880 920 960 1000
Wavelength (nm)

Figure 4.4| Reversal of Reaction Centres’ photooxidation by sodium (Na) ascorbate. Na-ascorbate was added to a
solution of photooxidised RCs. As the concentration of Na-ascorbate was increased, corresponding increases in (a)
the absorbance peak (870 nm) and (b) the photoluminescence peak (~920 nm) of the reduced P870 were observed.

The PL peak at ~860 nm is due to the residual amount of LH-Il complexes in the extracted RCs.
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4.2.3. RC/QD assembly

Two types of QDs were used to form the QD/RC complexes: TGA-stabilised CdTe QDs, which
have a very thin ligand layer and no inorganic shell, and core-shell CdSe/ZnS QDs treated with
DL-cystein (Cys) or, in some cases, solubilised in aqueous solutions using a mixture of tri-
functional thiol-containing polyethylglycol (PEG) molecules terminated by carboxylic, hydroxyl
and amino groups. The main QDs utilised were TGA-CdTe QDs and Cys-CdSe/ZnS QDs as these
QDs had the smallest diameters, which is a valuable property for a FRET-based system. These
QD samples and some of their primary characteristics are summarised in Table 4.1 and Figure

4.5.

Table 4.1| Physicochemical properties of the main Quantum Dots used in the nano-bio hybrids: CdSe/ZnS QDs
treated with DL-Cystein (Cys) and CdTe QDs stabilised by Thioglycolic Acid (TGA).

QD sample | PLemission | Quantum | Diameter* Hydrodynamic Zeta
maximum Yield Diameter** Potential
(nm) (%) (nm) (nm) (mv)
Cys-QD530
533 41 2.5 46+1.4 -29.2
(CdSe/ZnS)
Cys-QD570
570 49 il 5.8 1.8 -33.4
(CdSe/ZnS)
Cys-QD600
599 37 4.6 91428 -37.5
(CdSe/ZnS)
QD530
535 28 2.0 4% +:1.2 -38.0
(CdTe)
QD570
569 30 2.7 5.1+ 16 -44.0
(CdTe)

* Diameters refer only to the inorganic core of the CdTe QDs, and include the inner CdSe core and
the ZnS shell (0.5 nm) for CdSe QDs. For both types of QDs, the thickness of the ligand shell is not
included.

** Hydrodynamic diameters were measured using Dynamic Light Scattering technique (NanoZs,

Malvern).

RC/QD complexes were prepared either by a covalent attachment of QDs to the end-groups of

the RC complex or via self-assembly of RCs and QDs in aqueous solution. The covalent
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attachment was accomplished using carbodiimide chemistry’, in which COOH-groups of QDs
react with the NH2-groups of RCs thus forming a peptide bond. The self-assembly of RC/QD
complexes involved addition of varying amounts of RCs to 0.5 uM solutions of QD diluted in 10
mM Na-ascorbate buffer (pH6.8). The amount of RCs added determined the final RC to QD
molar ratio of the formed complexes. After addition of RCs to QD solutions, the mixtures were

allowed to self-assemble under gentle agitation for 30 minutes at ambient conditions.

Both covalent and self-assembled RC/QD complexes were purified by gel filtration through a
Superdex 200 resin (GE Healthcare) columns equilibrated with 10 mM Na-ascorbate buffer. All
collected fractions were analysed by UV-vis spectroscopy with the aim of accurately
determining the RC to QD molar ratios of the samples utilising the least-squares deconvolution
of the absorption spectra of RC/QD complexes into constituent (RC and QD) contributions (as
described in Chapter 2). Only samples containing RC-QD complexes (i.e. non-zero RC to QD

molar ratios) were used for further experiments.
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Figure 4.5| Optical spectra of QDs utilized in RC/QD complexes. Figure shows the absorption (a, ¢) and
fluorescence (b, d) spectra of the main QD samples used for formation of RC/QD complexes: Cys-stabilised

CdSe/ZnS QDs (top row) and TGA-stabilised CdTe QDs (bottom row).

! Covalent attachment of QDs to RCs was performed by Dr. A. Sukhanova (Université de Reims
Champagne-Ardenne, France).
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4.3. Energy transfer in QD/RC complexes

In a hybrid RC/QD material operating in the FRET regime, any QDs samples emitting in the 530
— 600 nm range can be used. However, as can be seen from the diagram of energy relaxation
within RC (Figure 4.3), QDs of certain sizes, which have strong coupling to RC cofactors, will
perform best. In particular, we selected CdTe QDs samples with emission bands centred at
~530 nm and ~570 nm and CdSe QDs with emissions at ~530 nm, ~570 nm and ~600 nm (Table
4.1). Once assembled, RC/QD complexes were characterised in terms of the energy transfer
efficiency from QDs and RCs by a series of spectroscopic measurements. The investigations
show that although the RC have their own chromophores with a significant absorption cross

section, properly designed QD can easily dominate over the intrinsic absorption of the RC

(Figure 4.6).
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Figure 4.6| Comparison of optical properties of RCs and QD570-CdTe. The extinction coefficient of QD570
dominates over the intrinsic absorption of RCs in the 400 — 570 nm spectral region. The high extinction coefficient
of RCs ensures sufficient coupling between QD570 PL band and RC absorption for efficient energy transfer to occur.

Both of these facts suggest that optical enhancement of RC excitation is possible in RC/QD complexes.

4.3.1. Photoluminescence of self-assembled complexes

Self-assembly with different CdSe/ZnS and CdTe QDs was performed at increasing RC
concentrations to provide variations of the RC to QD ratio in the final complexes. As a result of
complex formation, the intensity of QDs’ emission was significantly decreased (Figure 4.7).
Such quenching of QDs’ fluorescence was found to be dependent on the RC-QD ratio, as is
expected in the case of a FRET-based system — the increased number of RCs in a complex is
equivalent to a larger number of FRET-acceptors being available to accept the energy from

excited QDs.
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It was found that quenching was more efficient for CdTe QDs compared to CdSe QDs, since
smaller numbers of RCs were necessary to quench QDs’ PL by the same amount. Similar
deduction can be applied to the emission of QD600-CdSe QDs, which is least efficiently
quenched by RCs. Both of these facts can be attributed to the distance-dependence of the
FRET process. Within the standard theory, the FRET efficiency (E) for a complex consisting of

one QD and one RC (“QD;-RC,”) is strongly dependent on the RC-QD separation:

1

E =TT /RS

(4.1)

where R is a Forster radius for a specific RC/QD complex. One can see that FRET is efficient if
R < R,. The minimum separation distances of the RCs and QDs in the self-assembled
complexes can be estimated as (Dgc + Dgp)/2, where Dgc was taken to be the X-ray
diameter of the RCs (=5 nm, [35]). The minimum separation distances and the Forster radii of
the RC/QD complexes described here are summarised in Table 4.2. In short, CdTe QDs have
smaller radii (Table 4.1) and thinner ligand shells than CdSe/ZnS QDs, so smaller RC-QD
separations are achievable (Table 4.2). Similarly, QD600-CdSe QDs are much larger than QD530
and QD570 QDs, and have significantly larger thickness of the stabilising cystein shell, resulting

larger separation distances and significantly decreased the efficiency of PL quenching.
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Figure 4.7| Photoluminescence titration curves for (a) CdSe/ZnS and (b) CdTe QDs. QDs photoluminescence is
quenched by RCs. The efficiency of PL quenching is greater for CdTe QDs than for CdSe QDs. The PL of QD600-CdSe
was found to be least efficiently quenched (inset of panel (a)), attributed to the large QD diameter and thickness of

the polymer shell resulting in large RC-QD separation distance.
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It was also interesting to see whether the charge of the QDs’ surface affects the self-assembly
of the RC-QD complexes and the resulting FRET efficiency’. In order to do this, QDs of similar
sizes (or emission wavelengths) were encapsulated with mixtures of PEG-derived molecules —
the ratio of these molecules in the reaction determined the resulting surface charge (Table
4.3). These QDs were self-assembled with equal amounts of RCs (2.8 RCs per QD). At the end
of the assembly process, the quenching of QDs PL was measured and found to be most
efficient for QDs samples with most negative surface charge (Table 4.3). Most likely this is due
to the stronger electrostatic attraction between the QDs and the positive groups of the RCs.
Note that, although the surface charge of these QDs was in some cases similar to that of the
Cys-stabilised CdSe/ZnS QDs and TGA-stabilised CdTe QDs, the quenching efficiency of these
QDs was never more than 35%, compared to the quenching efficiency of ~90% for QD570-cys-
CdSe and QD570-CdTe. This is because PEG molecules are much larger than Cys or TGA

molecules, resulting in much thicker polymeric shells surrounding the QDs.

Table 4.2| Comparison of Férster Radii (R,) and minimum RC-QD separation distances of RC/QD complexes. The
R, values are larger for CdSe QDs than for CdTe QDs because they have larger QYs (Table 4.1). The minimum
separation distances were calculated using (Dgp + Dgc)/2, where Dg¢ is 5 nm [35). The QD diameters (Dgp),
taken from Table 4.1, did not include the thickness of the ligand shell. However, R,in < Ry for all QD samples,

making it possible to achieve efficient energy transfer from QDs to RCs.

* The Forster radii were calculated according to equations 1.2 and 1.3 (Chapter 1).

QD sample Forster Minimum QD sample Forster Minimum
Radius*, R, | Separation, Ry Radius*, R, | Separation, R,
(nm) (nm) (nm) (nm)
QD530- QD530-
5.8 375 54 355
CdSe CdTe
QD570- QD570-
5.9 4.05 53 3:85
CdSe CdTe
QD600-
6.0 4.8
CdSe

! Surface functionalization of these QDs and corresponding PL quenching measurements were
performed by A. Sukhanova (Université de Reims Champagne-Ardenne, France).
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Table 4.3| Physicochemical properties and efficiency of PL quenching by RCs for PEG-encapsulated CdSe/ZnS QDs.

QD surface functionality PL emission Zeta potential Quenching
maximum (nm) efficiency by RCs

(mv) (%)

90%PEG-OH + 10%PEG-COOH 568 -18.0 20
90%PEG-OH + 40%PEG-COOH 568 -20.4 24
30%PEG-OH + 70%PEG-COOH 567 -28.1 25
100%PEG-COOH 566 -36.0 35
100%-PEG-NH, 573 +32.0 NA*
50%-PEG-NH,; + 50%PEG-OH 571 +18.4 NA*
30%-PEG-NH,; + 70%PEG-OH 570 +3.6 NA*

* Addition of RCs to positively charged QDs provoked irreversible QD aggregation.

4.3.2. Covalently linked complexes

PEG-COOH encapsulated CdSe/ZnS QDs, emitting at 530 nm or 570 nm, were conjugated with
RCs using carbodiimide chemistry’. The absorption spectra of the two resulting RC-QD
conjugates were deconvoluted into contributions from QDs and RCs utilizing the least-squares
fitting technique (Panel c, Figure 4.8). The deconvolution yielded the approximate
concentrations of QDs and RCs in these conjugates (Table 4.4). Using these concentrations,
self-assembled complexes containing QD530 and QD570 were also prepared. The absorption
spectra of the self-assembled complexes were found to be very similar to the corresponding
spectra of chemical conjugates (panels A and B of Figure 4.8 respectively) confirming similar
compositions of the two types of samples. Only a small deviation was observed in the region of
the P870-Qy peak, which relates only to the oxidation state of the RCs, and not to the

concentration of RCs in the RC/QD complexes.

The chemical conjugation of QDs to RCs achieves the minimal possible RC/QD separation
distances, since the electrostatic repulsion between negatively-charged QDs and the negative
groups of the RCs is by-passed. Therefore, even though the RC to QD ratios are same, a
difference in the efficiency of FRET is expected for the two types of complexes. This was found
to be indeed the case — an increase in the efficiency of the fluorescence quenching was
observed when QDs PL intensities within the self-assembled and chemically-conjugated

complexes were compared to emission intensities of pure QDs solutions of appropriate

! Chemical conjugation was performed by Dr. A. Sukhanova.
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concentrations. ~35 and ~18 fold enhancements in PL quenching efficiency were obtained for

QD530/RC and QD570/RC conjugates respectively (panel D of Figure 4.8, Table 4.4).

Table 4.4| Composition of QDs/RCs conjugates and corresponding photoluminescence quenching efficiencies. The

concentration of QDs and RCs in the RC/QD conjugates were determined by least squares deconvolution of the

corresponding absorption spectra.

QDs RCs Quenching efficiency (%)
RC/QD
Conjugate | concentration | concentration SA/CC
ratio SA? CC**E
(1M) (LM) factor
QD530/RC 0.60 0.22 0.37 1:0 34.8 34.8
QD570/RC 012 0.18 1.5 1.2 200 18.0
* SA = Self-Assembled complexes; ** CC = Chemical Conjugates
0.10 0.10
(a) S oerpoancind (b) PRI wiséepoa o)
0.084 —— Fit to conjugate spectra 0.08 4 ~—— Fit to conjugate spectra
Y 0.064 3 0064
c c
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+ =
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2 0044 8 0044
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0.024 0.02
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Figure 4.8| Comparison of self-assembly and chemical conjugation as methods of preparation of RC/QD

complexes. The absorption spectra of self-assembled and conjugated complexes of RCs with (a) QD530 and (b)

QD570 only differ around the P870-Qy peak, indicating that the overall QD and RC concentrations within these

complexes are equal. (c) The concentrations of RC and QDs in the conjugated complexes were determined by

deconvolution of absorption spectra into RC and QD contribution using least-squares analysis. (d) For both QD

samples, the quenching of QDs’ fluorescence by RCs was much more significant for RC/QD conjugates.
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4.3.3. Time-resolved PL measurements

In all of above discussions, it was assumed that the assembled RC/QD complexes operated in
FRET regime, i.e. the observed quenching of fluorescence was due to the transfer of energy
from QDs (donors) to RCs (acceptors). Such an assumption can easily be corroborated

experimentally since a key signature of FRET is a decrease of donor’s (QDs’) lifetime.

