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SUMMARY
The development o f new materials tha t can be integrated into current technologies is one of 

the most im portant challenges of today. As a result, fields such as nanotechnology and 

biotechnology have seen great advances. More recently, a link between these tw o 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 w ith  an emphasis on biomolecuies w ith 

technologically exploitable properties. In order to achieve this, the interactions between 

nanomaterials and biomaterials were studied at nanoscale, w ith  fu rther investigations into the 

effects that these interactions have on the functionalities o f biomolecules. Three model 

systems were chosen for the investigations based on the range o f potential applications that 

they can provide. Semiconductor quantum dots (QDs) were selected as the nanomaterials 

component in each o f 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 o f the state-of-the-art on 

nanobiotechnology. This is followed by a description o f 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 

o f the energy and charge transfer from QDs to the photosensitiser is examined in terms o f the 

photodynamic efficiency of the dye and its ability to inhib it the growth o f cancerous cells in 

vitro. In Chapter 4, QDs are employed as light-collecting elements instead o f the naturally- 

occurring light-harvesting complexes of photosynthetic reaction centres. This model system 

reveals great potential fo r 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 fo r energy transfer interactions, as well as the effect of these interactions on 

the in-built functionality o f the protein (proton pumping). In Chapter 6 the effect of the 

nanoscale interactions on the nonlinear optical properties o f the bR/QD material is 

investigated.
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ABBREVIATIONS & ANNOTATIONS

Units
°C Celsius

a.u. Arb i t r a t ry  uni ts

eV Elec tron  vol t

g S t a n d a r d  gravi ty or  g r am

K Kelvin

Da Dal ton

L Litre

m M e t r e

M M ol a r  ( co nc en t ra t ion )

Hz Hertz

min M in u t e

mol Mole

V Volt

rpm Revolu t ions  pe r  m in u t e

s o r  sec S e c o n d

W W a t t

Mathematical symbols
A A b s o r b a n c e

C C o n c e n t r a t i o n

d  or D D i a m e t e r

Di Diffusion coe f f i c ien t  of  spe c ies  i

E FRET eff iciency

Eg orLE  B a n d g a p  e n e r g y

G ( t )  Cor r e la t io n  in tensi ty  a t  t i m e  lag t

h P lanck ' s  c o n s t a n t

7(A) Spect ra l  ov e r l ap  integral

/  Signal in t ens i ty  o r  Ir radiance

k  Kinet ic r a t e  c o n s t a n t  o r  w a v e v e c t o r  ( =  2 n /A )



Eccentricity of effective excitation volume

I or L Sample length, width or thickness

Leff Effective sample thickness

n Linear refractive index

U2 Nonlinear refractive index

{N) Average number of particles

Na Avogadro's number

Qd Quantum yield of a donor

r Radius or separation distance

Ro Forster radius

s Aperture transmittance

t Time or time lag

T{AT) Transmittance (change)

êff Effective excitation volume

Wo Lateral focal radius or beam waist

X Molar ratio

Zo Focal length along optical axis

a Linear absorption coefficient

P Nonlinear absorption coefficient

e Extinction coefficient

Dipole orientation factor

A Wavelength

Ti Lifetime or diffusion length of species i

V Frequency

AOq Phase change due to nonlinear refraction

> Phase change due to nonlinear absorption

Chemical groups and compounds

'0 2 Singlet oxygen

^MB Triplet excited state of methylene blue

ADP Adenosine Diphosphate

Al2Te3 Aluminium Telluride

ATP Adenosine Triphosphate

Cd(CI04)2

X

Cadmium perchlorate



CdSe C a d m i u m  Sel lenide

CdTe C a d m i u m  Tel luride

CO2 C a rb on  Dioxide

-COOH Carboxyl ic acid g r o u p

Cys Cys teine

D2O Heavy  w a t e r

DMSO Dimethy l  sul foxide

DNA Deoxyr ibonuc le ic  acid

EDTA E t h y l e n e d ia m in e te t r a a c e t i c  acid

H" P ro to n

H2O W a t e r

H2SO4 Sulphur ic  Acid

HCI Hydrochlor i c  acid

HDA H ex a d ec y l am in e

ITO Indium Tin Oxide

LDAO Lauryl d i m e t h y l a m i n e  oxide

MB M e t h y l e n e  Blue

N2 N i t r o ge n  (gas)

Na S odi um

NaOH S od iu m  Hydroxide

-NH2 A mi no  g r o u p

-OH Hydroxyl  g r ou p

PEG P o ly e t hy l en e  glycol

PO3 P h o s p h i t e

TGA Thiol-glycolic acid

TOP Tr i o c t y lp ho sp h in e

TOPO T r i o c t y lp ho sp h in e  oxide

Tris-HCI t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e  h yd r o ch lo r id e

ZnS Zinc Su lph ide

Other abbreviations
2 -D T w o -d im e n s i o n a l

3 -D T h r e e - d im e n s io n a l

AFM A to mi c  Force Mic roscopy



AGR Aggregated

APS Artificial Photosynthetic (e.g device)

B Bacteriochlorophyll

bR Bacteriorhodopsin protein

CB Covalence Band

CC Chemically conjugated

D96N Bacteriorhodopsin m utant

DLS Dynamic Light Scattering

EPR Enhanced Permeability and Retention

PCS Fluorescence Correlation Spectroscopy

FRET Forster Resonance Energy Transfer

FWHM Full-Width Half-Maximum

H Bacteriopheophytin

LH Light-harvesting

MPA M ulti-photon absorption

NC(s) Nanocrystal(s)

NIR Near Infra-Red (spectral region)

NLA Nonlinear absorption

NLO Nonlinear optical (e.g. properties)

NLR Nonlinear refraction

NP(s) Nanoparticle(s)

P or P870 Special pair

PDT Photodynamic Therapy

PDT Photoinduced charge transfer

PM(s) Purple Membrane(s)

PS Photosensitiser

PS Photosynthetic (e.g. system)

PTL(s) Proteoliposome(s)

PV Photovoltaic

Q Quinone

QD(s) Quantum Dot(s)

QY Quantum Yield

RC(s) Reaction Centre(s)

ROS Reactive Oxygen Species



SA Self-assembled

TCSPC Time-Correlated Single Photon Counting

TTTR Time-Tagged Time-Resolved

UV Ultra-Violet (spectral region)

UV-Vis Absorption spectroscopy

VB Valence Band

Vis Visible (spectral region)

WD Well-dispersed

WM(s) W hite Membrane(s)

WT W ild-type (bacteriorhodopsin)
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INTRODUCTION

1. INTRODUCTION
The increasing ene rgy  d e m a n d s  (by b o th  th e  deve lop ing  and  d ev e lo p e d  countries) ,  th e  drive 

for  technologica l  a d v a n c e m e n t  and  c o n c u r re n t  e v e r -a p p ro a ch in g  limits o f  th e  se m ic o n d u c to r  

industry  have  all m a d e  th e  d e v e lo p m e n t  o f  n e w  m a ter ia ls  o n e  of  t h e  m o s t  crucial cha llenges of 

to d a y .  The d e m a n d  for  new  m ater ia ls  has  inspired  sc ientis ts  to  ex p a n d  th e i r  r ese a rch  beyond  

th e  s ta n d a rd  m a ter ia ls  and  tech n iq u e s .

O ne  of  th e  ea r l ie s t  a l te rna t ive  m ater ia ls  to  b e  c o n s id e red  for  technologica l applica tions w e re  

b iom ate ria ls .  O ptim ised  over  millions of  yea rs  by evolution ,  th e  complexity , functionality , 

sustainability  a n d  efficiency of  so m e  of t h e  b io -sys tem s ca n n o t  b e  rivalled d esp i te  th e  

ex tra o rd in a ry  scientific a d v a n c e m e n ts  o f  t h e  last cen tu r ies .  M ore  recently , t h e  d iscovery  of 

chem ical m e th o d s  to  p ro d u ce  nano-sized  partic les  has  spa rked  th e  con c ep t io n  of 

nan o tec h n o lo g y .  N anom ate ria ls  posses  u n ique  p ro p e r t ie s  th a t  can vary significantly from  

th o s e  of th e ir  bulk c o u n te rp a r ts ;  m oreove r,  th e s e  p ro p e r t ie s  can be  tu n e d  to  re q u i r e m e n ts  by 

m an ipu la t ion  o f  nanopa r t ic les '  (NPs) size. Both o f  th e s e  fields c o n t r ib u te d  apprec iab ly  to w a rd s  

t h e  field of m a te r ia ls  d e v e lo p m e n t  with  th e  d iscovery  o f  so m e  ex trao rd inary  m a ter ia ls  (such as 

t h e  b ac te r io rh o d o p s in  pro te in  an d  g rap h e n e ) .

R ecent yea rs  h ave  se e n  t h e  e m e rg e n c e  o f  a n e w  field in th e  m ater ia ls  re se a rch  th a t  still 

rem a in s  largely unexp lo red  -  nanob io techno logy .  Broadly defined  as t h e  am a lg a m a tio n  of th e  

n an o -  and  bio- techno log ies ,  th e  field is in its infancy w ith  th e  m ain  re se a rch  d irec tions still 

being def ined .  The in te rface  of  th e s e  fields is m o s t  prom ising  in t h a t  it w ou ld  co m b in e  th e  

u n ique  p ro p e r t ie s  o f  th e  n an o m ate r ia ls  w ith  t h e  com plex  p e r fo rm a n c e  of th e  b io-system s. The 

possib le  applica tions of  th e s e  nano-b io  m a te r ia ls  shou ld  span  from  th e  medical to  

technologica l  applications,  and  p e rh a p s  prov ide  a w ay  to  b e t t e r  in te rface  th e  tw o .  As such, 

n an o b io tec h n o lo g y  has e n o r m o u s  po ten tia l  for m a n y  b rea k th ro u g h  discoveries in advanced  

m ate r ia ls  research .

The m ain  top ic s  o f  n an o b io techno logy  can b e  roughly d ivided into  only a few  ca tegories ,  such 

as th e  appl ica tions  of n an o m ate r ia ls  in b iosc iences  (medicine , diagnostics),  bacterial 

p roduc t ion  of n anom ate r ia ls ,  and  utilisation of  b iom a te r ia ls  as t e m p la te s  for  p roduc tion  of 

o rd e re d  n an o p a r t icu la te  films. A m uch m o re  exciting p ro sp e c t  of nano b io tec h n o lo g y  is t h e  

d e v e lo p m e n t  o f  nano-b io  hybrids th a t  w ould  ta k e  a d v a n ta g e  of  th e  p ro p e r t ie s  of  bo th  th e  

n an o -  and  bio- m ateria ls .  For exam ple ,  o n e  can p o s tu la te  t h a t  incorpora t ion  of NPs can grea tly

1



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

Development, characterisation and 
optimisation of Nano/Bio Hybrids

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

II
Novel hybrid materials with 

advanced properties

Figure l . l j  Flow-chart of the project. The integration o f nano- and bio- materials in to nano/bio hybrids can exploit 

the merits o f each. Hybrids were characterised and optimised using a well-established spectroscopic platform  w ith  

the aim o f developing hybrid materials w ith  advanced functional properties.
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Biomate r i a l s  f o r  t e chn o log ica l  app l ica t ions

1.1. Biomaterials for technological applications
B io techno logy  rec og n i s es  t h e  exqu i s i te  n a t u r e  of  t h e  biological  s y s t e m s  a n d  appl i es  th e  

r ec en t ly  g a i n e d  u n d e r s t a n d i n g  o f  t h e  s t r u c t u r e  a n d  fu n c t io n  o f  m a n y  of  t h e s e  sy s t e m s  to  

f ab r i ca te  fu nc t i ona l  devices .

T h e  viabili ty o f  t h e  use  o f  such  "m o le c u la r  dev ices"  can  b e  a t t e s t e d  to  by con s i de r i ng  t h e  ma n y  

m e r i t s  o f  b i o - ma te r i a l s  o v e r  co n ve n t io na l  ma te r i a l s  -  t h e  abi l i ty of  t h e s e  s y s t e m s  to  self- 

a s s e m b l e ,  a n d  t h e  level o f  t h e  m ol ecu la r  r ecogn i t ion  r e q u i r e d  f o r  this ,  is par t icularly 

r em a rk a b le .  For e xa m p le ,  t h e  c o m p o n e n t s  o f  p h o t o s y n t h e t i c  s y s t e m s  will r e c o n s t i t u t e  into t h e  

original  c o m p l e x e s  [1, 2], pur i f ied m e m b r a n e  p r o te i n s  d i s solved  in so lu t ions  con ta in ing  

ph os ph o l i p id s  will f o rm  o r d e r e d  s t r u c t u re s  wi thin lipid b i l aye r  m e m b r a n e s  [3-7], a n d  tw o  

c o m p l e m e n t a r y  DNA s t r a n d s  will a s s e m b l e  in to  a d o u b l e  helix s t r u c t u r e  -  a p r o ce ss  k n o w n  as 

DNA hybr idi sa t ion  [8].

The  p rog ress ive  insight  in to  t h e  s t r u c t u re  a n d  fu nc t ion  o f  t h e  b io - sy s t e m s  o v e r  t h e  last f e w  

d e c a d e s  p r ov id ed  m e t h o d s  fo r  t h e  ext rac t ion  of  t h e s e  s y s t e m s  f ro m  th e i r  na t u ra l  hab i t a t  

w i t h o u t  t h e  loss of  th e i r  func t iona l i t i e s  [9], a nd  t h e  abili ty to  a l t e r  a n d  f in e - tu n e  t h e s e  sys te ms  

fo r  a specif ic app l i ca t ion  using g en e t i c  e n g i n ee r i n g  ( m u t a g e n e s i s )  a t  a m o le c u l a r  level [10]. 

Both t h e  se l f - a s se mb ly  a n d  t h e  g e ne t i c  modif i ca t ion  p r ov id e  s o p h i s t i c a te d  con t ro l  o v e r  t h e  

m a n i p u la t i o n  o f  t h e  s t r u c t u r e  a n d  funct ion  of  b iomate r i a l s .

Millions o f  y e a r s  of  evo l u t i on  ha v e  o f t en  so lved p r o b l e m s  s imi lar  t o  t h o s e  t h a t  m a n  a t t e m p t s  

to  solve in ma te r i a l s  d e v e l o p m e n t  r e s e a r ch  t h r o u g h  p e r f ec t i o n  o f  t h e  buil t - in func t ional i t i es  of 

biological  s y s t e m s  o n  an  a t o m - b y - a t o m  basis.  As a r esul t ,  b i o s y s te m s  o f t e n  p e r f o rm  at  

ef f iciencies  c lose  t o  t h e o r e t i c  ( t h e r m o d y n a m ic )  m a x i m a  w i th  only m in i m u m  en er gy  

r e q u i r e m e n t s ,  f u r t h e r  a t t e s t i n g  t h e  p r o m is e  o f  b io m a te r i a l s  fo r  t h e  d e v e l o p m e n t  o f  next -  

g e n e r a t i o n  ma te r i a l s  [11].