(a) 10000 ——RC:QD530 = (b) 10000 4 RC:QDS30 - 0
RC:QDS530 = RC:QD530 = 0.25
RC:QDS530 = RCQDS30=0.5
RC:QDS30 = RC:QDS30 =1
z RC:QD530 = ) RC:QD530=15
= RC:QD530 = < RC:QD530 = 2
3 g 10004
= 10004 =,
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8 8
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Figure 4.9| Time-resolved measurements of CdTe QDs’ fluorescence in RC/QD complexes. Fluorescence decay
kinetics of (a) QD530 and (b) QD570 were measured until 10,000 photons were detected. A shortening of the
average lifetime, calculated from fits to data, was observed for both QDs as increasing RC/QD ratios. The relative
decrease in lifetime was used to calculate the expected decrease of (¢) QD530 and (d) QD570 emission due to FRET
(= 1—E = Tgcygpns/Ton)- Very good correlation was observed between 1 — E values (blue squares) and the

experimentally observed quenching of QDs’ fluorescence (red squares).

Time-resolved measurements of QDs’ fluorescence decays showed such a shortening of the
lifetime for both TGA-CdTe QDs (Figure 4.9, panels A and B) and Cys-CdSe QDs (data not

shown). Multi-exponential fits' to the PL decay curves yielded the average lifetimes of QDs as a

' The energy transfer process represents an additional term in the kinetic rate equation of the decay of
donor’s excitation (exp(—t'/2) dependence for 3D random system). It should be noted that the energy
transfer rates are similar to donor’s decay rates in QD-based systems (see equation 1.1), and so the
change of the donor’s average lifetime provides a measure of the efficiency of the energy transfer
process. As a result, fitting of the decay data with simple double-exponential curves was sufficient.
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function of RC/QD ratio. The efficiency of FRET in these complexes can be expressed in terms

of the relative decrease of QDs’ lifetime:

_ Top+RC

b= (4.2)

TQD
where Topipe and 7gp are the lifetimes of the QDs in complexes and in a pure QD solution

respectively.

Once the efficiency of FRET in a given complex is known, it is possible to calculate the expected

relative decrease of QDs’ fluorescence (Igc4op/Igp) due to the energy transfer process:

Irc+op 1 _ | w TRO¥GD

— /&

4.3
]QD TQD ( )

Significantly, a very good agreement existed between the experimental and calculated values
of Ipcy+op/Igp- For example, upon formation of a complex containing ~0.5 RCs per CdSe QD,
the fluorescence of QD570 decreased by ~0.53, while the corresponding lifetime decreased by
~0.49. Similarly, the experimental quenching factors for CdTe QDs were in good agreement
with the calculated values (panels C and D of Figure 4.9). These data indicate that FRET is the

main mechanism of QDs’ PL quenching, thereby validating the assumption made above.

4.3.4. Special pair emission in QD/RC complexes

The final set of experiments on this system involved evaluation of the most important causal
effect of the energy transfer from QDs to RCs — the enhancement of the special pair emission.
As discussed previously, under the experimental conditions used, emission from P870-Qy can
be directly related to the potential photosynthetic efficiency of the system. Special pair
fluorescence has a characteristic peak centred at ¥920 nm in the near infra-red (NIR). The

enhancement of P870 emission can be defined as

lop+rc(920 M) nopype
Ag20 nm(Aexc) = Irc (920 nm) T

(4.4)
Ngc

where 4, is the excitation wavelength, Iop,pc and Ipc are the integrated intensitites of the
920nm PL peak for the RC/QD complex and individual RCs, and ngc and ngpipe are the
numbers of electron-hole pairs generated at the special pair in RCs and in the RC/QD
complexes, respectively. It was found that direct evaluation of Agz¢ nm(Aexc) Was not possible
since the NIR PL spectra of RC/QD complexes contained contributions from both RCs and QDs

(panel A of Figure 4.10). In fact, in some cases, the QDs’ contribution far outweighed that of
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the RCs. It was therefore necessary to deconvolute the NIR PL spectrum of each complex into
QD and RC contributions. QD contribution was then subtracted from the RC/QD spectrum and
the integrated area under the resulting peak (f(PLRc+QD - PLQD) dA) was compared to the
integrated NIR PL spectra of a RC solution ([ PLg dA) of corresponding concentration (panel B
of Figure 4.10):

1RC+QD o f(PLRC+QD I PLQD) d

p b 5 (4.5)
920 nm Loe prRC dA
QD570-CdT = RE/00 comps ;
404 i € e (on(ubuno: from RCs (b) RC/QD
RC:QD = 0.425 Ly

== Contribution from QDs

Jexc = 500 nm — Fitted curve

304

QD570-CdTe

Aexc = 550 nm
RC:QD = 0.425
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Figure 4.10| Enhancement of P870 emission in RC/QD complexes. (a) An example of Near Infra-Red (NIR) PL
spectrum deconvolution of 0.425 RC/QD70-CdTe complex (black line) into contributions from RCs (blue line) and
QDs (green line) using least-squares analysis. The fitted curve is shown in red. (b) Enhancement of RCs’ emission
upon assembly with QD570-CdTe. The ratio of the integrated areas under these peaks is the enhancement factor A
(see main text). (c) and (d) Enhancement of P870 emission as a function of excitation wavelength and RC to QD ratio
for complexes containing QD530-CdTe and QD570-CdTe respectively. Scatter points are the experimentally-

determined values of Agyg nm, and solid lines are values calculated according to equation 4.6.
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As can be seen from the scatter points in panels C and D of Figure 4.10, the experimentally
determined factors Agyg nm(Aexc) Were larger than unity for wavelengths below the first
excitonic absorption peak of QDs (i.e. Aexc < Agp exciton). Therefore, the number of electron-
hole pairs arriving to the special pair of the RC is increased upon addition of QDs to the system
due to FRET coupling. The complex QD570-RC shows stronger enhancement (up to 3 fold at
Aexe = 550 nm) than QD530-RC (panels D and C of Figure 4.10 respectively), which is attributed
to the larger absorption of QD570 (Figure 4.5, panel C). The highest Agynm Values were
obtained at smallest RC/QD molar ratio (RC: QD = 0.425) because largest number of QDs can
interact with a single RC and, therefore, more energy can be transferred from QDs to a single
RC. Kinetically, energy transfer interactions between multiple QDs and a single RC are possible
because the lifetime of the exciton at the special pair (P870) is very short (few hundred

picoseconds).

To support the above explanations and as a consistency check, the enhancement factor
Agz0 nm Was calculated using experimental extinctions and FRET efficiencies from a simple rate

model proposed by Prof. A. Govorov':

AQD (Aexc) i €oD (Aexe)

A A THi=sl+Ee =
920 nm\“/exc Apc(Age:) erc(Aexc)

(4.6)

where Agp and Apc are the absorbances of QD and RC, €gp and &g¢ are the corresponding
extinction coefficients, and x is the QD/RC molar ratio. The solid lines in panels C and D (Figure
4.10) are the results of theoretical calculations of Agy9n;, according to equation 4.6. The
experimentally observed trends in Agyqm Were reproduced well by these calculations, in
particular, the Agyqpm increase for Agy. < Agpexciton @and for smaller RC to QD ratios.
Theoretical calculations predict even higher enhancement values than those observed

experimentally.

! The derivation of the expression for Ay, nm Values was performed by Prof. A. O. Govorov (Department
of Physics and Astronomy, Ohio University Athens, USA) and can be found in the supplementary
information of [6].
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4.4. Conclusions

This study represents the first successful demonstration of the energy transfer from
semiconductor quantum dots to a complex biological system — the bacterial reaction centre.
This opens new possibilities for the utilization of QDs as light-harvesting antennae in artificial
photosynthetic systems, which can have a significant impact on the energy-related
technologies. Further optimization of this nano-bio photosynthetic system can increase the

potential impact of these findings.

For example, in QD/RC complexes, the emission of the special pair (P870) molecule in a RC was
enhanced for excitations across the visible wavelength range. While some of the available solar
photons are within this range, a significant portion of the solar energy falls within the near
infra-red region. In addition, QDs used in this study had relatively small radii, which is
advantageous in achieving smallest possible donor-acceptor separations. However, small QDs
have moderate absorptions and little spectral overlap with the available solar energy. The
utilization of semiconductor nanowires or nanorods, which have significantly larger extinction
coefficients across much broader wavelength ranges, presents an opportunity for the

necessary optimization of the nano-bio hybrid system described here.
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5.PROTEIN-BASED PHOTOCHROMIC
MATERIAL

Bioelectronics is an established multidisciplinary field that deals with the implementation of
biological molecules in electronic and photonic devices. In recent years, however, the progress made
in emerging areas such as nanophotonics and nanobiotechnology has opened new frontiers in
bioelectronics. The integration of the above-mentioned disciplines has excellent near-term potential
to supply the state-of-the-art systems through the development of novel sensors and electronic and

optical device components with improved sensitivity, stability and performance efficiency.

In bioelectronics, much of the research effort is concentrated on self-assembled monolayers, thin
films and protein-based devices [1]. By far the most researched protein for device applications is
bacteriorhodopsin (bR), both because of its photochromic and photoelectric properties, and also its
chemical, thermal and photo-stability [2]. The next two chapters explore the possibility of optical
manipulation of bR’s properties through nano-scale interactions between bR and semiconductor
quantum dots (QDs) when assembled to form a nano-bio hybrid material. In this chapter, energy
transfer processes and resulting biofunctionality improvements in the bR/QD material [3] are dealt
with, while in Chapter 6 the initial studies of the non-linear optical properties of the bR in these

hybrid complexes are described.
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5.1. Bacteriorhodopsin protein

Bacteriorhodopsin is the only protein found in the purple membranes (PMs) that are grown by
Halobacterium salinarum, also known as Halobacterium halobium. These bacteria live in salt
lakes and marshes and use respirative phosphorylation as the main method of energy supply.
However, oxygen levels in salt waters are often very low, and when the concentration of the
dissolved oxygen falls below what is needed for normal respiration, the bacteria switches to
alternative means of energy conversion. One of these means is a system consisting of the
bacteriorhodopsin protein coupled to ATP synthase (Figure 5.1); together, these form the
simplest photosynthetic system known. The bR protein acts as a photoinduced proton pump
that establishes a proton gradient, which is then used by ATPase to convert ADP into ATP, thus

satisfying the energetic requirements of the bacteria.

Purple Membrane
H"  (2D-crystal of bR)

ADP H* A}P ADP [+ ATP

—
?

flagellae

Sensory
Rhodopsins H*

Figure 5.1| Schematic model of a halobacterial cell. A portion of the cell membrane is covered by a 2-D crystal of
bacteriorhodopsin protein — the purple membrane. The bacteriorhodopsin protein, which acts as a light-activated
proton pump, is coupled to the ATP synthase to form the simplest known photosynthetic system. Other
components, such as sensory rhodopsins and flagellae, are used to locate the best environmental conditions for

bacterial growth.

5.1.1. Purple membranes

The purple membranes of Halobacterium salinarum consist of bR protein spanning across a
lipid bilayer membrane [2]. In PMs, the bacteriorhodopsin is in the form of trimers that arz
arranged in a two-dimensional hexagonal array (Figure 5.2). This crystalline structure protects
the functional part of the protein from outside influences, such as high temperatures, pH

values and salt concentrations [4]. Purple membrane patches can be extracted from
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Halobacteria by utilising the lysis' of the bacterium cells in pure water [2, 5, 6]. Purple
membranes used in this study were either bought from MIB GmbH or they were isolated?
using a standard protocol first introduced by Oesterhelt and Stoeckenius in 1974 [7] and later
optimized by Lorber and Delucas [8]. To summarise, this method involves the lysis of the
bacterial cell resulting in the release of different cell fragments, including patches of the purple
membranes, which have the highest buoyant density [2]. The PMs are removed from this
mixture by centrifugation and re-suspension in water, followed by a purification of the
membranes by centrifugation on a sucrose gradient. After final re-suspension in a sodium
phosphate buffer and centrifugation to remove any left-over insoluble material, the protein is
dialysed against an aqueous solution [8]. The extracted PMs were several hundreds of

nanometers in diameter and ~5 nm in thickness (Figure 5.3).

Figure 5.2| Purple membrane structure. Purple
membranes contain 2-D hexagonal array of bR trimers,
shown in white, with 6.2 nm unit cell dimension. A

single bR unit is highlighted. Adapted from [4].

(b) | e

Figure 5.3| Purple Membrane patches. (a) AFM image of extracted PMs deposited onto glass/ITO substrate using
electrophoresis in an aqueous solution. The diameter of PM patches varied from 200 nm to 1 um. PMs bought from
MIB GmbH were found to be of similar sizes (not shown). (b) Line cross-section across two PM patches (indicated by

blue line in panel a). The thickness of PMs was ~6 + 1 nm, similar reported literature values [9].

. Lysis is the disintegration of the cell membrane, with a subsequent release of cell components.

Isolation of PM preparations were performed by Vladimir A. Oleinikov (Shemyakin-Ovchinnikov Institute of
Bioorganic Chemistry, Russian Academy of Sciences, 117977 Moscow)
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5.1.2. Bacteriorhodopsin - structure and function

Bacteriorhodopsin has seven trans-membrane a-helices, arranged in two arcs (Figure 5.4, [2]).
The light-absorbing element of the protein — the chromophore — is a retinal (vitamin A
aldehyde) molecule in all-trans conformation. It is covalently bound to the Lys-216 amino acid
of one of the helices (helix G) by a protonated Schiff base. In a free state, the retinal molecule
is easily photooxidised. However, in the protein it is protected from being attacked by reactive
chemical species (singlet oxygen and free-radicals) by the secondary and tertiary structure of

the protein — the a-helices and other amino acids [1, 2].

Upon absorption of light, the bacteriorhodopsin transports a proton from the intracellular to
the extracellular side of the membrane. The transport of the proton occurs through a series of
steps, or intermediate states, involving changes in electronic density and molecular
conformations of the retinal molecule, some amino acids and a few water molecules. The
initial event (the primary photochemical event) after chromophore excitation is a large shift of
electron density along the retinal molecule, towards the protonated Schiff base making this
side of the retinal molecule more negative [1]. This creates a repulsive interaction between the
C*C"H=NH-Lys group of retinal and the nearby aspartic acid residues Asp-85 and Asp-212
(Figure 5.4), which triggers a rotation of the retinal around the C**C*® bond — the so-called all-
trans to 13-cis photoisomerization. This primary process occurs in less than a picosecond after
the initial excitation [10-13] to form the first trappable intermediate state K [4, 14]. The rest of
the proton transport occurs through a series of dark reactions involving the aspartic acid
residues 38, 85 and 96, arginine residue 82 (Arg-82), glutamic residues 194 and 204 (Glu-194
and Glu-204) and the Schiff base (Figure 5.4) [2, 4].

Table 5.1| Properties of the main intermediate states of bacteriorhodopsin.

State Absorption Extinction coefficient Retinal Protonation
maximum (nm) (M*cm™) configuration | of Schiff Base

bR 570 63,000 all-trans protonated

K 586 52,100 13-cis protonated

L 544 48,900 13-cis protonated
M 409 48,800 13-cis -
N 562 46,100 13-cis -

o) 629 61,900 all-trans protonated
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Figure 5.4| Proton transport by bacteriorhodopsin protein. Top panel shows the bacteriorhodopsin protein
integrated into a bilipid membrane. bR has seven trans-membrane a-helices (one helix was omitted for clarity). The
chromophore element of the protein is a retinal molecule (structure shown in top right corner). It is attached to one
of the helices through the Lys-216 amino acid. The red arrows and the corresponding numbers (in yellow) indicate
the sequence of protonation events that occur during the transport of a proton from the cytoplasmic to
extracellular side of the membrane. Each step of the proton transport cycle corresponds to a different intermediate
state of bR. Bottom panel shows the bR photocycle. The blue arrows indicate optical transitions; the white arrows
are thermal transitions. The lifetimes of the intermediate states are indicted beside the arrows. A proton is released
upon L to M; transition and uptaken in the M; to N transition. The two branched reactions are also shown. The bR
to F transition requires two-photon absorption and is irreversible. The absorption spectra of bR intermediates are

shown on the right (from Birge et al [1]).
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The retinal molecule is highly sensitive both to its molecular conformation and to its
electrostatic interaction with the nearby charged amino acids [11]. As a result, the
intermediate states have different absorption spectra covering the whole visible wavelength

range (bottom panel of Figure 5.4, Table 5.1).

5.1.3. Applications of bacteriorhodopsin

Bacteriorhodopsin has been considered for a broad range of applications due to its unique
properties and also its excellent thermal, chemical and photo- stabilities. As an example, its
cyclicity at ambient temperature exceeds 10°, and it is operational at temperatures up to
140 °C and at 0 — 12 pH range [4]. All of the technological applications of this protein are based

on either of its photoelectric, photochromic or charge transfer properties (Figure 5.5).

The photoelectric properties of bR arise from the electron density shift that takes place
immediately after absorption of a photon by bR in its ground state [4]. The shift in electron
density is large enough to create a measurable photovoltaic response. Several reports exist on
utilization of this property of bR in the development of ultrafast light detectors [15], artificial

retinas [16-18] and motion detectors [18].

The charge transfer properties rely on the biological function of bacteriorhodopsin as a light-
activated proton pump. This property of the protein can be used in artificial photosynthesis

[19-23] or saltwater desalination [24].

By far the majority of the research has been focused on the exploitation of the photochromic
properties of bR. These applications are based on the possibility of optically switching between
different bR states that have distinct absorption maxima. Of particular importance are
information storage and processing applications, such as 3-D and holographic information
storage [1, 25-28], associative memories [1, 4, 29], spatial light modulators [4, 11, 30, 31],
pattern recognition [4, 32, 33] and optical filtering [33, 34] to name but a few (Figure 5.5).
Most of these applications require some intermediate states to be “frozen” (stabilised
thermally) or stabilised through genetic modification of the protein. For example, substitution
of the aspartic acid residue 96 by asparagines (D96N mutant) or drying of the PM film both
inhibit the proton transport function of the protein and as a result considerably lengthen the

lifetime of the M-state [35].
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BACTERIORHODOPSIN
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PROPERTIES PROPERTIES
Shift in electron density Optical switching between
upon photoisomerisation spectrally distinguishable states
Ultrafast light detection Information storage
Artificial retinas - 2-D storage
Motion detectors - Volumetric memories
Spatial light modulators - Associative memories

- Holographic storage
Information processing
- Optical switching

CHARGE - Optical filtering
TRANSPORT - Neural networlfs
- Pattern recognition
Transfer of proton - Interferometry
through membrane Other
- Photochromic inks
Desalination of seawater - Electrochromic inks
Artificial photosynthesis - Colour classifiers
- Generation of electricity - Sensors
- Production of ATP - Radiation detectors

Figure 5.5| Bacteriorhodopsin properties and applications. Technological applications of bacteriorhodopsin are

based on at least one of its properties.

5.1.4. Bacteriorhodopsin and semiconductor nanocrystals

Due to the harsh environmental conditions in which Halobacteria salinarum live the function
of the bR has been optimised by evolution. For technological applications this promises
reliable device performance with high fatigue resistance. Furthermore, site-selective
mutagenesis allows modification of the original (“wild-type”) bacteriorhodopsin. Using this
type of genetic engineering, the protein can be made sensitive to specific chemicals or
biological structures, interactions with which induce changes in the proton-transport and the
photocycle of bR. As a result, bR is considered to be the most promising biological candidate
for optoelectronic device applications thereby comprising a unique molecular platform onto

which various functional elements can be built.

Several obstacles exist to the wide-spread commercial application of this protein. First of all,
photosensitive proteins are not able to interact with UV photons and often they do not absorb
them at all. If photons of such high energy are absorbed, they might destroy the light-

harvesting chromophores [36] or induce apoptotic-like cell death [37]. As a result, the input-to-
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output conversion of energy in protein-based systems is often very low. For example, owing to
the presence of a light-harvesting system, the energy harvesting in plants has a maximum
efficiency of 5% [38, 39]. Bacteriorhodopsin, which does not have any specific light-harvesting
system, is able to utilize only 0.1-0.5% of the solar light [38]. Furthermore, current devices
based on bR have dimensions on the order of several millimetres and utilize relatively large
light sources. Finally, the cost of bR-based devices remains high, making it the main factor

hindering commercial application.

Nanotechnology may open the way to enhance the performance of bR biological function.
Very recent technological developments to control the shape and size of QDs show that it is
now possible to concentrate and transfer optical energy on the nanoscale, far below the
diffraction limit of light [40, 41]. This presents a novel way to exploit these nanosized optical
materials. The energy transfer from QDs to bacteriorhodopsin is possible because the bR-
linked chromophore - the retinal molecule — is located near to the centre of the PM, at a
distance of ~ 2.5 nm from both PM surfaces (Figure 5.6(a)) [42]. This distance is far less than
the average Forster radius of ~5 nm found in energy transfer processes involving

semiconductor QDs [43].

The integration of QDs with biological systems to form functional assemblies offers great
promise for the design of highly efficient energy transfer-based nanomaterial, combining the
unique properties and functionality of the bacteriorhodopsin with the broad absorption bands
and size-tunable emission of QDs. Provided that energy transfer between QDs and bR can be
achieved, emission of QDs immobilized on the PM surface could be modulated depending on
the stage of the bR cycle. Moreover, if the nanocrystals can be specifically attached to the
protein, a whole array of such nanoscale optical switches could be created. Such hybrid
structures may find applications in nanosensing, nanoactuators, lighting, optical data storage,
optical switching, transmission and computational devices. Furthermore, the proposed
strategy can significantly reduce the material costs involved in the development of bR-based

devices.

In this chapter, the investigations carried out on the preparation, energy transfer properties
and biofunctionality of the hybrid material consisting of semiconductor quantum dots and

bacteriorhodopsin protein within purple membranes are detailed (Figure 5.6).
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Figure 5.6|Structure of Purple membrane/Quantum Dot hybrid material and optical properties of constituents.
All objects drawn in panels a and b are given to scale. (a) Photons are absorbed by a QD immobilized on the surface
of the PM containing bR protein. Each bR molecule contains one chromophore, which absorbs in visible region of
optical spectrum (retinal, shown in purple). Retinal is located in the centre of the PM, ~2.5 nm from each membrane
side. An exciton from the QD (donor, shown in red) is transferred via FRET to the retinal molecule of bR (acceptor)
thus initiating retinal photoisomerisation, charge separation near the retinal’s Schiff base, bR photocycle and proton
pumping through the PM. The energy transfer process quenches QDs’ emission, and so there is no emission from
this PM/QD material. Panel (b) shows the QD complex with the “white membrane” — the bR-containing PMs as
those shown in (a) but with the retinal molecule extracted. Here, QD immobilized on the surface of the PM does not
transfer an exciton to the acceptor because the acceptor (retinal) is absent. In the absence of energy transfer, the
QD remain fluorescent due to the electron-hole recombination within the QD. (c) UV-vis spectra of PM (purple line),
white membranes (grey line), UV-vis spectrum for one of the types of QD used in the study (filled with blue) and the
PL emission spectrum of this QD sample (black line). (d) UV-vis absorption and PL emission spectra of CdTe QD550
(green curves), QD600 (orange) and QD650 (red) used in the study.
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5.2. Preparation of PM/QD material

The preparation of PM/QD material involved assembly of PMs, purified from bacteria
Halobacterium salinarum as described above, with either CdTe or CdSe/ZnS QD (Figure 5.6(a)).
QDs samples of different diameters were chosen for the assembly to provide varying spectral
overlaps between the emission bands of the QDs (donors of energy) and the absorption of the

retinal molecule (acceptor) of bacteriorhodopsin (Table 5.2, Figure 5.6(b)). QDs were attached

to the PMs using both electrostatic self-assembly and covalent conjugation techniques.

5.2.1. QD/PM complex formation

To prepare covalent conjugates of QDs and PMs, PEG-COOH-stabilised CdSe/ZnS QDs were

chemically attached to PMs using carbodiimide chemistry®, in which COOH- groups of the QDs’

ligand molecules react with the NH,- groups of bR, forming a peptide bond:

R

/”\ + HN—=R,

1

o}

OH

o
i
-H,0 R1/lL N > Rz
H

Table 5.2| Physico-chemical properties of Quantum Dot samples used for electrostatic assembly.

Sample* Emission Quantum Core Hydrodynamic Zeta
maximum yield Diameter** | diameter*** | potential
(nm) (%) (nm) (nm) (mv)
Cys CdSe 533 40 2.5 5+1 -29.2
PEG-COOH CdSe 528 38 2:5 9t 2 -30.7
PEG-OH CdSe 529 38 2.5 103 -14.4
QD550-CdTe 545 34 2.5 3] -23.8
QD590-CdTe 589 24 chal 4+1 -24.8
QD600-CdTe 597 36 3.2 4+1 -25.4
QD645-CdTe 645 28 3.8 SEE -41.3
QD650-CdTe 650 29 3.8 St -32.6

*CdSe QDs were CdSe/ZnS QDs. CdTe QDs were stablisized by thioglycolic acid (TGA). **The diameters of CdTe and
CdSe QDs were calculated according to Rogach et al. [44] and Yu et al. [45] respectively. ***The hydrodynamic

diameters and zeta potentials were determined by dynamic light scattering measurements (described in Chapter 2).

! performed by Dr. A. Sukhanova (Université de Reims Champagne-Ardenne, France).
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All conjugates were purified using gel filtration on Superdex 200 resin (GE Healthcare)
columns. The collected fractions were inspected by UV-vis spectroscopy and the bR to QD
molar ratio for each fraction was determined by deconvoluting the absorption spectrum of the
complex into contribution from QD and bRs’ retinal. Only fractions containing bR-QD

complexes were used for further experiments.

For electrostatic assembly, PMs and QDs stock solutions were sonicated for 1 minute. Different
amounts of PMs were then added to the QD stock to discretely vary the bR to QD molar ratio
of the assembled complexes. The mixed PMs and QDs were allowed to self-assemble for 30

minutes under gentle agitation, at ambient conditions.

5.2.2. Self-assembly of QDs on PMs

A purple membrane consists of ~9% bacteriorhodopsin protein embedded in a bi-lipid
membrane [46]; therefore, there are approximately 19 lipid molecules for each bR protein. In a
membrane, the lipid molecules are oriented such that their negatively-charged PO; groups are
on the surface of the membrane (Figure 5.7). The bacteriorhodopsin itself has 14 positively-
charged amino acid residues (lysine and argenine), 9 of which are on the cytoplasmic surface
of the bR protein and 3 acid residues are exposed on the extracellular side [46]. This means
that, although the overall charge of the PMs is negative, there are sufficient positive charges
on the PMs (localised at bR trimers) for negatively-charged QDs to interact with (Figure 5.7). It
can be envisaged that such interaction, in the form of electrostatic attraction, can display

certain specificity of QDs adsorption towards the bR trimers.

High-resolution atomic force microscopy (AFM) images of purple membranes, deposited onto
freshly-cleaved mica, clearly show the bR protein trimers arranged in a hexagonal lattice with a
unit-cell dimension of 6.2 nm (Figure 5.8(a)), which is in good agreement with previously
reported value [47]. Deposition of a small amount of QDs solution on top of the PMs (1:2
QD:bR molar ratio) for 30 minutes, followed by washing-out of the non-bound QDs results in a
2-D organisation of QDs on the PMs’ surface (Figure 5.8(b)). Most notably, the period of QDs’
organisation of ~6.09 nm corresponds well with the unit cell dimension of the 2-D hexagonal
crystalline lattice of bR protein (6.2 nm), suggesting that specific association exists between
the negatively-charged QDs and the positively-charged groups of bR trimers on the surface of
the PM at low QD/bR ratios. An increase of the QD/bR ratio in the QD-PM hybrids leads to the
disappearance of the regular ordering of QD on the surface of the PMs and formation of

irregular multilayers (panels C and D of Figure 5.8), similar to Stranski-Krastanov growth.

93



PROTEIN-BASED PHOTOCHROMIC MATERIAL

Figure 5.7| Electrostatic attraction between quantum dots and bacteriorhodopsin. The lipid molecules of the PMs
have negatively-charged end-groups, giving an overall negative surface charge to PMs. The bacteriorhodopsin
protein (shown in colour) has positively-charged amino acid residues on PM surface. The negatively-charged QDs

are electrostatically attracted to these positive patches.