The biggest  cha l l e n ge  in t h e  im p l e m e n t a t i o n  of  b io m a te r i a l s  in t e chn o lo g i ca l  app l ica t ions  is a 

p e r c e p t i o n  th a t ,  in c o n t r a s t  t o  co n ve n t i on a l  solid s t a t e  m a te r i a l s ,  b io m a te r i a l s  a r e  "sof t"  and  

t h u s  no t  c a p a b l e  of  p roviding  t h e  so r t  of  stabi l i ty a n d  cyclicity t h a t  is r equ i r ed .  This,  how ever ,  

is n o t  a lways t h e  case ,  as  is d e m o n s t r a t e d  by a n u m b e r  o f  o r g a n i s m s  t h a t  live u n d e r  e x t r e m e  

cond i t ion s  including e x t r e m e  pH values ,  sal t  c o n c e n t r a t i o n s  a n d  high a n d  low t e m p e r a t u r e s  

[12 ].
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1.2. Nanomaterials - Quantum Dots
Nanomaterlals research  is an interdisciplinary subject th a t  involves physicists, chemists, 

material scientists, b iochemists , medics and engineers working to g e th e r  with t h e  aim of 

progression of this highly dynam ic and growing field [13], Today, nanom ate r ia ls  encom pass  a 

large range of m ateria ls  such as g raphene , carbon nan o tu b es  and a variety of nanopartic les 

each possessing unique and of ten  superio r  properties  relative to  the ir  bulk co u n te rp a r ts .  The 

im m ense and varied in te res t  in nanopartic les arises from th e  finding th a t  m any of th e se  

properties (optical, catalytic, m agnetic  or electronic) d e p e n d  no t only on  th e  chemical 

composition of th e  nanoscale  materials, but also on their  size [14] allowing fine-tuning of the  

properties according to  requ irem en ts .  For example, th e  optical p roper t ie s  o f  nano-sized 

crystals of sem iconducto r  material, known as Q uan tum  Dots (QDs), can be tu n ed  by 

ad jus tm ents  of the ir  size [15].

1.2.1. Size-quantization in Quantum Dots.

Bulk sem iconductors  have full va lence  bands and em pty  conduction  bands a t  0 K, bu t th e  latter 

becom e occupied at  finite t e m p e ra tu re s  [16], The optical transit ions  in sem iconducto rs  are 

defined by th e  energy gap b e tw e e n  th e se  tw o  bands, known as a band gap (Figure 1.2(a)). 

W hen an electron is p ro m o te d  into th e  conduction band, it leaves a hole in th e  valence band 

and, in crystalline sem iconducto rs ,  th e  e lectron and th e  hole weakly couple  t o  fo rm  an exciton. 

Theoretically, th e  exciton can be t r e a te d  as a hydrogen a to m -l ik e  entity , and from this 

formulation th e  exciton binding energy  and also th e  average  e le c t ro n -h o le  sepa ra t ion  (Bohr- 

exciton radius) can be calculated [16].

Colloidal QDs are  crystalline particles of sem iconducto r  materia! of 2 to  10 nm  in d iam eter, 

which are  su rrounded  by a shell of ligand molecules. The ligand shell p rev en ts  th e  aggregation 

of QDs in solution and also defines the ir  chemical p roperties, such as miscibility and  solubility 

[13]. The s ize -dependen t optical p ropert ies  of QDs arise from th e  fact t h a t  th e ir  size is of th e  

o rder  of o r  smaller th an  th e  Bohr-exciton radius. The result is th e  co n f in em en t  of  th e  exciton 

by th e  potentia l well, defined by th e  particle boundaries, giving rise to  size quantiza tion  effects 

[15]. In essence , this s ituation  is equivalent to  th a t  o f a particle-in-a-box p roblem , in which the  

spacing of energy levels is inversely proportional to  th e  size of t h e  confining poten tia l .  For QDs, 

discrete energy levels "split off" from th e  edges  of th e  tw o  bands and th e  sep a ra t io n  be tw een  

th e se  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 o f th e  q uantum  co n fin em en t effects, th e  optical properties o f QDs are a 

function  o f th e ir  size. The absorption spectrum  o f a solution o f QDs is a superposition o f peaks  

corresponding to  optical transitions b e tw een  discrete  hole and e lectron  energy levels 

(ind icated  by arrows in Figure 1 .2 (b )). Upon absorption  o f a photon by a QD, th e  excited  

electron  quickly decays (th erm ally ) to  th e  low est excited level. It th en  recom bines w ith  th e  

hole in th e  valence band w ith  an emission o f a photon , w hose energy is equal to  th e  band gap  

energy o f th e  QD (Figure 1 .2 (a )). Thus, th e  em ission spectrum  o f a single QD is just a narrow  

line at th e  band gap energy and, fo r any given m ateria l, th e  em ission line o f th e  QD can be 

tu n e d  sim ply by adjusting its size (Figure 1.2(c)).

r, > r, > t 3

E, E,

■ li
Bulk L      _ J

Semiconductor Quantum Dots

(b)

Eu

6  0« 10‘

u
£
a*ou

4 0* 10‘

SSO400 SOO 600

E
o

Wavelength (nm)

Illuminated by camera flash Illuminated by a UV lamp

Figure 1.2 j 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 slze-quantlsation effects, the bandgap of a QD increases (£ , < <  £ 3 ) as the size of

the QD is reduced ( r i  >  V2 > r j ) ,  (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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Figure 1 .31 Forster Resonance Energy Transfer between fluorophores. (a) A representative schematic of the 

excitation dynamics fo r a donor-acceptor FRET pair. Upon in itia l absorption o f light by the donor, the exciton 

therm ally decays to  the lowest excited state (very quick in semiconductor QDs). A fte r this, donor returns to  the  

ground state via radiative or non-radiative processes w ith  kg  and kf^g decay rates or via transfer o f energy to  a 

nearby acceptor (rate kj-]. The radiative process results in fluorescence a t wavelength equivalent to  donor's 

bandgap (shown by green wavy arrow), while the energy transfer process gives rise to  fluorescence at the 

acceptor's bandgap energy (red wavy arrow), (b) Effect o f the donor-acceptor separation distance on the energy 

transfer process. When the donor and acceptor are far away from  each other, the ir dipoles do not interact and 

therefore no energy can be transferred. As they are brought together (top to  bottom ), the dipole interaction 

improves, leading to  increased amounts o f exciton energy being transferred. The distance at which the probability 

o f energy transfer is 50% is term ed the Forster radius ( /? o ).
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Figure 1.4| Decay of fluorescence in semiconductor QDs. (a) A typical fluorescence decay curve fo r a QD sample is 

not linear when p lotted on a log Y-scale, indicating m ulti-exponentia l decay -  usually, bi-exponential, (b) The values 

o f the tw o  contributing lifetim es (T i and t x)  can be extracted from  the decay curve. Both o f these have a Gaussian- 

like profile, similar to  the d is tribu tion  o f QDs' sizes.
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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 (kj )  depends strongly on the donor-acceptor separation distance 

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

(1.1)
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In th is expression^ Tp is the  fluorescence decay tim e  o f the donor in the  absence o f acceptor 

and Rq is the  Forster distance (or radius), defined as the donor-accep to r separation at which 

the FRET effic iency is 50% (Figure 1.3(b)). The Forster distance can be calculated from  the 

m aterial and spectral p roperties o f the  donor and acceptor using:

/?^ =  8.79 x l0 - 5 ( / c 2 n - ^ ( ? o 7 ( A ) )  (1.2)

Here Qq is the  fluorescence quantum  yield (QY) o f donor, n  is th e  refractive  index o f the 

medium. is a fac to r th a t expresses the  re lative o rien ta tion  o f the  trans ition  dipoles o f donor 

and acceptor in space; it is usually assumed to  be equal to  2 /3 [18]. The overlap integra l (/(A )) 

relates to  the degree o f spectral overlap between the  donor emission and acceptor absorption 

bands and is defined m athem atica lly  as:

/ ( A )  =  I  F o W  8^(A) A U X  (1.3)

w here Fp(A)  is the  fluorescence in tens ity  o f the  donor in the  range A to  A +  AA w ith  tota l 

in tensity normalised to  unity , and Ea W  is the  extinction  coeffic ient^ o f the  acceptor at A.

The FRET effic iency (E) is the  percentage o f the donor excitation events th a t result in energy 

transfer or, equ iva lently, acceptor activa tion  (Figure 1.3):

k r i r )
Tq I  + /cT-(r) +  2 : /Ci

where are the rate constants o f any de-excita tion pathways o the r than  radiative emission or 

energy transfer (Figure 1.3). If no such o the r pathways exist, th is  equation can be re-arranged 

to  a sim pler fo rm  th a t shows th e  dependency o f E on the  donor-acceptor separation distance:

£  =  , ° (1.5)
R̂  + r^

 ̂ 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 fo r acceptor samples with negligible scattering. For strongly-scattering 

samples, only the absorption contribution to  the extinction coefficient should be used in the expression.

8



Nanomaterials -  Quantum Dots

As can be seen from the definition o f Rg 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 o f the donor and the relative 

orientation of donor's and acceptor's dipoles.

The advantage o f using semiconductor QDs as donors in FRET pairs is tha t maximum spectral 

overlap can be achieved by selecting QDs w ith appropriate photoluminescence (PL) spectrum, 

thus ensuring maximum FRET efficiencies. The fact that the ir size is o f 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 -  w ith an additional decrease of 

their average radiative lifetim e [20]. A shift of the PL band is also expected due to the 

distribution o f QDs sizes w ith in  a sample -  the smaller or larger QDs will typically have better 

spectral overlap w ith the acceptors absorption band and hence they w ill transfer the energy 

more efficiently. In the case of a fluorescent acceptor, an increase o f its emission intensity is 

also expected, which is sometimes accompanied by a lengthening of the lifetim e [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 lim ited 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 lifetim e decreases in the 

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

9
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1.2.4. Advantages of Quantum Dots over fluorescent dyes

As discussed above, the tunability  of QDs' emission spectra is o f great importance fo r their use 

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

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

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

•  The molar extinction coefficients o f QDs can be much larger than those o f organic

chromophores, reaching values of up to 1,000,000 fo r the largest QDs [27],

compared to  maximum values of ~300,000 for organic dyes [28, 29]. This is

particularly significant in the near infa-red (NIR) region o f 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 o f organic dyes in 

the visible region o f the spectrum, and are significantly larger in the NIR [17], As a 

result, QDs are generally considered to be brighter than organic fiuorophores\

•  QDs have superior photo- and thermal stabilities [17], especially when an NIR- 

em itting fluorophore is required [33], This makes them better suited for applications 

that require imaging at high laser intensities or over long periods o f tim e [34-37],

•  Their relatively long fluorescence lifetimes [38, 39] allow easy temporal discrim ination 

between the signal and the autofluorescence o f cellular components as well as 

scattered excitation light, thus improving the sensitivity of the imaging technique,

•  The presence o f stabilising molecules on QDs' surfaces allows straightforward 

modification of their surface chemistry w ithout adverse changes o f the ir 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 determ ining the ir 

optical properties. Therefore, fine-tuning o f the ir chemical properties, such as 

solubility and specificity, typically requires an in-depth knowledge o f their structure- 

property relationship and complicated design strategies [17].

In addition to  the above, several o f QDs' properties are beneficial fo r m ulti-fluorophore 

applications, including the ir large absorption bands with increasing extinction coefficients 

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

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

large Stokes' shifts:

 ̂Here, brightness is defined as the product of absorption coefficient and fluorescence quantum yield, 

10
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•  The wid e  a b s o rp t i o n  b a n d s  al low exci ta t ion  o f  seve ra l  QD s a m p l e s  a t  a single 

w a v e le n g t h  -  th us ,  a single light s ou r ce  is r e q u i r ed  for  t h e  s i m u l t a n e o u s  d e t e c t i o n  of 

seve ra l  QD-label l ed  ana ly tes .  On t h e  con t ra ry ,  t h e  n a r r o w  a b s o r p t i o n  b a n d s  of  t h e  

o r gan ic  dyes  i m p o s e  t h e  use  o f  mul t ip le  light sour ces .

•  The n a r r o w  a n d  sy m m e t r i c  PL b a n d s  of  QDs faci l i ta te  d e c o n v o lu t i o n  o f  t h e  m e a s u r e d  

signal into individual  co n t r i b u t i o n s  f ro m  QDs o f  d i f f e ren t  co l ours  -  a t e c h n i q u e  kn ow n 

as spec t ra l  mul t ip lexing [42-44],

•  Finally, smal l  S to ke ' s  shif ts  f avo ur  c ross- ta lk  b e t w e e n  d i f f e r en t  f lu o r o p h o r e s  and  

r e d u c e  t h e  spe c t r a l  d e t e c t i o n  w in d o w s  [1 7 ,1 9] .  QDs h a v e  l arge S tokes '  shifts,  owin g  to  

t h e  s t r o n g  e x c h a n g e  spl i t t ing of  t h e  exci tonic  s t a t e s  [45, 46] ,  a n d  so  t h e y  a r e  t h e  ideal 

c a n d i d a t e s  for  mu l t i - f lu o r op h o re  appl ica t ions .

11
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1.3. Nanobiotechnology research and Quantum Dots

The unification o f nanotechnology w ith  biosciences has great potential to deliver breakthrough 

discoveries in the near future. This is reflected in the great variety o f topics tha t are already 

being addressed, despite the fact tha t the field o f nanobiotechnology is still in its infancy. The 

main research directions are still being defined, but most can be a ttributed to  one of the five 

main branches.

Firstly, the use of biomaterials as templates fo r assembly o f nanostructures has seen a 

significant rise over the last decade, facilitated both by the advances in NP conjugation 

techniques and the ever-expanding knowledge o f 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], 

m icrofluidic devices [61-63], cantilever array sensors [64], and also fo r immobilisation of 

proteins and cells on substrates [65-67].