10 3 20 R N I 0 0 20 30 % %0
X (nm) X (nm) X (nm)

Figure 5.8| Atomic force microscopy imagesl of bacteriorhodopsin within its natural purple membrane (a) and
the assemblies of purple membrane with quantum dots (b, c, d). Graphs below the AFM images of the Panels a-d
show AFM profiles (cross-sections) along the blue lines in the corresponding AFM-images. These profiles show that
the period of bR trimers organisation within the PM (6.2 nm, Panel a) corresponds well to the period of QD
organisation on the PMs upon assembling in aqueous solution (6.09 nm, Panels b and c). Panels ¢ and d compare
assembly of QDs at the low (one-to-two, Panel c¢) and the high (three-to-one, Panel d) QD to bacteriorhodopsin
molar ratios. An increase of the QD/bR ratio in a QD-PM hybrid material leads to disappearance of the regular

ordering of QDs on the surface of the purple membranes.

! AFM scans in a liquid chamber were performed by Nicolas Bouchonville, Michael Molinari. Full details
can be found in the supplementary information of [3].
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The assembly of QDs on PMs in aqueous solution was also monitored by zeta potential
measurements (Table 5.3). Upon initial addition of PMs, which have an overall negative
charge, to negatively-charged QDs the zeta potential increased in amplitude (from -24 mV to -
67 mV). A further increase of bR to QD molar ratio resulted in a decrease of the overall
negative surface charge from -67 mV to -47 mV, corresponding to self-assembly of QDs on top

of the PMs via electrostatic interactions between QDs and the positive groups of bR protein.

Table 5.3| Zeta potential data for QD550-CdTe assembled with PMs at different bR to QD molar ratios. The initial
decrease of the zeta potential upon addition of PMs to QDs was followed by a steady increase, corresponding to the

electrostatic interaction between negatively-charged QDs and positively-charged groups of bR protein.

bR to NC ratio Zeta Potential
(mv)

0 -24+6
0.02 -67+8
0.05 -62+13
0.09 -59 + 16
0.14 -49+8
0.19 -47 + 12

95



PROTEIN-BASED PHOTOCHROMIC MATERIAL

5.3. Investigations of energy transfer

One of the prerequisites of the enhancement of the photochromic, photoelectric and proton
pumping properties of bacteriorhodopsin in bR/QD hybrid material is the occurrence of energy
transfer. This section describes the investigations of the energy transfer process in this
material, including verification of the energy transfer occurrence and analysis of the

parameters that affect the energy transfer process.

5.3.1. Verification of energy transfer occurrence

The preliminary spectroscopic measurements of the PM/QD hybrid material were aimed at the
verification of the occurrence of FRET from QDs (donors) to the retinal molecule (acceptor) of
the bR protein. Measurements involved electrostatically-assembled complexes of PMs with
CdTe QDs emitting at 590 nm (QD590-CdTe) and 650 nm (QD650-CdTe). Results of the steady-
state PL measurements showed that PM-QD assembly at increasing bR to QD molar ratios lead
to increasingly efficient quenching of the excitonic emission of QDs (Figure 5.9(a)). The smaller
QD590 were quenched more efficiently at same bR to QD molar ratios, when compared to the
quenching of QD650. Such difference in quenching behaviour is expected when one considers
the smaller donor-acceptor distance between the QDs and the retinal of the bR protein due to
smaller diameter of QD590, as well as the slightly better spectral overlap between the PL band

of QD590 and the absorption spectrum of bR’s ground state (Figure 5.11(a)).

Time-resolved PL decay data provided further evidence of FRET within the bR/QD hybrid
material (panels (c) and (d) of Figure 5.9). For example, the average lifetime for a complex
consisting of ~0.5 bR per CdTe QD650 decreased from 10 ns to 8 ns; this constitutes a decrease
of about ~20% (Table 5.4). A decrease in the average radiative lifetime of QD’ PL is expected if
FRET exists since the energy transfer from QD to the retinal provides an additional kinetic
pathway for the decay of QDs’ excitation [48]. The integrated PL intensity for this bR/QD
complex decreased by ~19%, so there is very good agreement between the two measurements

suggesting that FRET is the main mechanism of the QDs’ PL quenching.

Confirmation of FRET as the principle quenching mechanism was also obtained from the
comparative quenching of QD with the PMs and white membranes (WMs). White membranes
are purple membranes from which the retinal molecule has been removed. Since the retinal
molecule acts as acceptor of energy, WMs present an excellent control material for studying
FRET between QD and bR. The structure and morphology of the protein and lipid components
in WM are the same as those for PM, providing equal possibilities for any non-radiative

quenching of QDs upon their binding to either PM or WM, whereas the absence of retinal
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(acceptor) completely excludes the FRET-channel of QD quenching in their complex with WM
(Figure 5.6(a) and (b)).

The WMs were produced using a standard protocol, in which a solution of PMs in 0.3 M
hydroxylamine is illuminated with white light until the Schiff base, through which the retinal
molecule is connected to the bR protein, is entirely reduced (equivalent to complete
photobleaching of PMs) [49]. Parallel titration of CdTe QD590 with PMs and with WMs were
performed and showed that quenching of QDs’ fluorescence by WMs is 4-5 times less than
with the PMs. This experiment provided us with a quantitative level of the possible
contribution of non-radiative QD quenching in the PM or WM hybrids and proved that the

main mechanism of QD quenching with PM is indeed FRET.
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Figure 5.9| Integrated and time-resolved photoluminescence as a function of protein to quantum dots molar
ratios. (a) Quenching of CdTe QD590 and QD650 emission by bacteriorhodopsin. (b) Comparison of PL quenching of
QD590-CdTe by purple membranes (purple, PM/QD) and white membranes (black, WM/QD). (c) and (d) Time-
resolved fluorescence measurements show the decay of (c) QD590-CdTe and (d) QD650-CdTe fluorescence in
complexes containing increasing amounts of PMs. An increased rate of PL decay for complexes with increasing bR

(acceptor) to QD (donor) molar ratios corresponds to a decrease in lifetime, indicative of FRET in these complexes.
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Table 5.4| Quenching of QD650-CdTe luminescence by bacteriorhodopsin and corresponding changes in radiative
lifetime. T is the average lifetime of a bR/QD complex, E is FRET efficiency calculated from the reduction of QDs’
radiative lifetime and (1 — E) is the expected PL intensity for a complex for an ideal case, in which FRET is the only
mechanism of quenching. I ompiex/Iqp is the normalised PL intensity of the complex measured by steady-state

photoluminescence measurements.

bR to QD T (ns) E(%) E(= Tcomplex/Tep) bmptex/ oD
molar ratio 0145 2% +0.02 +0.01
0.00 9.94 0 1.00 1.00
0.14 9.58 4 0.96 0.98
0.36 9.19 8 0292 0.91
0.48 7.98 20 0.80 0.82
0.66 5.58 44 0.56 0.48
0.78 3:S57 64 0.36 0.19

5.3.2. Parameters affecting energy transfer

The PM/QD hybrid material is a complex FRET-based system in which the energy transfer
process from QDs to the retinal molecule of the bacteriorhodopsin is highly sensitive to the
properties of both constituents (Figure 5.10). Consequently, the energy transfer efficiency was
found to depend on a number of parameters, such as:

e (QDs’ diameter

e QDs’ composition (type, material, ligand layer)

e QDs’ surface charge (electrostatic self-assembly)
e pH of the solution (electrostatic self-assembly)

e Method of assembly

e Mutation of bR protein

The effect of each of these parameters was evaluated by measuring the quenching of QDs’
emission in the presence of increasing amounts of PMs by steady-state PL measurements.
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Figure 5.10| Parameters affecting Forster Resonance Energy Transfer in Purple Membrane/Quantum Dot

complexes. The physico-chemical properties of both the QDs and the PMs influence the energy transfer efficiency

from QDs to the retinal molecule of bR protein in PM/QD complexes.
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Figure 5.11| QDs’ size-dependence of the energy transfer efficiency in QD/PM complexes. (a) Position of PL bands

of CdTe QDs’ relative to bR’s absorption band (shaded purple) for increasing QDs sizes. The diameters of QDs

samples were 2.8 nm, 3.1 nm and 3.8 nm for QD550, QD590 and QD650 respectively. (b) Fluorescence quenching

curves for QDs of increasing diameters. The Forster radii for each QD sample are given below QDs’ label. The

quenching of QD600 of 3.2 nm core diameter (dashed black line) did not follow the expected size-dependence

trend.
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Quantum Dots’ diameter

The average diameter of a QD sample is perhaps the most influential parameter in determining
FRET efficiency. First of all, for any given material, the size of the QDs determines the position
of the emission band and thus the amplitude of the spectral overlap with the absorption band
of the bacteriorhodopsin. For example, as the core diameter of QDs is increased from ~2.5 nm
to 3.1 nm to 3.8 nm, the QDs’ emission shifts from 550 nm to 590 nm to 650 nm. Since
bacteriorhodopsin ground state has an absorption maxima at 567 nm, the best spectral
overlap is achieved for QD550 and QD590 (panel A of Figure 5.11), ensuring largest the Forster

radii and most efficient transfer of energy for these QD samples (panel B).

The physical size of QDs also determines the QD-to-retinal separation distance. The smallest
achievable separation distance can be approximated to be a sum of QDs’ radius and the

position of the retinal molecule from the surface of the PM (~2.5 nm):
Dmin = 1/2 * Dgp + 2.5 nm (5.1)

According to this analysis, complexes containing the smallest QDs should display the strongest
FRET. As shown in panel B of Figure 5.11, the fluorescence of QD550 (D, = 3.90 nm) is
quenched significantly better by bacteriorhodopsin when compared to the quenching of
QD590 (D,,in = 4.05 nm), despite the fact that QD550 and QD590 have similar Forster radii

(4.66 nm and 4.53 nm respectively).

It should be noted, however, that the discussion above assumes an ideal case of the energy
transfer between one QD and one retinal molecule. However, the dimension of the bR trimers
(6.2 nm) is of the same order of magnitude as the diameter of QDs (2 - 4 nm). Therefore, when
small amount of QDs are assembled on top of a PM, the QDs are able to transfer the absorbed
energy to at least three retinal molecules of the nearby bRs. As such, the PM/QD material
embodies a multiple-acceptor system, in which case FRET contributions for each available
acceptor are additive. As a result, large FRET efficiencies are possible for small QD to bR ratios
(large bR to QD molar ratios). For higher quantities of QDs (small bR to QD molar ratios), the
system becomes multiple-donor multiple-acceptor one, resulting in competing and therefore
reduced energy transfer between neighbouring QDs and several adjacent retinal molecules.
This reasoning explains the unique shape of the PL quenching curves observed for the PM/QD

complexes (Figure 5.12).
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Figure 5.13| Parameters influencing the efficiency of energy transfer. (a) The inorganic shell of CdSe/ZnS QDs,
results in increased QD-to-retinal separations when compared to core-only CdTe QDs of same core diameter. As a
result, quenching of CdTe QDs is more efficient. (b) Comparison of quenching of CdSe/ZnS QDs of 2.5 nm core
diameter capped by different ligands. The thickness of Cys capping is much smaller than PEG-derived polymeric
shells. (c) Emission spectra and (d) quenching curves for CdTe QD650 and QD645, which have considerably different

surface charges but similar sizes. The numbers (in mV) in panels (b) and (d) are the zeta potentials of QD samples.
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Quantum Dots’ composition

The effect of QDs’ composition on FRET efficiency was evaluated by comparative PL quenching
measurements for TGA-stabilised CdTe QDs and several CdSe/ZnS QDs, stabilised by cystein
molecules (Cys) or by PEG-derived polymeric layers (PEG-COOH and PEG-OH). Parameters that
were considered were the material of QDs’ core, QDs’ type and the stabilising ligand

molecules.

The position of fluorescence band of QDs of a particular diameter depends primarily on the
composition of its core. For example, CdSe QDs of core diameter of ~2.5 nm have emissions
peak shifted by ~20 nm to the blue relative to the emission of 2.5 nm CdTe QDs (Table 5.2),
resulting in slightly smaller spectral overlap for 2.5 nm CdSe QDs. Furthermore, the CdTe QDs
are core-only, while CdSe/ZnS QDs are of core-shell type. Due to the thickness of the inorganic
ZnS shell, the overall diameter of CdSe/ZnS QDs is larger than that of CdTe QDs even for
smallest stabilising molecules (cystein). As a consequence of both of these facts, the efficiency
of energy transfer in complexes containing CdSe/ZnS QDs was found to always be reduced

compared to CdTe QDs/PM complexes of similar bR to QD molar ratios (Figure 5.13(a)).

The final characteristic of a QD sample to be considered was the composition of QDs’
stabilising layer and, in particular, the size of the molecules that constitute this layer. Due to
the strong dependence of FRET on the donor-acceptor separation, the thickness of QDs’
stabilising ligand layer has a strong influence on the energy transfer in PM/QD complexes. For
instance, the fluorescence of Cys-stabilised CdSe/ZnS QDs was found to be quenched more
efficiently by PMs than the fluorescence of CdSe/ZnS QDs solubilised with much larger PEG-

derived polymer layers (Figure 5.13(b)).

Quantum Dots’ surface charge and pH of solution

While most of the factors considered above explain the observed trends in QDs’ PL quenching
by bacteriorhodopsin, there were a few cases which did not conform to expectations. The
quenching of CdTe QD600 sample, shown in Figure 5.11 (b), did not follow the expected size-
dependency trend when compared to PL quenching of QD550, QD590 and QD650. In addition,
the energy transfer efficiency in complexes containing CdSe/ZnS QDs capped with PEG-OH was
significantly smaller than same QDs capped with PEG-COOH, despite the fact that the
thicknesses of these two polymeric layers are approximately equal. These data indicate that
other factors, and in particular the assembly process itself, may play a role in determining the

efficiency of FRET in PM/QD complexes.
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The self-assembly of QDs with PMs in aqueous solution is likely to be susceptible to the surface
charge of the QDs, since it is an electrostatic interaction between the QDs and the bR that is
responsible for the assembly. To test this, a control experiment was performed with two close-
emitting CdTe QD samples — QD645 and QD650 (Figure 5.13(c)). These two QD samples were
similar in all respects except for their surface charge, or equivalently, zeta potentials (Table
5.2). When assembled with PMs, fluorescence of QD645, which have a higher zeta potential of
-41 + 9 mV, was found to be quenched far quicker than that of the lesser charged QD650 nm
(zeta potential of -32 + 6 mV), as expected for electrostatic assembly (higher surface charge
allows for stronger attraction between the oppositely charged species, resulting in larger

amounts of donor-acceptor pairs interacting and shorter separation distances between them).

Electrostatic assembly of QDs and PMs in aqueous solution can also be controlled by adjusting
the pH of the solution. There are several reasons for this. First of all, the de-protonation of
QDs’ and bR’s end groups is sensitive to pH values. Consequently, the surface charge of QDs
and the overall charge of the PMs change according to pH changes, affecting the electrostatic
interaction between them. Furthermore, the de-protonation of COOH-groups of TGA
molecules on the surface of CdTe QDs determines the stability of these QDs. In fact, TGA-
stabilised QDs are most stable at pH of ~11, at which QDs’ emission is most efficient (inset of
Figure 5.14). Such a small increase of QDs’ emission can result in a measurable increase of
FRET efficiency due to the Forster radius dependency on the QY of QDs, combined with the
high sensitivity of FRET efficiency at separation distances close to this radius, which is the case
in PM/QD system. The spectral properties of bR also depend on the pH of the solution; in
particular, bR’s absorption band blue-shifts and decreases as the pH of the solution is raised
(Figure 5.14). When assembled with QD550, the shift of the absorption band to the blue
enhances the spectral overlap between the PL band of QDs and absorption band of PMs. On

the other hand, the overall decrease of the absorption acts to decrease the spectral overlap.

The combined effect of the pH variations was monitored on a 1.1 bRs per QD550 complex, in
which the QDs fluorescence was quenched to 50% by PMs at pH7. When such PM/QD550
complexes were assembled at increasing pH values their emission decreased, reaching a
maximum reduction of ~60%. This is likely to be due to QDs’ solubility and stability effects
described above — as the pH was increased, QDs become slightly more charged and soluble,

and the electrostatic assembly and energy transfer between QDs and membranes is facilitated.

When the pH of the assembling solution was increased further, the fluorescence intensity

started to increase. This is due to the fact that bR’s absorption is significantly reduced at pH
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values above 10, resulting in a lesser spectral overlap between QDs’ emission and bR’s
absorption bands. The bR ability to act as acceptor is thereby lessened and QDs’ fluorescence

intensity increases.
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Figure 5.14| Assembly of Quantum Dot/Purple Membrane complexes at different pHs. Main graph: changes in
absorption spectrum of bacteriorhodopsin at different pH values, compared to the fluorescence band of QD550.
Inset: comparison of PL intensity of 50% quenched PM/QD complexes (red data points) to PL intensity of a pure QD

solution (black data points) for 7 to 13 pH range.

Covalent conjugation

Electrostatic assembly, while an effective method of PM/QD material fabrication, does not
produce the optimum binding between QDs and bRs because the electrostatic repulsion
between the negatively-charged lipid membrane and the negatively-charged QDs is always
present. Theoretically, direct chemical attachment of QDs to the exposed amino-acid residues
of bR provides a way for the specific attachment of QDs at minimum possible distances from

the retinal molecule of the protein.

The experimental estimate of the improvement of QD/PM binding consisted of comparative
photoluminescence measurements for electrostatically assembled PM/QD complexes with two
PM/QD conjugates, prepared by Dr. A. Sukhanova. First, QD/PM complexes were assembled in
the standard manner, and their fluorescence intensity was measured as a function of bR to QD

molar ratio to provide a PL titration curve for this QD sample (panel A of Figure 5.15).

PM/QD conjugates were prepared by formation of a covalent bond between the —COOH end
group of the polymeric shell of CdSe/ZnS QDs and the —NH, groups of bR’s amino acid

residues. After purification, the concentrations of QDs and bR in these conjugates were
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determined by least-squares deconvolution of the corresponding absorption spectra (as
described in Chapter 2). Using the determined concentration values, the corresponding bR to

QD molar ratios for the two conjugates were calculated to be 1.2 and 5.4 bR:QD.

After the normalisation of conjugate emission for QD concentration, which was slightly less
than in PM/QD complexes, the fluorescence intensities of PM/QD complexes and conjugates
of equal bR to QD molar ratios were compared (panel B of Figure 5.15). The fluorescence
intensity of 1.2 bR to QD complex was quenched by ~18% compared to 41% quenching for the
corresponding PM/QD conjugate, constituting a 2.3-fold increase in quenching efficiency.
Similarly, a 24% quenching for the 5.4 bR/QD complex was enhanced to 42% (1.8-fold

increase)’.

Mutation of bacteriorhodopsin

The genetic modification of bacteriorhodopsin has been extensively used to optimise the
protein for specific applications. A typical mutation involves replacement or removal of some
amino acid residues in the protein’s structure, stabilising the useful intermediate states
through lengthening of their lifetime. In the D96N mutant, for example, the lifetime of the M-
state is increased by orders of magnitude [50]. If QDs are coupled to the ground state of the
bacteriorhodopsin (absorbs at 570 nm), such stabilisation of the M-state (absorbs at 420 nm)

would certainly impact the FRET efficiency from QDs to the retinal molecule.

For instance, CdTe QD550 and QD600 have strong overlap with the ground state of the
bacteriorhodopsin, but very little overlap with the absorption of the intermediate M state
(Figure 5.16(a)). Both of these samples are efficiently quenched in PM/QD complexes
containing the wild-type (WT) bacteriorhodopsin protein (panels B and C of Figure 5.16). When
assembled with the D96N mutant, which, upon excitation, spends a significant amount of time
in the M-state, the quenching of QDs’ fluorescence by bacteriorhodopsin is significantly
reduced. In fact, a maximum quenching of 15% was observed for QD550, while quenching of
QD600 sample never exceeded 3%. The difference in behaviour for the two samples is due to
both the smaller diameter of the QD550 and the slightly better spectral overlap of QDs’ PL

band with the M-state absorption.

! Note that the intensity of 5.4 bR to QD complex was estimated from a Boltzmann fit to the
experimental PL titration curve (see panel A of Figure 5.15).
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Figure 5.15| Electrostatic assembly and chemical conjugation as methods of hybrid material preparation. (a) QDs’
photoluminescence quenching by bR in PM/QD complexes as a function of bR to QD ratio. Black squares are
experimental data, which was fitted with a Boltzmann curve, shown in red. The arrows indicated the bR to QD ratios
of the two PM/QD conjugates. (b) Comparison of QDs’ PL in PM/QD electrostatic complexes (black bars) and
covalent conjugates (red bars). PL intensities were normalised to the intensity of QDs’ emission in the absence of

PMs.
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Figure 5.16| Effect of genetic modification of bacteriorhodopsin. (a) Spectral overlap between the PL bands of
CdTe QD550 and QD600 with the absorption spectra of the ground bR state (purple) and the intermediate M state
(blue) of the bacteriorhodopsin. (b) and (c) Comparison of QDs’ PL quenching by wild-type bR (WT, black) and D96N
mutant (red) in (b) PM/QD550 and (c) PM/QD600 complexes.
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5.4. Proton pumping

As a continuation of the above work, the first proof-of-principle measurements of the increase
of the biological function of bR (proton pumping) in the presence of QDs were executed’. This
demonstration was done using oriented proteoliposomes (PTLs) - lipid vesicles (liposomes)
with the bR protein molecules incorporated within the walls of these vesicles in a highly
oriented manner [51]. PTLs with an average diameter of 57 nm were prepared according to the
classical protocol of Racker & Stoeckenius [51]. The structural arrangement of bR proteins
within the PTLs is similar to the bR packaging in native PMs. But, in contrast to the bacterial
PM, where bR pumps protons out from the cell, the orientation of bR in the PTLs prepared
according to the protocol of Racker & Stoeckenius is known to be opposite, so that the protons
are pumped to the inside of the PTLs [52]. As a result, illumination of these structures
provokes a photoinduced decrease of the proton concentration (increase of pH) in the solution
outside of the PTLs. The photoinduced pH-response of the PTLs suspension was found to be
reversible, with a complete relaxation of the system to the initial pH value upon switching off
of illumination (panels B and C of Figure 5.17). The recorded value of the variation of pH at 2
kW/cm? illumination is typical for the preparation of extremely highly oriented bR-containing

PTLs [52].

Hybrid PTLs/QD material was prepared by immobilisation of CdTe or CdSe/ZnS QDs on the
surface of the PTLs (Figure 5.17(a)). Integration of CdTe QD590 within the PM at the one-to-
five QD/bR molar ratio induces a pronounced (~25%) increase of the photoresponse of bR
proton pumping (Figure 5.17(b)). On the other hand, the photoresponse of the CdSe QDs-
containing hybrids was smaller (~15%) attributed to the increased donor-acceptor separation
distance for this type of QDs due to the thickness of the PEG-COOH organic shell. However,
this increase correlated well with the 17% decrease in CdSe/ZnS QD fluorescence for this bR-
to-QD ratio, as well as with the FRET efficiency of ~18 % obtained from PL time-resolved data

(data not shown, [3]).

' The preparation of PTLs and PTL/QD hybrids and measurements of proton pumping were performed
by Vladimir Oleinikov (Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of
Sciences, Moscow, Russian Federation).
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Figure 5.17| Proton pumping by bacteriorhodopsin in proteoliposomes and proteoliposome/quantum dot
hybrids. (a) A diagrammatic representation of the PTL/QD hybrid material. Semiconductor QDs are immobilised on
the surface of a PTL — a spherical lipid membrane (~57 nm in diameter), containing trimers of bacteriorhodopsin.
The bR protein is unidirectionally oriented, and pumps protons from the outside to the inside of the PTL, causing
changes in the pH of the outside solution. Energy collected and transfer by QDs to bR can enhance the rate of
proton pumping. All objects are drawn to scale. (b) and (c) respectively show the effect of CdTe and CdSe/ZnS QDs
on the efficiency of photoinduced proton pumping in PTL/QD hybrids, evaluated by measuring corresponding
changes in the pH of the solution. Top graphs: when the white-light illumination was turned on (green arrows), the
pH of the PTL suspensions increased (red lines). Turning off of the illumination (orange arrows) returned the system
to the original pH value. Upon immobilization of QDs on top of PTLs, the proton pumping was further enhanced
(blue lines) due to the energy transferred from QDs to bR. Bottom graphs show the differential pH curve, which is

the difference in the photoresponses of the PTL/QD hybrids and pure PTL suspensions.
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5.5. Conclusions

The retinal molecule in bR protein is the only chromophore of the PMs that absorbs light in the
visible region. Properly chosen QDs can dominate over the intrinsic absorption of the bR in the
400-600 nm range by orders of magnitude (panel C of Figure 5.6). Furthermore, they play the
role of a built-in light energy convertor by harvesting light which would not be absorbed
efficiently by the purple membranes alone (from UV to blue region) and then transfer it to the
bR, thereby enhancing the light-harvesting capability and, potentially, the quantum efficiency

of the protein.

QDs were immobilized on the surface of PMs by covalent conjugation or by self-assembly
through electrostatic interactions between the QDs and positive patches on PMs. Membrane-
immobilized QD transfer the harvested energy via highly efficient FRET to this complex
biological system. The energy transfer process was found to be influenced by a number of
parameters, including QDs size, composition and mutation of bR, allowing optimisation of the
PM/QD material. In addition, although QDs demonstrated highly efficient FRET to the bR
protein, they have moderate extinction coefficients. Further optimization of the hybrid
material can be done using semiconductor nanowires or nanorods which typically have very

strong absorption.

Finally, a first proof-of-the-principle measurements were performed that bR, as part of the
engineered QD-PM hybrid material, is able to utilize the additional energy transferred by QDs
to improve the efficiency of its biological function — the proton pumping. Since the
technologically exploitable (photoelectric, photochromic and photoelectric) properties of bR
are coupled to its biological function, it is expected that an increased proton pumping
efficiency can increase these properties and facilitate the integration of this material into

photonic technologies.
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6. NONLINEAR OPTICAL PROPERTIES OF
QUANTUM DOT/BACTERIORHODOPSIN
MATERIAL

In the previous chapter, the first studies of the nanoscale interactions between semiconductor
quantum dots and bacteriorhodopsin protein within purple membranes were described. It was
shown that these interactions, in the form of FRET, lead to an improvement of the biological
function of bR. The observed effects indicate that that improvement of bR’s photoelectric and
photochromic properties can also be achieved. Recent reports exist that explore this
possibility. In particular, Griep et al. [1] have shown that the photoelectric response of

bacteriorhodopsin films can be increased by up to 35% by addition of QDs.

Many of the optical applications of bacteriorhodopsin are based on its strong nonlinear
properties, which are coupled to the photochromic properties of this protein [2]. As such, the
experimentally observed improvement of the biofunction of bacteriorhodopsin in the
presence of QDs should influence the nonlinear properties of the bR protein. This chapter
details the initial investigations of the nonlinear properties of PM suspensions and solutions
containing the hybrid PM/QD material using the Z-scan technique. Z-scan was chosen as the
method of measurements of the nonlinear optical (NLO) properties both due to the ease of the

technique and the ability to perform measurements on liquid samples.

6.1. Nonlinear properties of materials

The optical properties of some materials display nonlinear dependencies on the intensity of
incident excitation. In particular, the absorption and refractive properties of such materials
demonstrate significantly different behaviour at high incident light intensities. At high
intensities, samples possessing nonlinear absorption (NLA) properties absorb either less or
more than expected for a linear behaviour (Figure 6.1(a)). In samples with nonlinear refraction
properties, the refractive angle is either increased or decreased as the intensity of the incident

light is increased (Figure 6.1(b)).
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Figure 6.1|Nonlinear optical behaviour of materials. (a) At low intensities, the absorption of a sample with
nonlinear absorption properties follows a linear dependence. Above a certain threshold value, however, the
absorbance of such a sample starts to deviate from the linear behaviour (the nonlinear absorptive region). In the
example shown, the sample absorbs less than expected at high intensities. (b) In a nonlinear refractive medium, the
refraction of the incident beam depends on the irradiance. For a sample with negative lensing, the angle of

refraction decreases as incident beam intensity increases.