Bio-production and patterning of nanostructures is another fascinating topic tha t involves the 

production of plasmonic and magnetic nanoparticles by bacterial, microbial and biocatalytic 

growth [68-73],

Finally, the last tw o  topics -  nanoanalytics and nanomedicine -  deal w ith  the utilisation o f 

nanomaterials in medicinal and analytics applications respectively. In nanoanalytics, the 

bioconjugated or biofunctionalised NPs and NCs are employment fo r cell imaging and analysis 

o f 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 fo r delivery o f 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 o f the available healthcare. These are also the areas in 

which the use o f QDs features prominently. In fact, due to the several advantages o f QDs over 

the conventional organic dyes (see above), most o f the proposed practical applications o f QDs 

have been in these fields.

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

fo r advanced molecular, cellular and tissue imaging. Tumour targeting and imaging in live
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animals [95-99], specific labelling of tissues in vivo and in vitro [39, 95, 100], real-time tracking 

o f embryonic development [101], multiplexed nucleic acid detection [77, 102], m onitoring of 

DNA replication and telomerisation [103], in vitro assay detection o f proteins and analytes [43, 

104, 105], deep-tissue imaging of vasculatures [30], in vivo tracking o f cancer cells during 

metastasis [96, 106, 107], lymph node mapping [108] and subcellular resolution imaging of a 

mouse brain [109] have all been achieved, w/hilst 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 o f tissue sections [111]).

Despite great advances in the abovementioned categories, there remains one largely 

unexplored area o f nanobiotechnology: the development o f 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/biomolecuie integration for the development of materials 

fo r a variety o f 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 A N D  M ETHO DS

2. MATERIALS AND METHODS
This thesis deals w ith  th re e  w id e ly  d iffe re n t system s, each o f  w hich  involved  use o f d iffe re n t  

m ateria ls  and  tech n iq u es . These m ateria ls  and techn iqu es are  described  in la te r chapters. This 

c h ap te r deals w ith  th e  m ateria ls  and m ethods th a t  w e re  co m m o n  to  m ost systems. In 

particu lar, th is ch a p te r starts by describ ing th e  synthesis and ch arac teriza tio n  of 

sem ico n d u cto r q u a n tu m  dots, since all o f th e  system s co n ta in ed  th e m  as one o f th e  

co m p o nents . This is fo llo w e d  by a discussion o f  several spectroscopic techn iqu es , w ith  an 

em phasis on th e  p ara m e te rs  and conclusions d erived  fro m  each tec h n iq u e . F inally, protocols  

and in s tru m e n ta tio n  fo r  som e o th e r ex p e rim e n ta l m etho d s are  p resen ted .

2.1. Quantum Dots preparation and characterization
Tw o  types o f q u a n tu m  dots w e re  used in th e  w o rk  described in th is thesis: CdTe and CdSe/ZnS. 

Because CdSe/ZnS QDs are  core-shell in s tru c tu re , th e y  te n d  to  be o f larger d ia m e te rs  w h en  

co m p ared  to  CdTe QDs. S m aller d iam ete rs  are  b en efic ia l fo r FRET-based app lications, so CdTe 

QDs have an ad van tag e  over CdSe QDs in th a t respect. On th e  o th e r h an d, th e  surface  

ch em istry  o f CdSe QDs can easily  be changed, w h ile  th a t o f CdTe QDs is n o t ve ry  flex ib le . This 

ab ility  p resents o p p o rtu n ity  to  change th e  surface charge o f  QDs and m ake th e m  m o re  b io 

co m p atib le  (i.e . n on-tox ic). In ad d itio n , CdSe/ZnS QDs ten d  to  be m o re  s tab le  w h en  com p ared  

to  CdTe QDs due to  b oth  th e  core-shell s truc ture  and th e  th ic k e r ligand (stab iliser) shell. Below  

is a short d escrip tion  o f th e  tw o  types o f QDs used, including a synopsis o f th e  synthesis  

m eth o d s  and th e  p re -m e a s u re m e n t ch arac terisation  o f QDs.

2.1.1. Cadmium Telluride Quantum Dots

CdTe QDs are  c a d m iu m  te llu r id e  nanocrystals o f 3 -  6  nm  in d ia m e te r. These nanocrystals are  

kept in so lu tio n  by th iog lyco lic  acid (TGA) m olecules a tta c h e d  to  th e  surface o f th e  

nanocrystals th ro u g h  th e  sulphur a to m  to  surface cad m iu m  a to m  bond. Each TG A  m olecu le  

has a n e t n eg ative  charge, resu lting  in an overall n eg ative ly  charged  surface o f th e  CdTe QDs.

QDs o f th is ty p e  w e re  synthesised using an aq u eous m e th o d  d eve lo p ed  by Rogach et al. [1] 

(F igure 2 .1 ). Typically , this m e th o d  involves a reac tio n  b e tw e e n  a ca d m iu m  salt and te llu rid e  

ex tra c ted  fro m  th e  precursor. In particu lar, a cad m iu m  salt (e.g . Cd(CI0 4 )2-6 H2 0 ) is dissolved in 

w a te r  and a stab iliser is added  to  th is so lu tion . The pH o f th e  so lu tion  is ad jus ted  w ith  1 M  

NaO H and is tra n s fe rre d  to  a ro u n d -b o tto m  flask f it te d  w ith  a sep tu m  and valves. This is th en  

d e a e ra te d  by N 2 gas fo r ap p ro x im a te ly  30 m in utes , a fte r  w h ich  Te precursor (typ ically  A l2T e j) is

21



MATERIALS AND METHODS

reacted with acid (H2SO4) to produce HaTe 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 o f heat. The growth is 

usually monitored by recording fluorescence spectra o f 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 m ethod, 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 o f tim e. This has been shown to increase the QY of CdTe QDs.

CdTe QDs used in this work w ere synthesised, optimised and supplied by Dr. Vladim ir Lesnyak 

and Dr. Nikolai Gaponik.

(a)
gas

• :>

NaOH

stirring bar stirring bar

heating 
( ( (

Figure 2 .1 1 Aqueous synthesis of thiol-stabilised Cadmium Telluride quantum dots, (a) After purging of the 

thioglyocolic acid (TGA) and cadmium precursor (CdlCIO^jj) 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 monitoing the 

growth via photoluminescence measurements.

2.1.2. Cadmium Selenide/Zinc Sulphide Quantum Dots

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

Selenide and it is covered by a thin shell o f Zins Sulphide. This results in a double-potential well
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c o n f i n e m e n t  o f  exc i tons ,  g rea t ly  improv ing  the i r  r ad ia t ive  r e c o m b i n a t i o n  ra t e  or,  equivalen t ly,  

t h e i r  f l u o re s c e n c e  q u a n t u m  yield.  The co re  d i a m e t e r  is typical ly 2-6 nm,  v\/hile only a f ew 

m o n o la y e r s  of  ZnS a r e  r eq u i r ed  t o  im pr ov e  t h e  QY of  QDs.

The CdSe/ZnS QDs w e r e  sy n th e s i se d  a n d  fu nc t iona l i sed  by Dr. Alyona Su kha nov a .  Th es e  QDs 

w e r e  p r e p a r e d  ac cor d in g  t o  a p ro to co l  a d a p t e d  f ro m  Hines a n d  G u y o t - S io n n e s t  [2], In this 

m e t h o d ,  t h e  CdSe co re  is g r o w n  first  by d ry ing  and  d e g a ss in g  a so lu t ion  conta in ing  

t r io c ty lp h o sp h in e  oxide  (TOPO) a n d  h e x a d e c y la m in e  (HDA) u n d e r  v a c u u m  a t  18 0  °C, a n d  t h e n  

h e a t i n g  it t o  3 4 0  °C u n d e r  a rg on  f low in a r e a c t io n  flask. Next,  a so lu t ion  con t a in in g  e l e m e n ta l  

Se len ium a n d  d i m e t h y l c a d m i u m  in t r io c ty lp ho sp h i n e  (TOP) is p r e p a r e d  a n d  a d d e d  to  t h e  flask 

by a f a s t  inj ect ion  (< 1 sec)  using a syringe.  This p r o d u c e s  CdSe n an o c r y s t a l s  of  a p p r ox im at e ly  2 

nm d ia m e t e r .  Th e  CdSe QDs a r e  t h e n  g r ow n  t o  t h e  des i r e d  size by ref luxing t h e  mix t u re  a t  280 

°C. At this  s t a ge ,  QDs can be  p rec i p i t a t ed  f ro m  solut ion  c o o l e d  t o  5 0- 60  °C by add i t ion  of  

m e t h a n o l  to  t h e  solut ion ,  fo l low ed  by r e p e a t e d  w as h i n g  wi th  m e t h a n o l  a n d  drying.  To g row  

t h e  ZnS shell  o n  t o p  o f  t h e  CdSe cores ,  t h e  d r i ed  CdSe QDs a r e  first r e -d i sso lved  in TOPO/HDA 

mix t u re  a n d  t h e  p u r g e d  wi th  a rg o n  f low a t  180  °C a n d  h e a t e d  t o  220  °C or,  a l t ernat ively ,  t h e  

CdSe QDs p rec ip i t a t io n  s t a g e  is sk ipped  a n d  rep la ce d  by a s i m ple  coo l ing o f  t h e  r eact ion  

mi x t u re  to  220  °C. A so lu t ion  o f  h ex a m et hy ld i s i l th i a ne  a n d  die thylz inc  in TOP is a d d e d  

d r o pw is e ,  fo l lo w ed  by a s low cool ing o f  t h e  m ix tu re  con ta in in g  t h e  QDs t o  60  °C. CdSe/ZnS QDs 

a re  t h e n  p r ec ip i t a t e d  a nd  w a s h e d  wi th  m e t h a n o l  a nd  dr ied .  QDs sy n th e s i se d  in this  m a n n e r  

hav e  CdSe co re  d i a m e t e r s  o f  2-6 n m  a nd  ZnS shell  t h i c k ne ss  of  a f e w  m o n o la y e r s ,  wi th  a 

n a r r o w  size d i s t r ibu t ion  within  a sa m p l e  (< 5%) a n d  a q u a n t u m  yield o f  ~ 60% in an o rganic 

so lv e n t  a t  r o o m  t e m p e r a t u r e  [3].

For e x p e r i m e n t s  wi th  b iomol ecu les ,  t h e  su r fa ce  m o le cu le s  o f  t h e  QDs ha ve  t o  be  c h a n g e d  in 

o r d e r  t o  m a k e  QDs solub le  in a q u e o u s  solvent s .  The  s im ple s t  w a y  to  d o  this  is t o  e x c h a n g e  t h e  

TOPO-TOP c oa t in g  o f  CdSe/ZnS QDs by cys te ine  (Cys) m o le c u l e s  [4]. This is ac h ie v ed  by first 

dissolving t h e  d r i ed  QDs in ch lo ro f o r m  a n d  a dd in g  a 10 m g / m L  so lu t ion  o f  DL-Cys in m e th a n o l .  

Upon  this  add i t ion ,  t h e  solu t ion  b e c o m e s  c loudy  a n d  QDs can  b e  e x t r a c t e d  by cen t r i f uga t ion  a t  

14 , 000  rpm  fo l lo w ed  by t r iple  w a s h i n g  of  p r ec ip i t a t e  wi th  m e t h a n o l .  QDs e x t r a c t e d  in this  way  

a re  d r i ed  u n d e r  v a c u u m  a n d  t h e n  re-di sso lved in w a t e r ,  w h ich  is a s s i s t ed  by a d rop -wise  

ad d i t ion  of  1 M NaOH a nd  son ica t ion .  QDs a r e  aga in e x t r a c t e d  by cen t r i f u g a t i on  a nd  r e 

d issolved in w a te r .  This QD so l u t ion  is t h e n  dia lyzed aga ins t  p u r e  w a t e r  for  8 - 1 0  ho urs  using 

t h e  Sp ec t ra /Por® Float-A-Lyzer® Dialysis T u b es  (Sigma),  fo l lo w ed  by cen t r i f uga t i on  a t  8 ,000 

rpm  fo r  10 m in u t e s .  Th e  s u p e r n a t a n t  con ta in ing  t h e  QDs is r e m o v e d  f ro m  t h e  t u b e s  a n d  finally 

f i l t r at ed  t h r o u g h  t h e  0 .22  ^im Ultrafree®-MC mic ro ce n t r i fu g e  f i l ters  (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 yield (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 (Ag^c) at the 

position of the excitonic peak (^exc)> concentration of this solution was adjusted to give 

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 [ P L m a x ) ^nd the 

FWHM [ P I f w h m ) the emission peak were determined (Figure 2.2). From that point on, the 

QD sample was usually referred to by its composition and PL^axi ® CdTeSOO.

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

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

CdTe: D(nm ) =  (9.8127 x -  (1.7147 x  IQ -^) +  (1.0064)Ae;,c (2.1)

-  (194.84)

CdSe: D =  (1.6122 x  IQ -^U txc  ~  (2.6575 x  +  (1.6242 x  (2-2)

-  {QA217)Xgxc +  (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 o f 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) o f 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 o f empirical 

equations:

CdTe: =  3450 AE (2.3)

CdSe: =  1600 AE (2.4)

uucre
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Figure 2 .2 1 Preliminary spectroscopic characterisation of QDs. For each QD sample, the position o f the excitonic 

peak (A „c )  and the centre o f the emission peak ( PLm a x ) were determ ined. These values, together w ith  the value 

o f the FWHM o f the emission peak {PLffYHM)'  were then used to  calculate the concentration o f the QD stock. For 

accurate determ ination o f the concentration, the absorbance at the excitonic peak was kept between 0.15 and 

0.25, in accordance w ith  [6].

Using the measured value of absorption at the first excitonic peak ( -̂exc) the extinction 

coefficient as calculated above, the concentration of the diluted QD solution can be easily 

determined through the Beer-Lambert law {A =  eCL), w ith a small correction to  account for 

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

C = ^exc X  (P Lpwfjf^/ K)  

E X  L
(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 (QVqo) 

by comparing the intensity of its emission to that of a solution of a standard fluorophore of 

known QY (<?5st)- 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:

QYQD=^^P^QYst (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 o f d ifferent techniques, some o f which 

were common to  all systems. The most important ones fo r initial characterization were 

absorption and photoluminescence spectroscopies. Further investigations usually involved the 

use o f 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 o f sample components 

using Beer-Lambert Law:

A W  =  e;^■C■L (2.7)

where A and {M~^ cm~^)  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 th in films and to  the length of the cuvette cavity fo r liquids. C is the 

concentration o f the sample in M (mo l  Absorbance measurements were also useful in 

determining the molar ratio o f components in a sample by deconvoluting the spectra of the 

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

Varian CarySOConc UV-visible spectrophotometer was used to  record absorption spectra. 

Samples being analyzed were diluted until their concentration was o f the order o f 1 juM to 

avoid re-absorption effects.

Pliotoluminescence (PL) spectroscopy

Apart from  the determ ination of QDs' QY, the most im portant application o f PL measurements 

was to  m onitor the energy/charge transfer w ithin 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 o f acceptor's emission is expected fo r energy transfer, although 

this does not always occur. In the absence o f any other mechanisms o f fluorescence 

quenching, the efficiency o f the energy transfer ( f )  is directly proportional to  the relative 

decrease of PL intensity o f the donor (PL^) in the presence o f acceptor (PLp^):
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( 2 .8 )

Steady-state PL m easurem ents in the  UV and visible wavelength ranges w ere  carried out using 

a Varian CaryEclipse Fluorescence Spectrophotometer. Near-infra red (NIR) 

photoluminescence spectra were recorded on a FLS920 Fluorescence Spectrom eter (Edinburgh 

Instruments) with a Hamamatsu R5509 NIR photomultiplier tube, which was cooled to  -70°C 

and equilibrated at this tem pera tu re  for at least 1 hour prior to  m easurem ents.

After the measurements, th e  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

Here PLda PL^  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;

where and and Cp and Q  are the extinction coefficients and concentrations of donor 

and acceptor solutions respectively. Ag^c is the excitation wavelength at which the  PL

spectrum was measured and Agmiss 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

P I  -
'  ‘-'normalized,corrected ~ (2.9)

emmis

Aexc , Aemiss (1 -  (1  -  10 j

emiss
DA

(2 , 10)
‘D i4

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

defined as usual:

emiss
emiss

emiss
DA ■emissemiss

(2 .11)
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constituents. In particular, it was found useful to  de te rm ine  the  donor to  acceptor m olar ratio 

from  the  UV-vis m easurem ents and also to  evaluate the  degree o f quenching o f donor's 

fluorescence and enhancem ent o f acceptor's PL.

In order to  achieve th is, it was assumed th a t the spectrum  o f the  DA so lu tion  ( I d a W )  can be 

represented as a linear sum o f con tribu tions from  the  donors (/d (/1)) and acceptors ( I a W ) ' -

where and are the  weighing coeffic ients and kgc R  is the  background constant. The 

spectrum  o f th e  DA solution was fitte d  to  th is  equation by least-squares analysis [8] using 

M atlab or by a linear regression analysis in Origin.

2.2.2. Time-resolved PL measurements 

Fluorescence Lifetime Measurements

Fluorescence life tim e  m easurem ents are a very pow erfu l to o l fo r  m on ito ring  and determ in ing 

the  mechanisms o f in teractions between the  d iffe ren t com ponents. For example, changes in 

rad iative life tim e  provide a w ay to  quantify  the  e ffic iency o f energy trans fe r from  donor to  

acceptor en tities  in a hybrid com plex [9]:

Fluorescence life tim es are usually measured by T im e-Correlated Single Photon Counting 

(TCSPC). This techn ique works on a single photon  level [10], w hich is achieved by contro lling  

both the concentra tion  o f the  sample and the  excita tion in tensity. The sample is excited by a 

pulsed laser, and the  tim e  delay between the  excita tion and the  arrival o f the  em itted  photon 

to  the de tecto r is measured. This is repeated over m illions o f cycles and the  tim e  delay fo r 

each em itted  photon  is recorded (Figure 2.3, panel A). The tim e  delays are then  binned in to  

tim e  intervals to  build  up a histogram  th a t corresponds to  th e  decay o f the  excited state o f the 

fluo ropho re  (Figure 2.3, panel B). The histogram  is then  fitte d  to  a m ultip le -exponentia l 

equation using least-squares analysis to  extract th e  values o f the  lifetim es:

' h W  +  ^A ■ â W  +  ^BGR (2 . 12)

(2.13)

(2.14)
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where N  is the normalization constant, T; are the PL decay lifetimes and are the 

corresponding weighing coefficients. In some cases, it is beneficial to  calculate th e  intensity- 

averaged lifetime {TavY

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  n m  pulses of ~ S 0  p s  duration generated  by a LDH-480 or LDH-P-C- 

405B diode laser, controlled by a PDL-800B driver. The frequency was adjusted betw een  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 ~ 1 0 0 p 5 .  Data 

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

Fluorescence Correlation Spectroscopy (FCS)

Fluorescence Correlation Spectroscopy is a widely used technique th a t  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 m easurem ent,  laser light is focused by a high-numerical aperture  objective, 

which excites a small num ber 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, th e  passing of fluorophores through th e  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 th e  TTTR trace [11].

30



Spectroscopic measurements
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Figure 2.31 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.

31



MATERIALS AND METHODS

The correlation is a mathematical procedure that evaluates the temporal self-similarity of the  

trace(s) through calculations 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 w/hich the values o f  

the sought-after parameters are extracted. For a simple diffusion model, which assumes that 

only diffusion contributes to intensity fluctuations, the correlation curve (G(t ))  is given by the  

following expression [12]:

Here, t is the time lag and and T/ are the relative contribution and the diffusion time of the  

diffusing species. k ^ ( =  Z q/ ( 2 wq) )  is the is length to diameter ratio of the effective

3

excitation volume =  tt^WqZo, where Wq and Zg are the lateral focal radius and the focal 

radius along the optical axis at e~^ intensity respectively. The diffusion coefficient (D;) of the  

£**' species can be calculated from the obtained value using the following expression:

D i = ^  (2.17)
4Ti

(a)

effective
excitation

volume

(b)

Time Lag (ms)

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.

32



Spectroscopic m ea s u re m e n ts

The accuracy of  the  results ob ta ined  by the  FCS is sensi t ive to  a nu m b e r  of  different  

pa rameters ,  including t h e  excitation wavelength,  t h e  refractive index of t h e  solvent  and the  

photophysics  of  th e  f luorophore ,  am on g others.  It also relies heavily on t h e  precise know/ledge 

of th e  d imens ions  of t h e  effective volume v^hich, for  bes t  accuracy of  results,  mus t  be

de te rm in ed  a t  exper imenta l  condi t ions as the  FCS m e a s u r e m e n ts  themselves.  The th r ee  mos t

used me th od s  of de te rm ina t ion  of  are:

1. FCS m e a s u r e m e n t s  on a dilution series of a dye.

2. Fitting FCS curve for  a s tandard  dye of  known diffusion coefficient.

3. Direct m e a s u r e m e n t  by raster  scanning of a sub- resolut ion f luorescent  bead.

The advantage  of m e t h o d  1 is th a t  this m e th od  can be  used with any dye  th a t  is readily 

available in th e  laboratory,  as long as its concent ra t ion  in t h e  chosen  solvent  can be accurately 

de te rmined .  The advanta ge  of  using a s tandard  dye of known diffusion coefficient  (method  2) 

is t h a t  the  concent ra t ion  of t h e  dye does  not  need  to  be known precisely. The main advantage  

of t h e  third m e th o d  of  t h e  de te rmina t ion  of the  effective vo lume is t h a t  it is a direct 

m ea su rem en t ,  requiring no addit ional  t r e a t m e n t  of  data.

FCS m e a s u r e m e n t s  w e r e  per formed using a lOOx oi l- immersion object ive on the  

MicroTime200 descr ibed above.  The calibration of  FCS w as  per fo rme d using m e th o d s  1 and 3, 

as descr ibed in Appendix A.
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2.3, Other techniques

2.3.1. Zeta potential and nanoparticle size measurements

The de te rm ina tion  of th e  hydrodynam ic  size of th e  nanocrystals  and the ir  ze ta  potentia l 

(surface charge) are  vital factors in th e  Initial characterization  of q u a n tu m  dots  -  both  of th e se  

d e te rm ine  th e  minimal achievable  d is tance  b e tw een  th e  QDs and th e  accep to rs  of energy  in 

solution, a key p a ra m e te r  for th e  energy  t ran sfe r  efficiency.

Both th e  size and th e  surface  charge  of particles in solution can easily be  m easu red  by 

Dynamic Light Scattering (DLS) m e a su re m e n ts .  DLS techn ique  is similar in principle to  th e  PCS 

m easu rem en ts  in th a t  both  involve tem p o ra l  correlation of signal f luc tuations caused by 

m ovem en t of particles. However, in t h e  case of  DLS, th e  signal co m es  from  scattering  of light 

by particles com pared  to  emission of pho tons  for PCS. The light s c a t te red  by particles 

interferes constructively and destructively  resulting in form ation  of  a 2-D p a t te rn  a t th e  

de tec to r ,  consisting of bright and  dark  p a tches  [13]. As th e  particles m ove, t h e  a rea  of th e se  

patches increases and d ec reases  and  it is th e s e  fluctuations th a t  are  co rre la ted  in time.
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Figure 2 .5 1 D eterm ination  o f p a rtic le  size and  su rface  charge by DLS m ea su re m e n ts , (a) The co rrelation  intensity 

of th e  iight sca tte red  by particles undergoing Brownian m otion is strongly d e p e n d e n t on  th e  particles' d iam eter. 

The bigger they  are, th e  slow er th ey  m ove and hence  correlation  rem ains s trong  fo r longer periods of tim e, (b) 

Particles with sm aller surface  charge m ove slow er, and so correlation  is s tro n g er a t  h igher tim e  lag values.

Por size m easu rem en ts ,  th e  m o v e m e n t  of  th e  particles is d u e  to  th e  Brownian m otion. The 

larger th e  particles, th e  s low er th ey  m ove and so t h e  correlation rem ains  large for longer tim e 

lag periods (Figure 2.5, panel A). In ze ta  potential m easu rem en ts ,  an a l te rna ting  voltage is 

applied across th e  liquid, causing th e  position of th e  charged particles t o  oscillate. The higher 

th e  charge, th e  fa s te r  th e  particles m ove th e re b y  decreasing th e  correla tion  a t  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 ^m Ultrafree®- 

MC microcentrifuge filters (Sigma), diluted to ~ 1 0 “  ̂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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3. PHOTOSENSITISER/QUANTUM DOT SYSTEM

On average, about 1.5 m illion people are diagnosed w ith  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 th ird  woman w ill be diagnosed with 

some type o f cancer during the ir lifetime. Hence, the need for the development of new, more 

advanced and/or more effic ient 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 treatm ent 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 treatm ents are based on different 

principles, all o f 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 

treatm ent, minimising the side effects o f the treatm ent. 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 o f cancer treatm ent. It is sim ilar to  chemotherapy in tha t it 

involves an injection o f a chemical into a b o d y - th e  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 treatm ent lim its the number of 

healthy cells affected by the treatm ent and avoids the many detrim ental side-effects typically 

associated w ith chemotherapy.

The photosensitiser is the key element o f the photodynamic therapy. Upon illum ination w ith 

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 (7’i(P 5 ) )  by intersystem crossing from the 

singlet excited state (Si(PS)):

intersystem crossing
So(PS) +  hv ------> 5 i(P S ) ---------------------------- » T-^(PS) (3.1)

v^here Sq{PS)  is the singlet ground state of the photosensitiser.

This is followed by a transfer of energy to the ground triplet state of oxygen [TQ^oxygen))  to 

produce the highly reactive singlet excited state (Si(oxygen)) :

T i (PS)  +  To(oxygen)  ------> Sq(^PS) +  S i (o xygen)  (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'  toxici ty d o e s  n o t  inhibi t  i nves t iga t ions in to  t h e i r  u se  o f  QDs for  med ica l  

appl ica t ions.

In c a n c e r  th e ra p ie s ,  q u a n t u m  d o t s  have  b e e n  inves t ig a t ed  b o t h  as  a d ia gnos t i c  tool  a nd  as  a 

d rug del ivery sy s t em .  The  first  of  t h e s e  is b as ed  o n  t h e  exc e l l en t  po te n t i a l  o f  us ing QDs for  

imaging in vivo, b u t  a l so  on  t h e  possibil i ty of  specifically t a rg e t i n g  par t i cu la r  t u m o u r s  via 

f unct ional i zat ion  o f  t h e  QDs'  su r fa ce  [14]. Also, it is know/n t h a t  m a c r o m o l e c u l e s  and  

na no p a r t i c l e s  can  a c c u m u l a t e  in t u m o u r s  d u e  t o  t h e  h y p e r v a s c u l a t u r e  a n d  t h e  e n h a n c e d  

pe rm eab i l i ty  a n d  r e t e n t i o n  (EPR) e f fec t  [15]. Such pass ive u p t a k e  o f  QDs h as  b e e n  r e p o r t e d  for  

in-vivo s tu d i es  o f  d i f f e r en t  cell p o p u l a t i o ns  in sy nge ne i c  mice  [16]. T h e  EPR e f fec t  can t h u s  be 

exp lo i t ed for  t h e  del ivery o f  d r ugs  a t t a c h e d  to  t h e  QDs'  su r fa ce  -  this  w/ould r e d u c e  t h e  n o n 

specifici ty o f  t h e  d r u g  ac t ion  a nd  l e s sen  t h e  s ide -e f fec t s  o f  t h e  t r e a t m e n t .

In addi t ion ,  QDs t h e m s e l v e s  can ac t  as  t h e r a p e u t i c s  aga ins t  c a n c e r  cells. Var ious  s t ud ie s  hav e  

s h o w n  th a t ,  in r e s p o n s e  to  light in t h e  p r e s e n c e  o f  oxygen ,  QDs can  p r o d u c e  react ive oxygen  

spec ies  [3] -  t h a t  is, t h e y  t h e m s e l v e s  can ac t  a s  p h o to s e n s i t i s e r s  in PDT a l th ou g h  wi th  mu c h  

lowe r  ef f iciencies  t h a n  t h e  PS t h a t  a re  a l r eady  in use.  A r e c e n t  d i r ec t ion  in this  r e s e a r ch  is t h e  

add i t ion  of  QDs t o  a l r e ad y  exist ing p h o t o se ns i t i ze r s  wi th  t h e  a im  of  en h a n c i n g  t h e  

p h o t o d y n a m i c  p r o p e r t i e s  o f  t h e  PDT drugs  [17,  18]. W e  t e s t  th is  h y p o th e s i s  by exa mi n i ng  t h e  

p h o t o d y n a m i c  p r o p e r t i e s  of  a m o d e l  PS ( m e t h y l e n e  blue)  in t h e  p r e s e n c e  o f  col loidal  QDs.