Bacteriorhodopsin films show a very significant nonlinear absorption and refraction response
under illumination. Both of these effects can be attributed to the different conformations of
the bR’s intermediate states. The small changes of the crystalline structure of bR upon
illumination as well as the accompanying shifts in electron density result in significant changes
in dipole moments with subsequent shifts of bR’s absorption band and also changes in its
refractive index [3]. These properties can be exploited for a variety of optical applications, such

as optical limiting and several of types of holographic applications.

The nonlinear refractive properties of the bacteriorhodopsin are usually described in terms of
a three-level scheme [3, 4] involving the ground state (bR), a short-lived intermediate state (a
combination of K and L state) and a long-lived intermediate state (M), all of which posses
different refractive and absorption indices. Since the lifetimes of the states and the excitation
and relaxation efficiencies between them depend on the environmental conditions (e.g. pH
value, temperature, bR mutation), the nonlinear properties of bacteriorhodopsin show a
similar dependence. For example, the refractive index of the D96N bacteriorhodopsin mutant

changes significantly less when compared to the wild-type bR [5].
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6.2. The Z-scan technique

Several methods for the measurements of NLO properties of materials exist, the most
common of which are Z-scan and phase-modulated beams techniques. Each of these
techniques has their own merits. The advantages of the Z-scan technique are the ease of its

implementation and the fact that it can be applied to both liquid and solid samples.

The basis of the Z-scan is the positional dependence of the irradiance of a laser beam focused
by a converging lens and the intensity-dependence of the NLO properties of the material. In a
typical Z-scan set-up, a laser beam is focused by a lens (Lens 1 in Figure 6.2) and a thin sample
is moved through the focal position of the focused beam, while the transmittance of this beam
through an aperture placed in the far-field is measured. The converging/diverging profile of
the focused laser beam provides a variation in the intensity of illumination incident onto the
sample, and therefore changes in position of the sample relative to the focal point of the beam
translate into transmittance changes through a far-field aperture, which are measured by a

detector placed behind the aperture (Detector 1 in Figure 6.2).

Aperture

1ons 2 Detector 1

Laser Detector 2

0D filter

Beam
Splitter

Movable
Stage

Figure 6.2| A typical Z-scan set-up. The intensity of the laser is adjusted with OD filter. The beam splitter separates
the laser beam into reference and main beams. The reference signal is measured by Detector 2, and is used to
correct the data for laser intensity fluctuations. The main beam is focused by Lens 1 and is later collimated by Lens
2, before passing through an aperture in the far-field. The sample is moved along the optical path of the focused

measurements beam (Z direction), and the transmittance changes due to the sample are measured by Detector 1.

6.2.1. Measurements of nonlinear absorption and refraction

There are two main configurations of the Z-scan technique — the open- and closed-aperture Z-
scans. The configuration described above is that of a closed-aperture Z-scan, in which both
nonlinear refraction (NLR) and nonlinear absorption (NLA) contributions are measured. In

open-aperture Z-scans, the far-field aperture is either removed or it is opened so that its
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transmission is close to unity. This configuration only measures the NLA contributions to

transmission changes.

Consider, for example, a sample displaying only nonlinear absorption. At high intensities, such
a sample absorbs either more or less than a sample with linear optical properties (Figure
6.1(a)). At low incident intensities, however, the absorption follows a linear dependence. In a
Z-scan, when the sample is far away from the focal point of the laser beam, the irradiance of
the laser is not enough to invoke the nonlinearity. As the sample is brought close to the
narrowest part of the beam (Z=0), the NLA becomes stronger and the sample starts to transmit
either more or less light. The effect is strongest at the Z=0 position, resulting in a Lorentzian-
type peak in the transmission versus Z position trace (Figure 6.3(a)), termed the Z-scan trace.
The changes in transmission due to the NLA are observed in both the open- and the closed-
aperture because NLA does not affect the path of the laser beam. However, in closed-aperture

Z-scans, the height of the NLA peak is proportional to the aperture transmittance.

A sample with non-linear refraction properties acts as an additional intensity-dependent lens
with either positive or negative lensing that either increases or decreases the refractive angle.
For a focused incident beam, this either diverges or converges the beam resulting in changes in
the irradiance of the laser beam as it reaches the detector in the far field (Figure 6.3(b)). When
an aperture is placed in front of the detector (closed-aperture Z-scan), these changes translate
into changes in transmittance. For example, if a sample has negative non-linear refractive
index, it will act as an intensity-dependent lens that reduces the refractive angle (Figure 6.1(b))
and diverges the incident beam. During a Z-scan, when the sample is far away from the focal
plane, the irradiance within the sample is low and the non-linear effect is negligible. As the
sample is moved closer to the focal plane the irradiance increases giving rise to non-linear
effects. Before the focal plane, the divergence of the beam by the nonlinear optical sample
results in light of higher intensity being transmitted through the aperture in the far field (top
panel of Figure 6.3(b)). After the focal plane, the effect is opposite — the beam divergence gives
rise to smaller power densities at the aperture (bottom panel of Figure 6.3(b)). The result is a
typical Z-scan trace (Figure 6.3(c)) consisting of a peak and a valley that correspond to
increased and decreased transmittance through the aperture before and after the focal plane
respectively. For a positive non-linear refractive index material, an opposite valley-peak
arrangement is expected for a Z-scan trace, allowing the determination of the sign of the non-

linearity of the refractive index of material directly from the raw Z-scan data.
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Figure 6.3| Measurements of nonlinear optical properties using Z-scans measurements. (a) Representative open-
aperture Z-scan trace for a sample with NLA properties. During a Z-scan, an NLA sample transmits more near the
narrowest part of the beam where the irradiance values are highest, resulting in a Lorentzian profile of the-Z-scan
trace. (b) Refraction of the focused laser beam by a sample with negative lensing properties at different Z positions
relative to the focal plane of the collimating lens (lens 1 in Figure 6.2). Before the focal plane (top figure), the
divergence of the incident beam is decreased by the negative lensing resulting in increased beam irradiance at the
aperture. After the focal plane (bottom figure), the effect is opposite. The divergence increases and therefore beam
irradiance decreases. (c) A typical Z-scan trace for a sample with negative lensing, showing a peak and a trough in
transmittance corresponding to the pre- and post-focal position of the sample in (b). The difference in peak-to-
trough transmission (AT =T, —T,) depends on the nonlinear refractive index n,, while AZ (= Z, — Zp) is

determined by the properties of the focusing lens of the Z-scan set-up (Lens 1 in Figure 6.2).

BWo ‘ o w(2)

Figure 6.4| Representative cross-section of a focused laser beam. A Gaussian beam is characterised by beam waist
Wy, a divergence angle 8 and Rayleigh width Z, at which the width of the beam is equal to \/fwo, and which is

half the depth of focus (b) of the beam.
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6.2.2. Extraction of nonlinear coefficients from Z-scan data
The overall amplitude of the transmittance changes due to nonlinear refraction, defined as the
difference in the peak and trough transmission values (AT,_. =T, —T;) in Figure 6.3(c),

depends on the transmittance of the aperture (S):
AT,_p = 0.406 (1 — 5)%2° |Ad,| (6.1)

where A®, is the on-axis phase change at the focus caused by the third-order non-linearity [6].
In a closed-aperture scan both NLA and NLR make a contribution, however the above
expression assumes the absence of nonlinear absorption. For an open-aperture scan (no
aperture, S=1), the NLR plays no role in the transmitted intensity, and only NLA is measured. In

this case, the transmittance as a function of Z position (T (Z)) is given by

TZ)=1 +@ ; (6.2)

2m\Z2 + 7}
Here qo = fLerrlo, where f is the nonlinear absorption index (cm W?) and Legy is the
effective sample thickness, given by (1 —e~%)/a where L is the actual thickness of the

sample and a is the linear absorption coefficient of the material.

Alternatively, both the NLA and NLR contributions can be calculated directly from the
normalized transmittance (T'(x)) curve by fitting the closed-aperture Z-scan trace to the

following equation [7]:

2(—px? +2x —3p)

NE (x249)(x2+1)

Ad, (6.3)

Here, x = Z/Z, where Z is the position of the sample relative to focal plane and Z; is the
diffraction length of the focused beam (= k(wq)?/2), where k = 2m/A is the wavevector and
Wy is the radius of the beam waist (Figure 6.4). p is a parameter that relates the phase changes
caused by non-linear absorption (AW,) and nonlinear refraction (A®,) or, equivalently, the

nonlinear absorption and nonlinear refraction (n,) indices:

AR
P=2d, 2kn,

(6.4)
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The nonlinear refractive index (n,) and the associated phase change (A®,) are related by
ADy = kn, IgLess, where Iy is the on-axis irradiance at the focus position. Similarly, the

nonlinear absorption index can be calculated from the corresponding on-axis phase shift using

AWy = BloLess/2 = qo/2.

6.2.3. Z-scan set-up

Z-scan measurements were performed at several wavelengths, using a LTS150 motorised stage
(ThorLabs). The laser beam was focused and collimated by bi-convex spherical lenses
(ThorLabs). The wavelength of the pulsed laser beam from a Verdi V10 laser (<130 fs, 80 MHz,
Coherent) was set to 550 - 800 nm using the Mira 900/Mira-OPO system (Coherent). The
intensity of the incident beam was adjusted using a series of neutral density filters (NT59
series, Edmund Optics). The intensities of the reference beam and the transmitted
measurement beam were measured using two silicon photodiodes (SMO5PD1B, ThorlLabs)
amplified by two photodiode amplifiers (PDA200C, ThorlLabs). These intensities were recorded
as a function of sample position using a LabView program that incorporated the ThorlLabs
software for the motorised stage. The measured transmitted intensity was first corrected for
laser fluctuations by dividing it by the intensity of the reference beam. After being normalised
to transmission at the Z=0 position, the corrected Z-scan trace was fitted to equation 6.3 to

extract the values of phase changes due to the NLA and NLR properties.
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6.3. Optical nonlinearities in bR/QD material

The hypothesis that the enhancement of the biological function of bacteriorhodopsin in the
presence of QDs can result in enhancement of its nonlinear optical properties was tested on an
example of a bR/QD hybrid material assembled from wild-type bR and TGA-stabilised CdTe
QDs emitting at ~650 nm. This QD sample was chosen because it displayed efficient FRET
coupling to the bR protein. Furthermore, this sample had relatively high extinction coefficients
(Figure 6.5) due to the larger size of the QDs, allowing for larger NLA properties when
compared to smaller QDs with potentially better FRET coupling. The effect of the addition of
QDs on the NLO properties of PMs was then studied through comparative studies involving Z-
scans of pure QDs solutions, PM suspensions and aqueous solutions of assembled PM/QD

material.
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Figure 6.5| Comparison of spectral properties of QD650 and bacteriorhodopsin protein. The extinction coefficient
of the QD650 sample, used in the study of the NLO properties of QD/PM complexes, is significantly higher than that
of the retinal molecule of the bR protein. The absorption band of the retinal molecule has significant spectral

overlap with the QD650 emission spectrum, allowing for strong optical coupling of QDs and PMs.

6.3.1. Assembly of PM/QD complexes

The PM/QD650 complexes were self-assembled and purified in a standard manner, as
described in Chapter 5 [8]. The assembly was monitored by absorbance measurements above
the QDs’ and bR’s absorption edges. At these wavelengths, the main contribution being
measured is scattering, which has a strong dependence on the average size of the particles.
Temporal absorption measurements of PMs/QD650 complexes at 700 nm showed increased
scattering by the self-assembling complexes (Figure 6.6(a)). The scattering reached saturation
after ~1 hour, corresponding to the end of the assembly process and remained constant

thereafter.
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QD/PM assembly was also monitored by temporal fluorescence measurements. This was
possible due to the fact that QDs, self-assembled on top of PMs and illuminated with UV or
visible light, transfer the energy they absorb to the retinal molecule of the bacteriorhodopsin
protein via FRET [8]. The FRET process results in increasingly quenched emission from the
PM/QD650 complexes (lower left axis, Figure 6.6(b)) as the assembly proceeds. Furthermore,
fluorescence measurements revealed the bR-to-QD ratio dependence of the strength of optical
interaction between the QDs and the retinal molecule (i.e. the strength of FRET coupling). For
PM/QD650 system, efficient FRET coupling was achieved for bR-to-QD ratios as small as 0.2,

even after only a few minutes of the assembly process (Figure 6.6(b)).

(@) >

00104

PLintensity (a.u.)

ABS at 700 nm
o
g

0.006 +

0004 4

- T T

Time (min)

Figure 6.6| Self-assembly of PM/QD650 complexes monitored by (a) absorption and (b) photoluminescence
measurements. (a) Scattering from 0.5 bR-to-QD complexes increased as QDs and PMs assembled in solution.
Scattering reached saturation after ~1 hour, corresponding to the end of the assembly process. It then remained
constant for at least another hour. (b) The quenching of QDs’ fluorescence depends on the bR to QD molar ratio.
For any chosen ratio, quenching increased with time as QDs and PMs electrostatically assemble in solution. 100%

quenching was achieved for bR-to-QD molar ratios above 0.2, suggesting strong interactions between QDs and bR

within the 0.2 — 0.5 bR-to-QD molar ratio range.

6.3.2. Enhancement of nonlinear optical properties of bacteriorhodopsin

In view of the strong FRET coupling for PM/QD650 complexes with bR-to-QD molar ratios
above 0.2, it is reasonable to assume that, if nanoscale interactions between QDs and bR can
result in the improvement of NLO properties of bR, then such enhancement would be most
pronounced within this bR-to-QD molar ratio range. On the other hand, the enhancement
effect should be small in complexes with bR-to-QD ratios smaller than 0.2. In view of this, four
bR-to-QD ratios were chosen (0.02, 0.1, 0.25, 0.5), which covered the whole range of the

strength of optical interactions between the bR protein and QDs in the PM/QD complexes.
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Figure 6.7| Enhancement of nonlinear optical properties in PM/QD complexes. (a) Z-scans of a PM suspension (0.5
UM bR concentration, blue data points) and QD solution (black squares, 1 uM). The solid curves are fits to the
experimental data according to equation 6.3. (b) Comparison of Z-scan curve for 0.5 bR-to-QD complex (HYBO.S,
blue) and Z-scans of the components — same as those shown in (a). (c) Nonlinear refractive indices of bR, QD and
four of PM/QD complexes of different bR-to-QD ratios (labelled HYB, followed by the bR-to-QD ratio). An increase
of n, was obtained for all bR-to-QD ratios, with maximum increases for bR-to-QD ratios above 0.2 (consistent with
PL quenching data). The concentration of QDs was the same in all complexes (1 uM). The bR concentration in the
PM sample (bR*) is the average of the four concentrations of bR in hybrid complexes (0.22 uM). (d) Temporal
evolution of the NLR index of the 0.5 bR-to-QD complex relative to the NLR index of the PM suspension containing
same bR concentration (0.5 uM). The initial sharp increase of m, occurred on the same timescale as the PL
quenching observed during HYB0.5 complex assembly (Figure 6.6(b)). The increase slowed down as assembly
reached completion. The enhancement of m, reached a maximum of ~20 relative to the NLR index of PM

suspension or ~40 relative to NLR index of QD solution.

Closed-aperture Z-scans at 700 nm of a pure QD solution and a PM suspension showed that
both these samples display negative lensing at 700 nm (Figure 6.7(a)), in accordance with
literature [5, 9, 10]. Upon QD/PM assembly, there was a significant increase in the
transmittance variations (Figure 6.7(b)) corresponding to considerable increase in the
amplitude of the NLR index (n,) of the bR-QD system (Figure 6.7(c)). For example, for the 0.5
bR-to-QD complex, |n,| increased from -6.07 x 1073 m?/W for the PM suspension and
3.29 x 10713 m2/W for the QD650 solution to 1.32 x 10~ m?/W. This is equivalent to ~20-

and 40-fold increase of the NLR index of the PM suspension and the QD solution respectively.
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Enhancement of n, was significantly lower for PM/QD complexes with bR-to-QD molar ratios

below 0.2 (Figure 6.7(c)), similar to PL quenching efficiencies in these complexes.

Temporal evolution of n,

The results described above are not sufficient to establish the physical coupling between QDs
and bR as the cause of the observed enhancement effect. Since these optical effects are by
definition nonlinear, the combination of two nonlinear media may result in a further enhanced
nonlinear effect. So, even though the concentration of QDs in all complexes was same, the
observed dependency of n, on the bR-to-QD molar ratio could be the result of the cumulative
effect of the NLR properties of the QD solution and the PM suspensions of different
concentrations. In this instance, the enhancement effect is expected to be immediate, with no
temporal evolution after the initial mixing of QDs and PM solutions. This was not found to be
the case. In fact, temporai Z-scan measurements showed that increase of n, follows a
temporal trend similar to that observed during the fluorescence quenching measurements,
used to monitor the assembly of the PM/QD — both measurements showed strong changes
within the first 10 minutes, followed by much slower changes thereafter (Figure 6.7(c)). This
result implies that the amplitude of the NLR index of the PM/QD complex is larger than the

cumulative effect of the NLR indices of the constituents.

Effect of QD aggregation

Another possible source of the n, enhancement with the observed molar ratio dependency is
the aggregation of QDs. There have been reports in the literature that aggregation of metallic
nanoparticles can cause increases in the optical nonlinearity of a sample due to the red-
shifting of existing bands or an appearance of new plasmonic bands, red-shifted to the original
ones [11, 12]. By extension, it is reasonable to assume that semiconductor nanocrystals may
show a similar behaviour. Although no such effect has as yet been reported in the literature,
the concentration-dependence of the optical properties of semiconductor nanocrystals has
been observed. Artemyev et al. [13] showed that the absorption spectrum of QDs in a

concentrated sample (referred to as a denser state) red-shifts relative to a dilute sample.

Now, the self-assembly of PM/QD complexes can be thought of in terms of a formation of a
denser state of QDs. An important thing to note, however, is that assembly of PM/QD
complexes involving a well-dispersed QD sample would be significantly different to the
assembly behaviour of an aggregated QD sample. Furthermore, the increase of the n, due to
the assembly would be significantly less for the aggregated sample since QDs in this sample

are already in a dense state. As a result, the comparison of temporal n, evolution during the
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assembly of PM/QD complexes for a well-dispersed (WD) and an aggregated (AGR) QD
samples provides a way to evaluate whether or not the formation of a denser state of QDs is

responsible for the enhancement of NLO properties.

In order to perform these comparative measurements, an aggregated QD sample had to be
prepared first. It was crucial to perform the aggregation in a controlled manner — aggregated
QDs must remain to be soluble to allow their assembly with the PMs. A more typical case is
one where QDs’ aggregation leads to the irreversible precipitation of QDs out of the solution.

Several methods of aggregating QDs were attempted.
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Figure 6.8| Effect of QD aggregation on nonlinear properties of PM/QD complexes. (a) Z-scan curves of a well-
dispersed (WD) QD sample and an aggregated (AGR) QD sample prepared by centrifuge filtration of the WD sample.
The WD sample produced by this method was of very low concentration, resulting in large noise and no noticeable
signal in Z-scan data. (b) Z-scan curves of WD sample and AGR QD samples prepared by prolonged gentle heating of
the WD sample. The aggregation caused a significant increase (~5-fold) in the NLR properties of the QD sample. (c)
and (d) show temporal evolution of the NLR index of 0.1 bR-to-QD complex. The absolute values of n, were
significantly larger for complexes assembled with the AGR QD sample (c), due to the larger NLR index of this QD
sample. However, when n, values were normalised to NLR indices of QD samples, the overall trend in the temporal
evolution of n, was found to be same for both AGR and WD QDs (d), suggesting that aggregation is not the cause of

the enhancement effect.
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First, QDs sample was separated into an “aggregated” (AGR) and “well-dispersed” (WD)
samples by centrifuge filtration through an eppendorf filter with 0.2 um pore size (3 min, at
10,000 rpm). QD precipitate, which was left on the filter, was re-dissolved in water to provide
the AGR sample. The rest of the solution, which went through the filter, was collected as a WD
sample. Since the concentration of the WD sample was significantly less than that of the AGR
sample, the AGR sample was diluted until the concentration of QDs in both samples was equal.
The WD sample was sonicated for ~ 15 min prior to Z-scan measurements to ensure best
dissolution of QDs in this sample. However, due to fairly low concentrations of both of these
samples, the noise in the Z-scan measurements was very high (Figure 6.8(a)) and no significant

nonlinear effects were observed for either of these samples.

Other methods of aggregating the QD sample were attempted next, but most proved to be
unsuccessful: the sonication of a QD solution of high concentration had no effect on its
nonlinear properties; excessive evaporation of solvent lead to a sudden precipitation of
nanocrystals out of solution and lowering of the pH below 7 had a similar effect. In both of

these cases, precipitation of QDs was found to be irreversible.

Finally, it was found that gentle and prolonged heating of the sample (~25°C for ~48 hours)
caused the sample to form an aggregated state without immediate precipitation'®. After this
treatment, the assembly of the 0.1 bR:QD complex was monitored over a period of 2 hours for
the AGR and the WD QDs samples. First of all, it was found that the NLR index of the AGR QD
sample was approximately 5 times larger than that of the WD QD sample (Figure 6.8 (b) and
(c)). As a result, the overall values of |n,| of the PM/QD complexes were significantly larger for
the AGR QD sample (Figure 6.8(c)). However, both AGR and WD samples produced same
trends in terms of the increase of |n,|, which was clearly seen when n, values were
normalised to the initial QD value (Figure 6.8(d)). This is in contradiction to what was discussed
above and suggests that, although the aggregation does influence the amplitude of |n,]|, it
does not play a role in determining the overall increase of the NLR index for a given complex.
This leads to the conclusion that neither QDs aggregation nor, in fact, the formation of a

denser state of QDs is the cause of the enhancement of NLR in PM/QD complexes.

It is well-known that colloidal QD samples naturally aggregate over time; thus, it is very
important to account for the significant increase of the nonlinear properties of aggregated QDs
when analyzing the nonlinear properties of the PM/QD hybrid material. The simplest way to

achieve this is to normalise the n, values of the PM/QD complexes to the NLR index of the QD

9 After this treatment, the QDs fall out of solution and precipitate within 2 days
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solution. For this reason, all further increases of n, were assessed in terms of the

enhancement of the QDs’ NLR properties and not in terms of the increase of bR’s NLR index.

6.3.3. Origin of n, enhancement

Having eliminated the “macroscopic” interactions (cummulative nonlinear effect and
aggregation) as the source of n, enhancement, it is likely that some sort of nanoscale
interaction between the QDs and bR protein at the QD/membrane interface is the cause of the

observed effect.

The nature of these interactions is not immediately clear — both physical and chemical effects
are possible. The NLO properties of bR are derived from its photochromic properties and, in
particular, from the different absorption and refractive properties of its intermediate state. As
a result, the strong optical coupling that exists between bR and QDs when PM/QD complexes
are illuminated with UV or visible light can in fact lead to changes in the nonlinear properties
of bR, as previously suggested. On the other hand, QDs have charged ligand molecules on their
surfaces and the surface groups of the bacteriorhodopsin can have chemical affinity towards
the ligand molecules resulting in small changes to the crystalline structure of the
bacteriorhodopsin and ensuing changes of the optical properties of the protein. Another
possible source is the surface charge of the adsorbed QDs, which can have an influence on the
dipole moment that exists across the PM. A series of further experiments were devised and
executed in an attempt to elucidate the nature of the bR-QD interactions that are responsible

for enhanced nonlinear properties of the PM/QD material.

Wavelength dependence of n, enhancement

First of all, it is important to note that many physical phenomena, including optical coupling,
show a significant dependence on the frequency of incident light. The chemical and charge
effects, on the other hand, are not expected to show any wavelength dependency. For this
reason, measurements of NLR properties of PM/QD complexes were extended to wavelengths

above the absorption edge of the QDs.

The enhancement of n, was measured at 700 nm, 750 nm and 800 nm for the bR/QD
complexes with four different molar ratios, as before. At nearly all wavelengths, the best
enhancement was observed for 0.5 bR-to-QD complex and for all complexes the enhancement
was maximum at 700 nm (Figure 6.9). Above this wavelength, the enhancement was found to

diminish with increasing wavelength of the incident beam.
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These results suggest that a wavelength-dependent process plays a role in n, enhancement.
One possibility is that the enhancement is due to some type of nanoscale interaction between
the bacteriorhodopsin protein and QDs excited through multi-photon absorption (MPA). QDs
are known to exhibit MPA — a process which has a wavelength dependency similar to that
observed in above measurements. The nonlinear absorption index of the QD sample used in
these measurements, § = —(6.3 + 0.2) x 1077 m/W, is similar to values reported in the
literature (—1 x 107 m/W, M. S. Abd El-sadek et al [14]) making the above proposition

plausible.

If this theory is viable, then a significant change in the behaviour of the PM/QD system is
expected as the absorption mechanism transitions from nonlinear to a linear regime. That is,
as the wavelength of the incident light is brought below the absorption edge of the QDs, the
enhancement of the NLR properties of the hybrid complexes should either decrease or
increase. Experimentally, the enhancement of the n, in PM/QD complexes at wavelengths
below 700 nm was found to be considerably reduced (Figure 6.9). In fact, even for the highest
bR-to-QD molar ratio used, the increase in n, never exceeded 80%, compared to ~4000%
enhancement for this complex at 700 nm®°. This indicates that excitation of QDs does indeed

play a role in the enhancement of NLR properties of PM/QD complexes.

The observed reduction of the enhancement effect can be undestood by considering the
relative increase of bR excitation above and below 700 nm. As mentioned previourly, the
nonlinear properties of bR are coupled to the properties of its intermediate states and as a
result additional excitation of the protein via energy transfer or other process would certainly
result in changes of its nonlinear properties. Now, below 700 nm, direct excitation of both QDs
and the bR protein occurs, and such excitation is much more significant than excitation of
either of the components by MPA above this wavelength. As a result, the additional energy
received by bR from QDs, relative to the direct excitation of bR, is greater above 700 nm where

only minimum absorption by bR occurs.

20 5 . .
The increases were evaluated are relative to the n, value of a pure QD solution.
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Figure 6.9| Wavelength dependence of nonlinear refraction properties of PM/QD complexes. The NLR indices of
the PM/QD complexes of different bR-to-QD molar ratios all showed similar wavelength trends — the enhancement
of the nonlinear refraction properties of complexes was much smaller at wavelengths below the absorption edge of

the QDs (~650 nm) than at wavelengths just above the absorption edge.
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Figure 6.10| Enhancement of n, for different types of bacteriorhodopsin protein. (a) The enhancement of n, was
found to depend strongly on the type of the bacteriorhodopsin used. Only with wild-type bacteriorhodopsin (WT-
PM) a significant enhancement was obtained. For a mutant bacteriorhodopsin and white-membranes very little and
no enhancement was observed respectively. This corresponds well with the photoluminescence quenching data for
these three types of bacteriorhodopsin, shown in panel (b). The quenching of QDs’ photoluminescence (PL) was
very significant for the WT-PM (black), signifying efficient energy transfer in this complex. Only a slight quenching of
PL was obtained with the mutant bacteriorhodopsin (green), hence only a small percentage of energy donated by
QDs is accepted by this protein. Finally, white membranes (WM) were used as a control (blue). Since the acceptor

molecule (the retinal) is missing from this protein structure, no energy can be transferred to WMs.
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FRET contribution to n, enhancement

It is interesting to note that the maximum n, enhancement below 700 nm was of the same
order of magnitude as the increase of the proton pumping efficiency by bR due to FRET from
QDs to the protein. At these wavelengths, the energy transfer between bR and QDs has been
shown to occur [8], indicating the possibility that FRET may in fact be the cause of the

enhancement effect.

In order to establish the role of FRET in the enhancement process, control experiments were
performed involving hybrid complexes composed from different types of bR protein. In
particular, the enhancement of n, was compared for complexes containing wild-type (WT) bR,
white membranes (WMs, see Chapter 5) and D96N mutant. The D96N mutant was chosen
because it was found to be very poor in accepting the energy from QDs, while in WM/QD
complexes the energy transfer process is altogether absent due to the absence of the acceptor

—the retinal molecule.