3.1.2. Methylene Blue as a Photosensitizer

M e t h y l e n e  Blue is a we l l -k no w n ph en o t h ia z in iu m  dye  t h a t  has  b e e n  ex tens ive ly  us ed  fo r  a 

va r i e ty  o f  p h o to c h e m i c a l  [19] a n d  medica l  [4] app l i ca t ions .  Medica l  u s e s  o f  MB inc lude t h e  

t r e a t m e n t  of  m e t h e m o g l o b i n e m i a  [20], as well  as  its u se  as  a mild a n t i se p t i c  [21] a nd  as a 

t i s sue s ta in for  d iag no s t i c  d e t e c t i o n  [22] a n d  d e l in ea t io n  o f  b o d y  t i s sue s  dur ing  su r ge ry  [23, 

24]. By itself, it has  ve ry  little toxici ty and  rarely r esul t s  in s ide -e f fec ts .

The in te r sy s t e m  c ross ing of  exc i t ed  MB f rom  sing let  to  a t r ip l e t  s t a t e  has  a high q u a n t u m  yield 

(~0.5),  a n d  t h e  t r ip l e t  s t a t e  has  a long intr insic l i f et ime [25].  Both o f  t h e s e  a r e  im p o r t a n t  

p r op er t i e s  o f  a p h o t os e n s i t i ze r .  Ho wever ,  t h e  use  o f  m e t h y l e n e  b lue as  a ph o to se ns i t i ze r  in 

PDT has  b e e n  l imi ted by t h e  f o r m a t i o n  o f  MB d im e r s  [26] a n d  t h e  r e d u c t i o n  o f  MB to  t h e  

p ho t oc hem ic a l ly  inact ive leuco-MB [27] u n d e r  physiological  con d i t ions .  Both o f  t h e s e  r esul t  in 

a d e c r e a s e  o f  its eff iciency fo r  s inglet  oxygen  p r o d u c t i o n  [4].
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The concentration of methylene blue is solution can be deternnined from its absorption 

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

C{di luted stock)  =  1------
73,000 cm   ̂ * 1 cm

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 

M ethylene blue involved spectroscopic measurements on a series o f aqueous solutions 

containing increasing molar ratios of MB to QDs. Two QD samples were used, w ith 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 tw o samples were chosen because 

their emissions have widely different spectral overlaps with the absorption band of the  

M ethylene blue dye, shown diagrammatically in Figure 3.1, panel C.
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Figure 3.11 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, (c) 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

M ethylene Blue dye powder was purchased from Sigma-Aldrich. A small am ount 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 determ ined 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 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 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) 

kiL

V (MB stock) 

kiL

V (water) 

Î L

a OO 100 0 1900

b 10:1 100 10 1890

c 5:1 100 20 1880

d 1:1 100 100 1800

e 1:5 100 500 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 hard, chemical 

reactions between components give rise to new absorbance peaks corresponding to newly
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form ed 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 Q D 2.8/M B  samples appear to be linear combinations 

of the QD and dye absorptions (panel A of Figure 3.2), indicating a lack o f any m ajor 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 o f MB/QD complexes assembled 

w ith  (a) 2.8 nm QDs and (b) 3.3 nm QDs have a pronounced decrease at 664 nm, signifying a decrease o f MB 

monomers in solution. A corresponding relative increase o f absorbance at and below 613 nm (c) indicates the 

aggregation o f the dye in the presence of QDs, pointing towards the adsorption o f 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 T '  o f both the 2.8 nm QDs and 3.3 nm QDs 

sets when compared to the absorption o f 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 m ethylene 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 w ith  previous findings tha t the 

presence o f interfaces (surfaces) causes partial dimerization o f methylene blue [26]. 

Furthermore, drawing a parallel to  the work o f Sykora et al [29] who observed the adsorption 

o f the positively-charged Ru-Polypyridine complexes onto the negatively-charged CdSe QDs, 

an adsorption o f 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 yields o f QDs, photoluminescence 

measurements can provide much useful information about the system being studied. It was 

found that QDs' fluorescence is quenched upon assembly w ith 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 o f 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 o f a sample directly affects the ionic strength of the solution and 

therefore the solubility o f the QDs. For a pure QD solution, both the solubility and stability of 

nanocrystals improves as the pH of solution is raised, w ith  a subsequent increase o f 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 o f MB molecules onto QDs and 

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

A more direct confirm ation fo r the adsorption of MB molecules onto QD's surface was 

obtained from the FCS measurements o f a 3.3 nm QD set (Figure 3.5, panel B). The basis o f this 

technique is the recording o f the emission o f 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 f i t  to this curve allows the 

calculation of the diffusion coefficient o f the fluorophore. An adsorption o f MB molecules onto 

QDs would increase the average mass o f QDs and would therefore result in a decrease o f the 

QDs' diffusion coefficient. For samples 3.3a through 3.3d this was found to be the case (Table 

3.2).
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Figure 3 .31 Adsorption of Methvlene blue onto QDs. (a) pH-dependence o f the PL quenching o f 3.3 nm QDs is

indicative o f the adsorption of MB molecules onto QDs' surface, (b) Fluorescence Correlation Spectroscopy curves 

o f a (■), b (■), c (■) and d (■) MB-QD3.3 complexes diffusing through an excitation volume were calculated by 

temporal correlation o f the corresponding TTTR traces (inset). The decrease of the correlation value at short lag 

times (G(0)) Is due to the quenching o f QDs' fluorescence by MB. Fitting of the FCS curves revealed a decrease of 

QDs' diffusion coeffic ient at increasing MB to  QD ratios (Table 3.2).

Table 3 .21 FCS and ZetaSizer results for Q 03.3/M B  complexes. The diffusion coefficients of complexes were 

calculated from  the FCS correlation curves (Figure 3.3, panel A) and were found to  increase fo r high MB to  QD molar 

ratios, suggesting the adsorption o f MB molecules onto QDs' surface. The fluorescence signal o f e and f  samples was 

too low  to obtain accurate fits to  correlation curves, and so hydrodynamic size and zeta potentia l measurements 

were performed instead. In accordance w ith  other results, these measurements showed an increasing particle size 

and a decrease in the zeta potentia l o f QDs as positively charged MB adsorbed onto the negatively charged QDs.

Sample Diffusion Hydrodynamic Zeta

Coefficient Size Potential

(iini^/s) (nm) (mV)

3.3a 259.6 4.33 -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 ennission 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 m easured 

instead by the dynamic light scattering method. As expected for the adsorption of the 

positively-charged MB onto  negatively-charged QDs, these  m easurem ents showed an increase 

of QDs' average d iam eter and zeta-potential (Table 3.2).

3.2.3. Mechanism of PL quenching

Steady-state PL m easurem ents 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), th a t  is, less MB molecules were required to 

quench the luminescence of this sample by the same amount. Assuming tha t  in this system 

quenching occurs through Forster Resonance Energy Transfer (FRET), this difference could be 

a ttributed to the lesser overlap of 2.8 nm NC emission band and MB absorption band 

com pared 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 o ther effects, a typical result of FRET is an enhanced emission from 

th e  fluorescent acceptor [30], which in this case is the MB dye. However, no such 

enhancem ent was observed for either of the samples. In fact, a t  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 photolum inescence m easurem ents, (a) The photoluminescence decay of the 2.8 nm

QDs rem ained 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 QDS.3 fluorescence when compared to  tha t 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 o f the average lifetim e o f a donor is expected [31], As seen in 

Figure 3.4, no change in the lifetim e o f 2.8 nm QDs was detected and a very small decrease in 

the lifetime o f the 3.3 nm QDs was observed. Taking into account the large difference In the 

spectral overlap between MB absorption and QD emission spectra fo r the tw o  samples, we 

expected a much larger difference in the behavior of PL decays fo r the tw o series. Thus, PL 

decay measurements confirm tha t FRET cannot be fu lly responsible fo r the observed effect, 

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

The inspection o f band off-sets fo r MB dye and QDs samples [32] (Figure 3.5, panel C), pointed 

towards a possibility o f a charge transfer as a more likely mechanism of photoluminescence 

quenching. The adsorption of methylene blue dye onto the QDs' surface provides the close 

proxim ity of the two moieties necessary for the charge transfer between them [33]. in this 

case, the sim ilarity of the quenching curves is due to the fact tha t charge transfer occurs in 

similar measures fo r both QD samples. The slightly more effective quenching o f 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 o f 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 o f the PL spectra o f 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 o f the 2.8 nm QDs is minimal (see panel A o f 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 o f the samples at the excitation wavelength. The inset panel C (Figure 3.5) 

shows PL spectra normalized to  the absorption o f tw o MB/QD samples o f 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 o f quenching at this excitation wavelength. 

Therefore, PL quenching o f 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 3.51 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 p h o to d y n a m ic  th e ra p y , th e  excitation  o f a photosensitiser results in p ro du ctio n  o f reactive  

oxygen species, be th a t  oxygen radicals o r singlet oxygen. T hese species th e n  d am age th e  cells 

th e re b y  decreasing th e ir  ra te  o f p ro life ra tio n . An im p ro v e m e n t o f th e  p ho tod ynam ic  

p ro perties  o f a PS should  th e re fo re  be accom panied  by b o th  o f  these . T h e  fo llo w in g  sections  

re lay th e  m e as u rem e n ts  o f th e  singlet oxygen pro du ctio n  by th e  M B /Q D  com plexes and cell 

p ro life ra tio n  studies o f cancerous cell lines in M B /Q D  -  co n ta in in g  solutions.

3.3.1. Production of Singlet Oxygen

Both th e  en ergy and th e  charge tra n s fe r discussed above suggest an increased excitation  o f  

M B  m olecules a t w ave len g th s  w h e re  th e  QDs absorb. In te rm s  o f  th e  reactive species 

produced, w e  ex p e ct charge tra n s fe r to  result in th e  p ro du ctio n  o f charged  m olecu les a n d /o r  

radicals. On th e  o th e r  hand, FRET is likely to  increase th e  yie ld  o f s in g le t-M B  to  tr ip le t-M B  

tran s itio n , and thus m a y  increase th e  effic iency o f singlet oxygen p ro d u ctio n  by M B. W e  have  

a tte m p te d  to  d e te c t th e  increase in ^02 p ro du ctio n  by NIR PL m e as u rem e n ts .

For th ese  m e as u rem e n ts , th e  Q D /M B  com plexes w e re  assem bled  in h eavy w a te r  (D 2 O). 

Replacing n orm al w a te r  (H 2 O) by heavy w a te r  lengthens th e  life tim e  o f th e  singlet oxygen [34] 

and allow s its d e te c tio n  by d irect spectroscopic m e as u rem e n ts  [35 ]. O nly th e  3 .3  nm QDs 

sam ple w as used since no FRET w as observed fo r th e  2 .8  nm  Q D set. Sam ples w ith  th e  highest 

m e th y le n e  blue co n ce n tra tio n  w e re  used to  m in im ize  th e  e rro r  in th e  m e asu rem en ts .

The spectra o f 3 .3 f  (M B  and QDs) and 3.3g (M B  only) sam ples had a p eak cen tred  a t 1 2 68  nm  

(Figure 3 .6 , to p  g rap h ). This peak  is due to  th e  singlet oxygen m olecules in heavy w a te r  [35]. 

The singlet oxygen peak w as slightly h igher fo r th e  3 .3 f  sam ple and , a fte r  background  

sub trac tio n , th e  d iffe re n tia l PL in tensity  show ed th a t th is is in d eed  th e  case (Figure 3 .6 , 

b o tto m  graph). T h e re  w as a slight increase (~14% ) in th e  in te g ra ted  PL in tens ity  o f singlet 

oxygen produced  by M B  w h e n  a sm all am o u n t o f  QDs w as ad d ed '’. T h e re fo re , th e  effic iency o f  

singlet oxygen p ro d u ctio n  by a photosensitiser can indeed  be increased  by u tilizing QDs as a 

source o f ad d itio na l exc ita tio n  o f th e  PS m o lecu le .

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 1 Direct spec troscop ic  ob se rv a tio n  of sing let oxygen. Top panel show s th e  evolution of th e  NIR PL

spectra  o f a M ethylene blue solu tion  (sannple 3.3g, -■-) upon addition  o f a small am o u n t of 3.3 nm  QDs (sam ple 

3.3f, A slight increase of th e  singlet oxygen peak a t 1268 nm , indicated by th e  arrow , suggests an  increase in 

th e  production  of upon assem bly of MB and QDs. The increasing PL signal a t th e  low er w avelengths is a tail of 

em ission of th e  trip le t MB s ta te  (^MB). B ottom  panel: d ifference in th e  spectra  of 3 .3f and 3.3g sam ples, a fte r 

correction  fo r ^MB contribu tion  by least squares analysis. The increase o f th e  singlet oxygen peak a t  ~1270 nm is 

clearly d istinguishable above th e  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 tha t  addition of the  QDs can increase th e  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 supplem ented 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 se ru m -fre e  m e d iu m  u ltracu ltu re  (Lonza). Cells w e re  g en tly  asp ira ted  using a p ip e tte  

and d is trib u ted  to  n ew  cu ltu re  flasks. S ubcultures w e re  incub ated  a t 37  °C in a 5% CO 2

h u m id ifie d  a tm o s p h ere . For all p ro life ra tio n  stud ies, a su b cu ltiva tio n  ra tio  o f 1:2 to  1:6 w as

used, and g ro w th  m e d iu m  w as replaced  2 -3  tim es  a w ee k .

To study th e  e ffe c t o f th e  M B -Q D  solutions on th e  g ro w th  statistics o f cell lines, th e  fo llo w in g

p ro toco l w as used:

1. 5 n M  stock so lution  o f 3 .3  nm  QDs w as p rep ared .

2. A series o f M B  stock solutions w e re  p rep ared  w ith  co n centra tion s ranging fro m  5 to  

15 0  n M , corresponding  to  th e  M B  to  Q D  m o la r ra tio  range o f 1:1 to  30 :1  (see Tab le  

3 .3 ).

3. E ither HeLa o r H epG 2 cancerous cells w e re  seeded  o n to  9 6  w ells o f  a 9 6 -w e ll p la te  

(averag e  o f 5 0 0 0  -  1 0 0 0  cells p er w e ll)

4 . To  each w ell o f th e  p la te , 5 piL o f QDs stock so lu tion  and 5 |iL o f o ne o f th e  M B  stock  

so lu tion  w e re  ad d ed , as sum m arised  in T ab le  3 .3  and Figure 3 .7 .

5. The  p la te  w as placed u nd er a s tand ard  U V lam p, a t a d istance o f ap p ro x im a te ly  10  cm

fo r  3 0  o r 6 0  seconds.

6. The  cells w e re  th en  w ashed w ith  fresh  g ro w th  m e d iu m  and incub ated  fo r 2 4 -3 2  hours.

7. A t th e  end o f th e  incubation  p erio d , cells w e re  co u nted  using e ith e r  a C yQ uant Cell

P ro life ra tio n  Assay Kit o r a h a e m o c y to m e te r. T h e  descrip tion  o f th e  la tte r  tec h n iq u e  

can be found  in A p p endix  B.

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

cancerous cells, 5 nL 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

^M

5 5 1:1

5 25 5:1

5 5 0 10:1

5 10 0 20:1

5 15 0 30:1
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The first cell proliferation experiments were performed w ith  HepG2 cell line. However, very 

large variations in the number o f 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 o f 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 preferentia lly grow in monolayers. This resulted 

in much smaller variations in counts fo r the repeats o f any one sample.
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Figure 3.71 Contents of the 96-well plate used for proliferation studies. HeLa or HepG2 cells in a growth medium 

were seeded into each well. 5 nL of SpM 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 l̂L 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 o f HeLa cells after 30 seconds of illum ination under a UV lamp depended on the 

contents of the growth solution. Cells proliferation was most effic ient fo r the "fu ll control" 

samples which contained no MB or QD solutions in the ir culture mediums. The presence of 

both QDs and MB on the ir own inhibited the growth o f the HeLa ceils, resulting in smaller 

number o f cells being counted after 24 hour incubation period (black and grey bars in Figure 

3.8). The reduction o f cell growth by QD/MB mixtures was only slightly bigger, w ith a more 

pronounced effect fo r smaller MB to QD molar ratios (Figure 3.8, panel A). Smaller MB to  QD 

ratios correspond to  a larger amount o f QDs available to  transfer energy or charge to  MB 

molecules, and hence the effect is largest for these samples.
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Next, the tim e of illumination o f Q D /M B  complexes by a UV lamp was doubled from 30 to 60 

seconds. It is reasonable to  assume that a prolonged excitation of M B /Q D  solutions would 

result in an increased production o f 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).

N(MB) • N(QD3 3) 
MB/QD3 3 complex

15 30 45 60 75 90 105

Excitation tim e  (sec)

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 o f d iffe ren t MB to QD molar ratios. Samples were excited fo r 30 seconds 

under a UV lamp before 24 hour incubation, after which the num ber o f 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 M B" control. 

When compared to  the "MB only" (black bars) and "QD only" (grey bars) controls, the maximum effect o f MB/QD 

complexes (blue bars) was observed fo r those w ith  smaller MB to  QD ratios. Results fo r the 1:1 MB to  QD sample 

were om itted fo r clarity and it can be found in the top graph o f 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 fo r "QD only" control (grey bars), "MB o n l/ '  contro l (black bars) and 1:1 

MB/QD complex (blue bars). The bo ttom  graph compares the number o f cell fo r the same MB/QD complex to  the 

combined effect o f the control samples, i.e. the product o f the "MB only" and "QD on ly" 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 o f a photosensitizer is tested. Methylene blue dye, which possesses 

reasonable photodynamic properties, was employed as the model photosensitizer.

MB was assembled w ith  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 o f 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 o f the main factors 

that can affect this process is the presence of negative charges on QD's surface. Investigations 

into the effect o f QDs' surface charge on the quenching efficiency of the ir 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 o f 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 o f HeLa cells in culture 

mediums containing MB/QD complexes demonstrated an increase in cell kill efficiency o f 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 o f 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 o f 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 fin ite  resource.

There exists a common consensus tha t the peak of oil production has already happened, or it 

w ill occur w ith in the next few decades [1, 2]. As this happens, the oil w ill become more and 

more expensive while its availability w ill 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 o f energy to  ensure even the 

most basic o f 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 M iddle East, must not be ignored [3],

Finally, an im portant reason for the inevitability of the term ination o f the "petroleum  era" is 

the environmental damage tha t the use o f fossil fuels had caused. Some technological 

advances have been made to improve the air quality o f 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 o f the 

carbon dioxide gas in the atmosphere needed to  be reduced by ~60% fo r the natural systems 

to  be able to  deal w ith  it [4],

In recent years, several countries have introduced sustainability programs into their economic 

agendas, including funding fo r green energy initiatives. While this is an im portant step in 

addressing many o f the environmental and political issues, it has been suggested tha t the 

environmental impact o f the fossil fuels use is likely to remain a problem fo r another century.
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The developm ent o f the  energy p roduction  technology th a t is no t only able to  deal w ith  the 

energy demands, but also can aid in the  reversal o f the environm enta l damage caused, w ou ld  

certa inly have benefits bridging all areas o f nation 's well-being.

One example o f such a technology is artific ia l photosynthesis. As m im icry  o f the  natural 

photosynthesis, it has the  po ten tia l to  convert solar energy in to  electrica l energy, produce 

hydrogen gas fo r fue l and high-energy organic molecules fo r  food and plastics, w h ile  fix ing  the 

atm ospheric CO2 gas in the  process. The stra igh tfo rw ard  way to  construct an artific ia l 

photosynthetic device fo r  practical solar fue l p roduction is to  m im ic the  s truc tu ra l and 

functiona l organization o f the  natura l pho tosyn thetic  m achinery. In natu ra lly  occurring 

photosynthetic systems, ligh t is firs t absorbed by light-harvesting (LH) antennae and the 

absorbed energy, in the  fo rm  o f an exciton, is transferred to  a reaction centre  (RC) via Forster 

Resonance Energy Transfer (FRET). In the  RC, the  exciton is sp lit in to  an e lectron  and a hole by 

a d im er m olecule called the  "special pair". The e lectron is la ter used in chemical reactions to  

produce high-energy molecules th a t fue l the  organism [5]. M im icry  o f th is process fo r  artific ia l 

solar energy conversion should include, among o the r com ponents, an e ffic ie n t LH antenna 

capable o f transfe rring  the  exc ita tion  energy to  the  RC.

This chapter describes the  firs t a ttem pts  to  replace the natura l antennae o f a bacterial 

photosynthetic system by sem iconductor QDs [6]. RCs, extracted from  the  purple bacteria 

Rhodobacter sphaeroides and purified  from  the  m a jo rity  o f natura lly  present LH complexes, 

were assembled w ith  QDs o f care fu lly chosen emission colours. The QD/RC complexes were 

then spectroscopically exam ined fo r the  occurrence o f energy trans fe r from  QDs to  the 

"special pair" o f RCs. Finally, the  enhancem ent o f the pho tosyn thetic  e ffic iency o f RCs in the 

presence o f QDs was ascertained from  the  fluorescence in tensity  o f the special pair. A th re e 

fo ld  increase in the  rate o f generation o f excitons at special pa ir o f the  RC was observed 

experim entally, and theo re tica l estimates predict even stronger enhancem ents, paving the 

way fo r fu rth e r op tim iza tion . This proposed approach to  enhanced ligh t harvesting and 

e ffic ien t energy transfe r from  QD to  RC paves the  w ay fo r the  application o f  QD in artific ia l 

photosynthetic systems.
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4.1. Mimicking natural photosynthesis
The development o f artificial photosynthetic systems that utilize solar energy is one of the 

most challenging goals o f chemistry and material sciences [7], In short, the goal o f 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 w/ith 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 tha t fuel the cellular processes necessary for 

organism's survival. The type and the number o f photosynthetic systems used depends on the 

organism -  plants and algae for example usually have tw o coupled photosynthetic systems (PSI 

and PSIl). 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 o f solar energy into high-energy molecules via photosynthesis involves the 

follow ing steps [9]:

1) The absorption of solar photons by antennae composed o f pigment-protein complexes 

called the light-harvesting (LH) complexes (Figure 4.1).

2) The transfer o f 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 w ith in tens 

o f 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 o f 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 facj complex and 

ATP-synthase to  produce high-energy adenosine triphosphate (ATP) molecules that 

fuel the organism (Figure 4.1).
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Cyloplasir.

Periplasm
cjtochrome Cj H'*’-

Figure 4 .1 1 Structural composition and functionality o f 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, "he 

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 hydroqulnone (QHj). It is tien  

used by the cytochrome bci 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 structurally 

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-spann ng 

branches -  the active branch (A) and the inactive branch (B ) [12]. Each branch consists of cne 

quinone (Q a/ b), one bacteriopheophytin (H a/ b) and one molecule of bacteriochlorophyll (B a b )- 

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 1 Reaction Centre/Quantum Dot system, (a) A RC purified from  Rb. Sphaeroides is composed from  the 

quinone (Qa/b)/ bacteriopheophytin (H*/b) and bacteriochlorophyll (Ba/b) cofactors arranged in two  branches -  the 

inactive branch B and the active branch A. The tw o  branches are connected by a dimer o f bacteriochlorophyll 

molecules -  the special pair (P or P870). The positions of the absorption and photolum inescence bands of the 

cofactors (P, 8, H and Q) are indicated fo r the active branch only. A quantum dot is assembled w ith  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 o f the RC. 

Note tha t the position o f the bands for the same cofactors is d iffe ren t fo r the active and inactive branch. For 

example, bacteriochlorophyll molecule belonging to  the active branch (B-Qy) absorbs at 800 nm, while 

bacteriochlorophyll o f the inactive branch (B-Qx) absorbs at 600 nm.
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W h e n  an exciton is tra n s fe rre d  fro m  th e  LH com plexes to  th e  RC, it quickly m oves to w a rd s  th e  

special pair, w h e re  it is split in to  an e lec tro n  and a hole w ith in  2 -3  ps [13 , 14 ], A fte rw ard s , th e  

electro n  m oves along  th e  ac tive  branch o f th e  reaction  cen tre  to w a rd s  Q a by a series o f  

electro n  transfers. The tra n s fe r o f  th e  e lectro n  m ust occur in several steps as a d irec t tra n s fe r  

o f th e  electron  fro m  th e  special p air to  Qa w o u ld  be to o  en erg e tica lly  d em a n d in g  to  be ab le  to  

p reven t th e  re co m b in a tio n  o f th e  charges. The e le c tro n  is la te r used by d iffe re n t  

pho tosyn th etic  m ach inery , ev en tu a lly  resulting in th e  synthesis o f  ATP [9].

4.1.3. Artificial photosynthesis

It could be im ag ined  th a t  th e  best a rtific ia l PS system s can be d eve lop ed  on th e  basis o f  th e  

alread y w ell-estab lish ed  se m ico n d u cto r p h o to vo lta ic  (PV) techn o lo g y. H o w e v e r, artific ia l 

p ho tosyn th etic  (APS) devices d iffe r  g rea tly  fro m  th e  p-n jun ctio n -b ased  PV devices. The m ost 

im p o rta n t d iffe ren ce  b e tw e e n  th e m  is th e  p ho ton  absorp tion  and charge se p a ra tio n  processes 

-  th e  fu n d am en ta l p ro p e rties  o f any solar cell. In PV devices, b o th  o f th ese  processes occur at 

th e  sam e poin t in space -  th e  d e p le tio n  region. In APS devices, h o w e v e r, th e  tw o  processes are  

d ecoupled  and p e rfo rm e d  by d iffe re n t en tities: photons are  co llected  by th e  LH a n te n n a e  and  

th e  separation  o f charges occurs a t th e  reaction  cen tre . This p ro p e rty  o f  th e  a rtific ia l PS allow s  

th e  in tegration  o f a large n u m b e r o f th e  light-absorb ing  e le m en ts  fo r each  reac tio n  cen tre , 

p o ten tia lly  resulting in a su p erio r co llection o f so lar en ergy [15],

M a n y  approaches to  th e  d e v e lo p m e n t o f  APS system s are  being pursued, all o f w hich  requ ire  

an e ffic ien t bu ilt-in  a n te n n a e  fo r  th e  harvesting  o f solar energy. To d a te , th e  best ligh t- 

harvesting a n ten n ae  d e ve lo p ed  are  based on th e  arrays o f p orphyrin  co m plexes o f ru th en iu m  

and osm ium , such as N3^ and ru th en iu m  black^ com plexes [1 6 -2 0 ]. A tte m p ts  h ave also been  

m ade to  em plo y  o rgan ic ch ro m o p h o res  th a t m im ic one or m o re  aspects o f th e  n atu ra l ligh t- 

harvesting processes, including m e lan in -like  b iom olecu les [15 , 21 , 22 ] and ca ro ten o id - 

prophyrin  system s [2 3 -2 5 ]. In m an y  o f ab o ve -m en tio n ed  cases e ffic ie n t co llection  and tra n s fe r  

o f en ergy w as ach ieved . H o w e v e r, th e  use o f th ese  system s is inh ib ited  by th e  lack o f long

te rm  stab ility  and n a rro w  lig h t-co llec tin g  spectra l w in d o w s [16, 26 ]. R ecently , it has been  

suggested th a t inorgan ic nanocrystals can be used to  im p ro ve  th e  light h arvestin g  in th e  APS 

systems [27].

Advances in inorganic synthesis en ab led  th e  p roduction  o f m on od isp ersed  and highly  

lum inescent QDs, such as CdSe/ZnS and CdTe QDs nanocrystals [28 , 2 9 ]. T h e  extinction

 ̂Cis-RuL2 (NCS)2 , w h ere  L is 2 ,2 '-b ipyridy l-4 ,4 'd icarboxylic  acid. 
^ T ri(cyan a to )-2 ,2 ',2 " -te rp y rid y l-4 ,4 ',4 ''-tr ic a rb o x y la te  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 o f QDs' emission bands can be tailored to ensure 

best coupling with the acceptor of the energy transfer process [31]. Finally, the surface 

functionality o f some QDs can be modified to requirements, allowing covalent attachm ent 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 1 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 environm ent) 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 experim entally 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 o f the RCs.
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The diagram of energy relaxation (Figure 4.3) for one such nano-bio hybrid Illustrates the 

proposed m ode of action in this system. Photon energy is absorbed by QDs and is donated to  

one of the cofactors o f RC com plex 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 environm ent, the  exciton is split into an electron and a hole. How ever, under the  

experim ental conditions used, this does not occur. Instead, the  exciton decays with a 

characteristic emission at ~920  nm, the  intensity o f which can be used to  judge the potential 

photosynthetic efficiency o f our nano-bio complexes.
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4.2. Sample preparation
Sample prepara tion  involved th e  extraction of th e  reaction c en tre s  from th e  Rb. Sphaeroides 

and purification of t h e  ex trac ted  complexes from th e  natural light-harvesting c o m p le x e s \  The 

p roperties  of ex trac ted  reaction cen tres  differ from th o se  observed  in the ir  natural 

environm ent,  requiring an addition of a s trong anti-oxidant to  p reven t  th e  photooxidation of 

t h e  RCs under  experim enta l light fluxes used. CdSe/ZnS, with em issions at 530, 570 and 600 

nm, and CdTe QDs em itting  a t  530 and 570 nm w ere  e i the r  e lectrostatically  assem bled  with or 

covalently a t tach ed  to  th e  ex trac ted  reaction centres.