For each type of bR, 0.5 bR:QD complexes were assembled for 20 minutes, and the measured
value of n, (at 750 nm) for each complex was normalised to that of the QDs’ n,. Only the
complex containing wild-type bacteriorhodopsin, in which FRET is very efficient (Figure 6.10(b),
black data points), showed a measurable increase in n, (Figure 6.10(a)). The change in n, for
the D96N mutant bR was only of the order of a few percent (Figure 6.10(a)), corresponding
well with the inefficient quenching of QDs’ PL by this bR (Figure 6.10(b), green data points).
Finally, no measurable enhancement in A®, was observed for the white membranes (Figure

6.10(a)), in agreement with the lack of FRET in this complex (Figure 6.10(b), blue data points).
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6.4. Conclusions and future work
The presented data represent the first investigations of the nonlinear properties of the PM/QD
hybrid material involving comparative measurements of the NLR indices (n,) of QD solutions,

PM suspensions and assembled PM/QD complexes using the Z-scan technique.

Overall, the NLR indices for QDs and bR solutions obtained using the Z-scan technique
compared well with the literature values. The NLR index of the QD sample was determined to
be between —3.3 x 10713 m?/W and —6.5 x 10712 m?/W comparing to, for example, a
value of =7.2 x 10713 m2?/W reported by M. S. Abd El-sadek et al [14]. The NLR index of a
purple membrane suspension was measured to be between —1x10"'* and
—8x 10713 m2/W depending on the wavelength, while a solution of free retinal molecules
was reported to have similar value of NLR index in the —3.9 X 10~'* to —7.8 x 10~ m? /W

range at 532 nm [15].

The NLR indices of the assembled PM/QD complexes were determined to be significantly
larger than those of the constituent solutions. The n, enhancement upon self-assembly of QDs
on PMs showed a dependency on both the bR-to-QD molar ratio and the wavelength of
incident light. The maximum enhancement was obtained for the 0.5 bR-to-QD complex at 700
nm, which had n, = —1.32 X 107 m?/W comparing to the similar values of n, of
—3.29 x 10713 m2/W and —6.07 x 10713 m2 /W for the QD and PM solutions respectively.

This corresponds to an increase in NLR index by almost 2 orders of magnitude.

The observed molar ratio and wavelength dependencies, together with the temporal evolution
of n, during complex assembly, suggest that the observed enhancement effect involves
excitation of QDs by MPA followed by FRET from QDs to bR. The lack of enhancement of the
NLR index for complexes assembled with WMs and D96N mutant bR (instead of the WT bR) is
in support of this mechanism. However, other mechanisms, such as non-resonant interactions
between QDs and the retinal molecule, have not been excluded. Further Z-scan experiments
involving QDs of different sizes can divulge the significance of the MPA by QDs in the
enhancement process, while transient spectroscopy of the PM/QD solutions can shed light on

the nature of the nanoscale interactions responsible for the enhancement effect.

Finally, the effects observed in this study indicate that the nonlinear optical properties of PM
films, which have much larger NLO indices, can be further increased by sandwiching QD layers

between the PMs. Considering that many of the proposed applications of bR films are based
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on its nonlinear optical properties, the PM/QD hybrid material represents a significant step in

the implementation of this unique protein in technological applications.
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CONCLUSIONS

7. CONCLUSIONS

The remarkable advances in nanomaterials have resulted in an impressive degree of control
over their fabrication and characterisation, opening up the possibility of utilization of these
new materials to probe biological structures at scales much smaller than previously thought
possible. The nano-bio-materials have great potential as the next-generation materials since
they combine the ever-increasing expertise of the nano- and bio-technologies. In this work,
three hybrid model systems were examined for nano-scale interactions at the nano/bio
interface with the aim of demonstrating that such interactions can result in increased
functionai efficiencies of the biomolecules. The three model systems chosen were composed
from semiconductor quantum dots and 1) a model photosensitiser (methylene blue dye); 2)
photosynthetic reaction centres (RCs) extracted from bacteria; and 3) bacteriorhodopsin (bR)
membrane protein within purple membranes (also extracted from bacteria). All three systems
were examined using a variety of spectroscopic techniques in order to elucidate the origin of

the interactions within them.

In the first system, the methylene blue (MB) dye was employed as the model photosensitiser.
Spectroscopic investigations revealed the adsorption and partially dimerisation of the dye on
the QDs’ surfaces, with ensuing photoinduced charge transfer from quantum dots to
methylene blue. In the case of strong spectral overlap between the QDs’ emission spectrum
and MB absorption spectrum, this process was accompanied by Forster Resonance Energy
Transfer (FRET). Both of these transfer processes resulted in additional excitation of MB dye
and a consequent increase of ~15% in its production of the singlet oxygen species and its cell
kill efficiency, revealed through in vitro growth of Hela cells. The obtained results can be
extended to include any general photosensitiser that operates in the visible or NIR spectral

regions.

Secondly, the investigation of the QD/RC system described in this thesis is one of the first
examples of studies demonstrating efficient energy transfer from QDs to a functional biological
complex. In this system, the naturally-occurring light-harvesting complexes were removed
from the bacterial reaction centres and QDs were used instead. It was shown that QDs were
able to collect the available photon energy and transfer it to the reaction centres.

Measurements of the photoluminescence intensity of the special pair in the RCs confirmed
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that the energy transfer process resulted in an increase of the photosynthetic efficiency of the
RCs (up to 3-fold), thus demonstrating the ability of QDs to act as light-collecting elements in
artificial photosynthetic systems. Further optimization of this nano-bio photosynthetic system

can improve its efficiency and increase the potential impact of these findings.

The final system, that containing QDs and bR protein, was by far the most complex; however,
it also is the most promising for technological applications owing to its stability and the
photochromic, photoelectric and charge transfer properties of the bacteriorhodopsin protein.
The latter, in the form of proton pumping, is the main biological function of the protein and all
other technological-exploitable properties of bR arise from this function. Investigations of the
bR/QD system showed that photon energy collected by QDs and transferred to the retinal
molecule of the bR resulted in an increase of the proton pumping efficiency of the protein.
Several of environmental factors were shown to affect the energy transfer process, including
QDs’ size, bR mutation and pH of the solution among others, and these factors can be

exploited to further optimise the energy transfer process.

Due to the coupling between the biological function of the protein and it's optical and
electrical properties, the observed increase of the proton pumping efficiency points towards
the possibility of improvement of these properties. This was the topic of the last chapter, in
which the nonlinear optical properties of the bacteriorhodopsin were studied. Overall, an up
to 20-fold enhancement of the bR’s nonlinear refractive index was observed (~40-fold
enhancement relative to QDs), making this nano-bio-material very promising for nonlinear

optical applications such as optical eye limiters and spatial light modulators.

In conclusion, the potential of nanomaterials to improve the in-built functionalities of
biomolecules has been successfully shown on an example of semiconductor quantum dots and
three model biosystems. The studied here systems have potential applications ranging from
medicine to green energy to nonlinear optics, demonstrating the great promise of

nanobiotechnology for the development of next-generation materials.
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APPENDICES

A. Determination of effective excitation volume for FCS

The accuracy of the quantitative results obtained by FCS relies heavily on the precise
knowledge of the dimensions of the effective excitation volume (V,rr), which must be
determined experimentally. There are three main methods to do this (see Chapter 2) and each
has its own advantages. Two methods of determination of V, -, were utilised in this work: FCS
measurements on a dilution series of a dye and direct measurement by raster scanning of sub-

resolution fluorescent particles.

A.1. FCS measurements on a dilution series of a dye
This method uses the fact the average number of particles present in the excitation volume
((N)) is directly proportional to the overall concentration of the dye molecules in the sample

(C) and the effective excitation volume itself:

Furthermore, the intensity of the correlation signal (G (0)) is inversely proportional to (N):

1

(N)=m

(A.2)

Hence, the average number of particles in the excitation volume can be obtained from the
measured FCS curves. For a series of dye samples of varying concentrations, the effective

excitation volume can be calculated from the slope of (N) versus C plot.

The biggest advantage of this method is that it can be performed at conditions identical to
those of the experimental measurements, thus accounting for almost all of the factors that
influence the dimensions of the excitation volume. However, this method is prone to large
uncertainties arising from the dilution steps during sample preparation and also saturation

effects for high-concentration samples.
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For example, when the above procedure was applied to a dilution series of Rhodamine 6G dye
(Figure A.1), the error in the effective excitation volume was determined to be almost a half of

its value: Vorr = (1.06 £+ 0.47) fL for a 75 um pinhole at 480 nm excitation.

10
10)-!
10 3

10 1

<N>

10‘}
10”4

10

m" e . - 10‘......1.,0“ ....10_ ..;) .,..10
C(nM)

Figure A.1| Calibration of the effective excitation volume using a dilution series of Rhodamine 6G dye. The

average number of dye molecules ({(N)) present in the effective excitation volume (Vess) were obtained from the

FCS curves using equation A.2. For small dye concentrations, a correction factor x? was introduced to account for

-1
the influence of the uncorrelated background signal ((N) = (xz * G(O)) ). This data (black data points) were
fitted to equation A.1 (blue curve), and from the slope of the fit, a value of (1.06 + 0.47) fL was obtained for

Veff.

A.2. Raster scanning of sub-resolution fluorescent particles

This method involves imaging of a sub-resolution fluorescent particle by raster scanning. Since
particle size is smaller than the diffraction limit, it approximately acts as a point source.
Therefore, imaging of such a particle directly yields the effective excitation volume. Figure A.2
shows XY (panel a) and XZ (panel b) scans of 100 nm fluorescent beads (TetraSpeck, Invitrogen)
under 480 nm excitation, imaged at 10 nm resolution in the XY plane and 100 nm resolution in
the Z-direction using a 30 um pinhole. Cross-section of the XY and XZ raster scans were fitted
to Gaussian functions to yield the lateral focal radius (wy = 210 nm), and the focal length
along the optical axis (Zy = 1.2 um) was determined from the 1/e intensity points. Combining
these values gives the effective excitation volume of (0.3 + 0.02) fL for 480 nm excitation
and collection through 30 um pinhole. Note that this is the simplest and most accurate way to
measure Vrr; however, it does not account for many experimental factors (e.g. solvent

polarity, refractive index changes).
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Figure A.2| Raster scans of 100 nm fluorescent beads. (a) XY raster scan of a 100 nm fluorescent bead on a glass
substrate. The cross-sections along the X and Y axis (top and to the right) were fitted with Gaussian peak functions
(blue) to determine the lateral optical radius (wy). (b) XZ scans of eight fluorescent beads. The focal length along
the optical axis (Z,) was determined fromthe 1/e intensity points (~1.2 um) along the Z-axis. wy and Z, values were

used to calculate the effective excitation volume (Vsr = 3.0 £ 0.2 fL).
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B.Cell counting using haemocytometer

B.1. Introduction to the technique

Haemocytometer is a device designed for counting cells. It consists of a thick microscopic slide
into which a rectangular indentation has been etched creating a chamber of a known depth
(0.1 mm), when it is covered with a coverslip (Figure B.1). This chamber is separated into 2
sections, and each of those has an engraved grid of perpendicular lines (Figure B.2) that form
squares of known areas. Since both the area of the squares and the height of the chamber are
known, it is possible to calculate the volume of the sample corresponding to each of the
squares. The concentration of cells in the original sample is easily determined by dividing the
number of cells that can be seen within a certain area of the grid by the corresponding sample

volume.

It is important to note that, while this technique is generally considered to be less accurate for
the determination of the total number of cells, it can be advantageous due to the fact that it
involves visual inspection of the cells while counting making it easier to exclude misshapen and

dying cells.

B.2. Protocol for cell counting

1. Cells were detached from the wells of the growth plate, and suspended and
thoroughly mixed in their growth medium in a 2 mL eppendorf tube.

2. Haemocytometer and coverslip were washed with water and then wiped with alcohol.

3. After breathing on the surface of the haemocytometer, the coverslip was quickly
placed onto the central portion of the haemocytometer and pressed down until
Newton'’s rings could be seen.

4. A small amount of the cell suspension was taken up with a fine tipped pipette. The tip
of the pipette was placed against one side of the coverslip near the specially etched
grooves. The suspension was aspirated gently to be taken up into the chamber by
capillary action.

5. Step 4 was repeated for the other side of the coverslip to fill the second chamber.

6. The haemocytometer was placed under a microscope, fitted with a 60x objective. Cells
lying inside the central portion of the grid were counted (Figure B.2). Cells on the

bordering triple lines were only counted if they were on the top or left lines.
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7. If the number of cells did not fall between the 600 — 1000 cells, the original suspension
was diluted and the procedure was repeated.

8. The concentration of cells in the original suspension was calculated according to:

No of cells per mL = Cells counted * 10*  Dilution (B.1)

pport

counting

" chambers

sample

loading

groove \

Figure B.1| A model of a haemocytometer. Haemocytometer is used to count cells and other microscopic entities.
Once a special coverslip is properly placed onto the coverslip support, twc chambers of 0.1 mm height are formed
between it and the central portion of the haemocytometer — the counting chambers. Sample, in form of a
suspension, is loaded by placing a small amount onto the sample loading grooves, etched close to the counting
chambers. On the surface of the counting chambers a grid is etched (see Figure B.2) which is used to determine the

concentration of cells in the original solution.
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Figure B.2] A haemocytometer grid. The pattern etched on the haemocytometer has 9 large squares, each of 1 mm
height/width, corresponding to an area of 1 mm? and 100 nL volume, taking into account the 0.1 mm depth of the
counting chamber. One such square is highlighted in purple. There are four large squares in the corners of the grid,
and each of these is further divided into 16 squares of 0.25 mm width (pink), corresponding to an area of 0.0625
mm? and a volume of 6.25 nL. The central portions of the grid are divided into 5 sections of 0.2 mm by triple lines
(see inset). Each of these is further divided into 4 sections of 0.05 mm by single lines. The resulting grid in the centre
has larger squares (blue) of 0.04 mm? area defined by the triple lines, corresponding to 4 nL volume. The smaller

squares (green), defined by single lines, are of 0.0025 mm? area, corresponding to 0.25 nL sample volume.
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