4.2.1. Extraction and purification of RCs

The cells of wild-type nonsulfur purple bacterium  Rhodobacter sphaeroides w ere  grown in 

liquid O rm erod culture  m edium  under  anaerobic  conditions in a lum inosta t  a t  ~30°C for 4-6 

days. C hrom atophores  (m em b ran es  containing pho tosyn the tic  appara tus )  w ere  isolated from 

sonicated  cells by centrifugation and w ere  incubated  in th e  dark for 30 min a t  4°C in 0.01 M 

sodium p h o sp h a te  buffer (pH 7.0) containing 0.5% zwitterion de te rg en t  lauryl d im ethylam ine 

oxide (LDAO). After this, the  chrom atophore  suspension w as centrifuged (144,000g, 60 min, 

4°C). The su p e rn a ta n t  was b rought to  22% sa tu ra tion  with a solution of am m onium  sulphate. 

The precipita te  containing RC w as dissolved in 0.01 M sodium  p h o sp h a te  buffer (pH 7.2) 

containing 0.05% LDAO and subjec ted  to  chrom atography on a hydroxyapatite column. These 

procedures w ere  described in more detail elsewhere [34],

-The resulting RC preparation was suspended in 0.01 M sodium  p h o sp h a te  buffer (pH 7.2) 

containing 0.05% LDAO and dialyzed against 0.01 M Tris-HCI buffer (pH 7.8) containing 0.1% 

anionic d e te rg e n t  sodium  cholate . Following this p rocedure ,  RC prepara t ions  w ere  m ore  

to le ran t  to  long-term storage  a t  a te m p e ra tu re  of -80°C. It should be m en tioned  th a t  th e  

d e te rg e n t  LDAO induced precipitation of QD from a q u e o u s  solutions and was never used in 

our experim ents.

The purity of RC p igm ent-pro te in  complexes was characterized  by th e  ratio of intensities of 

UV-absorption bands of th e  protein  a t  280 nm to  th e  abso rp tion  of bacteriochlorophyll a t 800 

nm. This ratio was found to  vary from 1.3 to  1,4 for d ifferen t RC p repara t ions  (Figure 4.2, panel 

B), which is only slightly higher than  th e  value of 1.2 for  absolutely  pure  RC [35], This m eans 

th a t  a small quantity  of  p igm ent impurity w as p re se n t  in th e  ex trac ted  RCs. The major

 ̂ The extraction and purification of RCs was performed at a laboratory of Prof. E. Lul<ashev 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 im purity 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, w here carotenoids  

absorb (panel B o f Figure 4.3).

4.2.2. Properties of extracted RCs

The experim ental conditions o f the extracted RCs are very d ifferen t to  th e ir natural 

environm ent. The isolated RCs suspended in w ater are not protected by the m em brane or the  

pigm ent-protein complexes that usually surround them  in the fully operational photosynthetic  

system. W ithout this natural protection, they are easily photooxidized even under illum ination  

as weak as 0 .02 m W /cm ^ [36], leading to  the oxidation of th e  special pair d im er 

(P 870^P 870^). An addition o f an antioxidant, which acts as a source o f electrons, can prevent 

the photooxidation o f the  RCs.

Sodium (Na) ascorbate is a com m on antioxidant used for this purpose [37-39]. W hen added to  

RCs, it supplies electrons to the  oxidised special pair d im er (P870*-^P870) thus creating the so- 

called 'closed state' o f the RC (P870/Q aQ b ), in which the quinones are fully reduced. The 

closed state of the  RC is stable against photooxidation at experim ental light fluxes (up to ~12.5 

mW /cm^) and, most notably, its energy structure is very similar to  the natural state of 

P870/QftQB of the bacterial reaction centre [36]. Furtherm ore, 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 recom bine from  the  

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

The reversal o f the photooxidation of the RCs by Na-ascorbate can easily be m onitored  

spectroscopically (Figure 4 .4). As the concentration o f Na-ascorbate is increased, an increase of 

the 870 nm absorbance peak is observed (panel A o f Figure 4 .4), corresponding to  the  

reduction of the oxidised special pair dim er (P870'^->P870). Consequently, the emission of 

P870 at 920 nm also increases (panel B of Figure 4.4). Both processes achieve saturation at 10 

m M  concentration o f Na-ascorbate in the RCs-containing solution.

The PL peak centred at ~860 nm (Figure 4 .4 , panel B) belongs to the  residual am ounts of the  

LH-II complexes, left over a fter the  RC purification procedure. The intensity o f this peak is 

comparable to that o f the  P870 PL peak. However, the quantum  yield of the  LH-II complex is 

much higher than that o f the  P870 emission, even in the closed-state o f RCs. So the am ount of 

LH-II complexes left over is actually very small and is o f the order of 1 in 1000 RCs. The 

emission of LH-II complexes decreases upon the  addition of Na-ascorbate because the
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form ation of the RCs' closed state permits the energy transfer from LH-II complexes to the RC 

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

Na Ascorbate 

concentration:

 - ' 0 m M

 2.5 mM

5 m M

  7.5 mM

10 mM

750 800 850 900

Wavelength (nm)

Na Ascorbate 

concentration:
• 0 mM

• 2.5 m M

■ 5 mM

• 7.5 m M

• 10 mM

840 880 920 960 1000

Wavelength (nm)

Figure 4 .4 1 Reversal of Reaction Centres’ photooxidation by sodium (Na) ascorbate. Na-ascorbate was added to  a 

solution of photooxidised RCs. As the concentration o f Na-ascorbate was Increased, corresponding increases in (a) 

the absorbance peak (870 nm) and (b) the photoluminescence peak (~920 nm) o f the reduced P870 were observed. 

The PL peak at ~860 nm is due to the residual amount of LH-II 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 o f tri- 

functional thiol-containing polyethylglycol (PEG) molecules term inated 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 fo r a FRET-based system. These 

QD samples and some o f the ir primary characteristics are summarised in Table 4.1 and Figure 

4.5.

Table 4 .1 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 PL emission 

maximum 

(nm)

Quantum

Yield

(%)

Diameter*

(nm)

Hydrodynamic

Diameter**

(nm)

Zeta

Potential

(mV)

Cys-QD530

(CdSe/ZnS)
533 41 2.5 4.6 ± 1.4 -29.2

Cys-QD570

(CdSe/ZnS)
570 49 3.1 5.8 ± 1.8 -33.4

Cys-QD600

(CdSe/ZnS)
599 32 4.6 9 .112 .3 -37.5

QD530

(CdTe)
535 28 2.0 4.2 ± 1.2 -38.0

QD570

(CdTe)
569 30 2.7 5.1 ± 1.6 -44.0

* 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 o f 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 fxM 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 m M  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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QD530

0 .
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(b) QD570 CdSe/ZnS10
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(d) CdTe10
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Figure 4 .5 1 Optical spectra of QDs utilized in RC/QD complexes. Figure shows the absorption (a, c) and

fluorescence {b, d) spectra o f the main QD samples used for form ation 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 (Universite de Reims 
Champagne-Ardenne, France).
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4.3. Energy transfer in QD/RC complexes

In a hybrid RC/QD m aterial operating in the FRET regime, any QDs samples em itting in the 530  

-  600 nm range can be used. How ever, as can be seen from  the  diagram of energy relaxation  

within RC (Figure 4.3), QDs o f certain sizes, which have strong coupling to RC cofactors, will 

perform  best. In particular, w e selected CdTe QDs samples w ith emission bands centred at 

~530 nm and ~570 nm and CdSe QDs w ith  emissions at ~530 nm, ~570 nm and ~600  nm (Table 

4.1). Once assembled, RC/QD complexes w ere characterised in term s of th e  energy transfer 

efficiency from  QDs and RCs by a series o f spectroscopic m easurem ents. The investigations 

show that although the RC have the ir own chromophores w ith  a significant absorption cross 

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

(Figure 4.6).

2.Ok10'*
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c
o
u
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Wavelength (nm)

Figure 4 .6 1 Comparison o f optical properties o f RCs and QD570-CdTe. The extinction coefficient o f Q D570  

dominates over the intrinsic absorption o f RCs In the 400  -  570  nm spectral region. The high extinction coefficient 

of RCs ensures sufficient coupling betw een Q D 570 PL band and RC absorption fo r efficient energy transfer to occur. 

Both of these facts suggest th a t optical enhancem ent of RC excitation is possible in RC/QD complexes.

4.3.1. Photoluminescence of self-assembled complexes

Self-assembly w ith d ifferen t CdSe/ZnS and CdTe QDs was perform ed at increasing RC 

concentrations to provide variations of the RC to QD ratio in the  final complexes. As a result of 

complex form ation, the intensity o f 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 o f a FRET-based system -  the  increased num ber o f RCs in a complex is 

equivalent to a larger num ber o f 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 ("QDi-RCi") is strongly dependent on the RC-QD separation:

^  "  1 +  (R/Ro)^

where Rq is a Forster radius for a specific RC/QD complex. One can see that FRET is efficient if 

R <  R(j. The minimum separation distances of the RCs and QDs in the self-assembled 

complexes can be estimated as (_D,fc +  D q q ) / 2  , where D^c 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 1 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 diam eter and thickness of 

the polym er shell resulting in large RC-QD separation distance.
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It was also interesting to  see whether the charge o f the QDs' surface affects the self-assembly 

o f the RC-QD connplexes and the resulting FRET effic iency\ In order to  do this, QDs of similar 

sizes (or emission wavelengths) were encapsulated w ith mixtures o f PEG-derived molecules -  

the ratio o f these molecules in the reaction determined the resulting surface charge (Table 

4.3). These QDs were self-assembled w ith  equal amounts o f RCs (2.8 RCs per QD). At the end 

o f the assembly process, the quenching o f QDs PL was measured and found to be most 

efficient for QDs samples w ith most negative surface charge (Table 4.3). Most likely this is due 

to the stronger electrostatic attraction between the QDs and the positive groups o f the RCs. 

Note that, although the surface charge o f these QDs was in some cases sim ilar to  tha t of the 

Cys-stabilised CdSe/ZnS QDs and TGA-stabilised CdTe QDs, the quenching efficiency o f these 

QDs was never more than 35%, compared to the quenching efficiency o f ~90% fo r 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 Forster Radii (Rg) and minimum RC-QD separation distances of RC/QD complexes. The

Rq values are larger fo r  CdSe QDs than  fo r  CdTe QDs because they have larger QYs (Table 4.1). The m inim um  

separation distances were calculated using { D qo +  D n c ) / 2 ,  where D rc  is 5 nm [35], The QD diam eters ( D q d ), 

taken from  Table 4.1, did no t include the  thickness o f the ligand shell. However, Rmin <  fo r  all QD samples, 

making it  possible to  achieve e ffic ien t energy transfe r from  QDs to  RCs.

QD sample Forster 

Radius*, Ro 

(nm)

Minimum  

Separation, R„in 

(nm)

QD sample Forster 

Radius*, Ro 

(nm)

Minimum  

Separation, R„,in 

(nm)

QD530-

CdSe
5.8 3.75

QD530-

CdTe
5.4 3.5

QD570-

CdSe
5.9 4.05

QD570-

CdTe
5.3 3.85

QD600-

CdSe
6.0 4.8

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

 ̂ Surface functionallzation of these QDs and corresponding PL quenching measurements were 
performed by A. Sukhanova (Universite de Reims Champagne-Ardenne, France).
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Table 4 .3 1 Physicochemical properties and efficiency of PL quenching by RCsfor PEG-encapsulated CdSe/ZnS QDs.

QD surface functionality PL emission 

maximum (nm)

Zeta potential 

(mV)

Quenching 

efficiency by RCs 

(%)

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-NH2 573 +32.0 NA*

50%-PEG-NH2 + 50%PEG-OH 571 +18.4 NA*

30%-PEG-NH2 + 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, em itting at 530 nm or 570 nm, were conjugated with 

RCs using carbodiimide chem istry\ The absorption spectra o f the tw o 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 o f chemical conjugates (panels A and B of Figure 4.8 respectively) confirm ing similar 

compositions of the tw o types o f 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 o f QDs to RCs achieves the minimal possible RC/QD separation 

distances, since the electrostatic repulsion between negatively-charged QDs and the negative 

groups o f the RCs is by-passed. Therefore, even though the RC to  QD ratios are same, a 

difference in the efficiency o f FRET is expected for the tw o types of complexes. This was found 

to  be indeed the case -  an increase in the efficiency o f the fluorescence quenching was 

observed when QDs PL intensities w ithin 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 4.41 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.

Conjugate

QDs

concentration

(HM)

RCs

concentration

(mM)

RC/QD

ratio

Quenching efficiency (%)

SA* CC**
SA/CC

factor

QD530/RC 0.60 0.22 0.37 1.0 34.8 34.8

QD570/RC 0.12 0.18 1.5 1.2 21.7 18.0

* SA = Self-Assembled complexes; ** CC = Chemical Conjugates
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Figure 4.81 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 o f energy 

from  QDs (donors) to RCs (acceptors). Such an assumption can easily be corroborated  

experim entally since a key signature of FRET is a decrease of donor's (QDs') lifetime.
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Figure 4 .9 1 Time-resolved measurements of CdTe QDs' fluorescence in RC/QD complexes. Fluorescence decay 

l<inetics o f (a) QD530 and (b) QD570 were measured until 10,000 photons were detected. A shortening o f the 

average life tim e, calculated from  fits to  data, was observed fo r both QDs as increasing RC/QD ratios. The relative 

decrease in life tim e was used to  calculate the expected decrease o f (c) QD530 and (d) QD570 emission due to  FRET 

( = !  — £'  =  T r c + q d s / ' ^ q d ) -  Very good correlation was observed between 1 — E  values (blue squares) and the 

experim entally observed quenching o f QDs’ fluorescence (red squares).

Time-resolved measurements of QDs' fluorescence decays showed such a shortening of the 

lifetim e 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 ( e x p ( — dependence for 3D random  system). It should be noted th a t the energy 

transfer rates are similar to donor's decay rates in QD-based systems (see equation 1.1), and so the  

change o f the  donor's average lifetim e provides a m easure of the efficiency of the energy transfer 

process. As a result, fitting  of the decay data w ith  simple double-exponential curves was sufficient.
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func tion  o f  RC/Q.D ratio .  T he  eff ic iency  o f  FRET in t h e s e  c o m p le x e s  can  b e  e x p r e s s e d  in t e r m s  

o f  t h e  re la tive  d e c r e a s e  of  QDs' l ifetime:

„  .  t ^ q d + r c
E  =  1 ------    (4.2)

^QD

w h e r e  T q d + r c  a n d  X q d  a r e  t h e  l ife t im es  o f  t h e  QDs in c o m p le x e s  a n d  in a p u re  QD so lu t ion  

respectively .

O nce  th e  efficiency o f  FRET in a g iven  co m p le x  is know n , it is p o ss ib le  to  ca lc u la te  t h e  e x p e c t e d  

re la tive  d e c r e a s e  o f  QDs' f lu o re s c e n c e  ( I r c + q d / ^ q d ) d u e  to  t h e  e n e r g y  t r a n s f e r  p ro ce ss :

I r c + q d  ^  ^ g  ^

I q d  t̂ q d

Significantly, a v e ry  g o o d  a g r e e m e n t  e x is te d  b e t w e e n  t h e  e x p e r im e n ta l  a n d  ca lc u la te d  va lues  

o f  I r c + q d / I q d - For e x a m p le ,  u p o n  f o r m a t io n  o f  a c o m p lex  co n ta in in g  "“0 .5  RCs p e r  CdSe QD, 

t h e  f lu o re sc e n c e  o f  Q D 570  d e c r e a s e d  by ~0 .53 ,  w h ile  t h e  c o r r e s p o n d in g  l ife t im e  d e c r e a s e d  by 

~0.49. Similarly, t h e  e x p e r im e n ta l  q u e n c h in g  f a c to rs  fo r  CdTe QDs w e r e  in g o o d  a g r e e m e n t  

w ith  t h e  ca lc u la ted  v a lu e s  (p an e ls  C a n d  D of  Figure 4.9). T h ese  d a t a  in d ic a te  t h a t  FRET is t h e  

m a in  m e c h a n ism  o f  QDs' PL q u e n c h in g ,  t h e r e b y  va l ida t ing  t h e  a s s u m p t io n  m a d e  a b o v e .

4.3.4. Special pair em ission in QD/RC complexes

The final s e t  o f  e x p e r im e n t s  o n  th is  sy s te m  involved e v a lu a t io n  o f  t h e  m o s t  im p o r t a n t  causa l  

e f fec t  o f  t h e  e n e r g y  t r a n s f e r  f ro m  QDs to  RCs -  t h e  e n h a n c e m e n t  o f  t h e  spec ia l  pair  em iss ion .  

As d iscussed  prev iously ,  u n d e r  t h e  e x p e r im e n ta l  c o n d i t io n s  u se d ,  e m iss io n  f ro m  P 870-Q y can  

b e  d irec tly  r e la te d  to  t h e  p o te n t ia l  p h o to s y n th e t i c  efficiency o f  t h e  s y s te m .  Special pair  

f lu o re sc e n c e  has  a c h a ra c te r is t i c  p ea k  c e n t r e d  a t  ~ 920  nm  in t h e  n e a r  in f ra - re d  (NIR). The 

e n h a n c e m e n t  of P 870  e m is s io n  can  b e  d e f in e d  as

^  V+Rc(920nm)

w h e r e  is t h e  e x c i ta t io n  w a v e le n g th ,  I q d + r c  a r e  t h e  in te g r a te d  in te n s i t i te s  o f  t h e

9 2 0 n m  PL p e a k  for  t h e  RC/QD c o m p le x  an d  individual RCs, a n d  a n d  a r e  t h e

n u m b e rs  o f  e l e c t ro n -h o le  pairs  g e n e r a t e d  a t  t h e  specia l pair  in RCs a n d  in t h e  RC/QD 

co m plexes ,  respec tive ly .  It w a s  f o u n d  t h a t  d irec t  e v a lu a t io n  o f  A ( ) 2 o  n m ( ^ e x c )  possib le

since t h e  NIR PL sp e c t r a  of RC/QD c o m p le x e s  c o n ta in e d  c o n t r ib u t io n s  f ro m  b o th  RCs a n d  QDs 

(panel A o f  Figure 4 .10). In fac t ,  in s o m e  cases ,  t h e  QDs' c o n t r ib u t io n  fa r  o u tw e i g h e d  t h a t  o f
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th e  RCs. It was th e re fo re  necessary to  deconvo lu te  th e  NIR PL spectrum  o f each com plex into  

QD and RC contributions. QD contribution  was th en  subtracted fro m  th e  RC/QD spectrum  and 

th e  in tegrated  area und er th e  resulting peak ( / ( P L r c + q d  “ ■ P ^ q d )  was com pared  to  the  

in tegrated  NIR PL spectra o f a RC solution ( /  P L^c  o f corresponding co ncentra tion  (panel B 

o f Figure 4 .1 0 ):

I r c + q d  _  I  j P L [ f c + Q D  — P I ' Q p )  d A  

I rc f  P^RC

^ __ - K L + i j u  _  J V  “ K C + V D  ■ “ v o y
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Figure 4 .101 Enhancement of P870 emission in RC/QD complexes, (a) An example o f Near Infra-Red (NIR) PL 

spectrum deconvolution o f 0.425 RC/QD70-CdTe complex (black line) in to contributions from  RCs (blue line) and 

QDs (green line) using least-squares analysis. The fitted  curve is shown in red. (b) Enhancement o f RCs' emission 

upon assembly w ith  QD570-CdTe. The ratio of the integrated areas under these peaks is the enhancement facto r A 

(see main text), (c) and (d) Enhancement o f P870 emission as a function o f excitation wavelength and RC to QD ratio 

fo r complexes containing QD530-CdTe and QD570-CdTe respectively. Scatter points are the experimentally- 

determ ined values o f ^ 9 2 0  nm- snd 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 o f Figure 4.10, the  experim enta lly  

determ ined factors A<j2o n m i^exc )  w ere larger than unity fo r wavelengths be low  the  firs t 

excitonic absorption peak o f QDs (i.e. A g x c  ^  ^QD.exciton)-  Therefore, the  num ber o f e lectron- 

hole pairs arriv ing to  the  special pair o f the  RC is increased upon add ition  o f QDs to  the  system 

due to  FRET coupling. The com plex QD570-RC shows stronger enhancem ent (up to  3 fo ld  at 

/lexc = 550 nm) than QD530-RC (panels D and C o f Figure 4.10 respectively), w hich is a ttr ibu ted  

to  the larger absorption o f QD570 (Figure 4.5, panel C). The highest A^2 0 nm values were 

obta ined at smallest RC/QD m olar ra tio  (RC: QD =  0.425) because largest num ber o f QDs can 

in te ract w ith  a single RC and, there fore , m ore energy can be transferred  from  QDs to  a single 

RC. Kinetically, energy trans fe r interactions between m ultip le  QDs and a single RC are possible 

because the life tim e  o f the  exciton at the special pair (P870) is very short (few  hundred 

picoseconds).

To support the above explanations and as a consistency check, the  enhancem ent factor 

i4g2o Jim calculated using experim enta l extinctions and FRET efficiencies from  a simple rate 

m odel proposed by Prof. A. G ovorov^

A q d C^bxc)  . , „  ^Qoi-^exc)
 -------  r - =  1 - ¥ E - X -------------- --------------

^RCK'^exc) ^RCl^excJ

w here Aqd and A^c are the  absorbances o f QD and RC, €qd and are th e  corresponding 

extinction coeffic ients, and x  is the  QD/RC m olar ratio . The solid lines in panels C and D (Figure 

4.10) are the results o f theo re tica l calculations o f A^2 0 nm according to  equation  4.6. The 

experim entally observed trends in A(j2 0 n7n w ere  reproduced w ell by these calculations, in 

particular, the A,)2 0 nm increase fo r  ^exc — ^qd,exciton and fo r sm aller RC to  QD ratios. 

Theoretical calculations p red ic t even higher enhancem ent values than  those observed 

experim entally.

^The derivation of the expression for Aq2onm values was performed by Prof. A. 0. 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 firs t successful demonstration o f the energy transfer from 

semiconductor quantum dots to  a complex biological system -  the bacterial reaction centre. 

This opens new possibilities fo r the utilization o f QDs as light-harvesting antennae in artificial 

photosynthetic systems, which can have a significant impact on the energy-related 

technologies. Further optim ization o f 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 fo r excitations across the visible wavelength range. While some of the available solar 

photons are w ith in this range, a significant portion o f the solar energy falls w ithin 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 w ith  the available solar energy. The 

utilization of semiconductor nanowires or nanorods, which have significantly larger extinction 

coefficients across much broader wavelength ranges, presents an opportun ity fo r the 

necessary optim ization o f the nano-bio hybrid system described here.
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PROTEIN-BASED PHOTOCHROMIC MATERIAL

5. PROTEIN-BASED PHOTOCHROMIC 

MATERIAL

Bioelectronics is an established multidisciplinary field that deals w ith 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 o f the above-mentioned disciplines has excellent near-term potential 

to supply the state-of-the-art systems through the development o f novel sensors and electronic and 

optical device components w ith  improved sensitivity, stability and performance efficiency.

In bioelectronics, much of the research e ffort is concentrated on self-assembled monolayers, thin 

films and protein-based devices [1]. By far the most researched protein fo r device applications is 

bacteriorhodopsin (bR), both because of its photochromic and photoelectric properties, and also its 

chemical, thermal and photo-stability [2]. The next tw o chapters explore the possibility o f 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 

w ith, while in Chapter 6 the initial studies o f the non-linear optical properties o f 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.

Photons
Purple Membrane 
(2D-crystal of bR)

ADP |-|< ATP ADP 1^* ATP

flagellae

Sensory
Rhodopsins

Figure 5.1 j 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 fcr 

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 are 

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 fron
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Halobacteria by utilising the lysis^ of the  bacterium  cells in pure w a te r [2, 5, 6]. Purple 

m em branes used in this study w ere  e ither bought from  MIB GmbH or they w ere isolated^ 

using a standard protocol first introduced by Oesterhelt and Stoeckenius in 1974 [7] and later 

optim ized by Lorber and DeLucas [8]. To summarise, this m ethod involves the lysis o f the  

bacterial cell resulting in the release of d ifferent cell fragm ents, including patches o f the purple 

m em branes, which have the highest buoyant density [2]. The PMs are rem oved from  this 

m ixture by centrifugation and re-suspension in w ater, followed by a purification o f the  

m em branes by centrifugation on a sucrose gradient. A fter final re-suspension in a sodium  

phosphate buffer and centrifugation to  rem ove any left-over insoluble m aterial, the  protein is 

dialysed against an aqueous solution [8]. The extracted PMs w ere several hundreds o f 

nanom eters in d iam eter and ~5 nm in thickness (Figure 5.3).

Figure 5 .2 1 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].

0  5 10 15 20 25 30  35 40  45 50

(b )

^WWVA/v

Figure 5 .3 1 Purple M em brane 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 |jm. 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 ceil 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 tw o arcs (Figure 5.4 , [2]). 

The light-absorbing element o f 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 

o f 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 o f 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 o f 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 o f the retinal molecule more negative [1]. This creates a repulsive interaction between the 

C '̂*C^^H=NH-Lys group o f retinal and the nearby aspartic acid residues Asp-85 and Asp-212 

(Figure 5.4), which triggers a rotation o f the retinal around the 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 o f 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 .11 Properties of the main intermediate states of bacteriorhodopsin.

State Absorption 

maximum (nm)

Extinction coefficient 

(M'^ cm'^)

Retinal

configuration

Protonation 

of Schiff Base

bR 570 63,000 all-trans protonated

K 586 52,100 13-c/s protonated

L 544 48,900 13-c/s protonated

M 409 48,800 13-c/s -

N 562 46,100 13-c/s -

0 629 61,900 all-trans protonated
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.V I*  .
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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 Ma transition and uptaken in the M i 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 conform ation and to its 

electrostatic interaction w ith  the nearby charged am ino acids [11], As a result, the  

interm ediate states have d ifferen t absorption spectra covering the w hole 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 therm al, chemical and photo- stabilities. As an example, its 

cyclicity at am bient tem pera tu re  exceeds 10^ and it is operational at tem peratures up to  

140 °C and at 0 -  12 pH range [4], All of the technological applications o f this protein are based 

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

The photoelectric properties o f bR arise from  the electron density shift that takes place 

im m ediately a fter 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 o f bR in the developm ent o f ultrafast light detectors [15], artificial 

retinas [16-18] and m otion detectors [18],

The charge transfer properties rely on the biological function o f 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 m ajority of the  research has been focused on the exploitation of th e  photochrom ic  

properties of bR. These applications are based on the possibility o f optically switching betw een  

different bR states that have distinct absorption maxima. Of particular im portance are 

inform ation storage and processing applications, such as 3-D  and holographic inform ation  

storage [1, 25-28], associative m em ories [1, 4, 29], spatial light m odulators [4, 11, 30, 31], 

pattern recognition [4, 32, 33] and optical filtering [33, 34] to  nam e but a few  (Figure 5.5). 

M ost of these applications require some in term ediate states to be "frozen" (stabilised 

therm ally) or stabilised through genetic m odification of the protein. For exam ple, substitution  

of the aspartic acid residue 96 by asparagines (D96N m utant) or drying of the PM film both 

inhibit the proton transport function of the protein and as a result considerably lengthen the  

lifetim e of the M -state  [35].
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Figure 5 .5 1 Bacteriorhodopsin properties and applications. Technological applications of bacteriorhodopsin are 

based on at least one o f 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 o f 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 exam ple, owing to  

the presence o f a light-harvesting system, the energy harvesting in plants has a m aximum  

efficiency o f 5% [38, 39], Bacteriorhodopsin, which does not have any specific light-harvesting  

system, is able to utilize only 0 .1-0 .5%  o f the solar light [38]. Furtherm ore, current devices 

based on bR have dimensions on th e  order of several m illim etres and utilize relatively large 

light sources. Finally, the  cost o f bR-based devices remains high, making it the main factor 

hindering commercial application.

Nanotechnology may open the  way to  enhance the perform ance of bR biological function. 

Very recent technological developm ents to control the shape and size o f QDs show that it is 

now possible to concentrate and transfer optical energy on the nanoscale, fa r below the  

diffraction lim it o f 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 chrom ophore - the retinal molecule -  is located near to  the  centre of th e  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 o f ~5 nm found in energy transfer processes involving 

semiconductor QDs [43].

The integration of QDs w ith  biological systems to form  functional assemblies offers great 

promise for the design of highly efficient energy transfer-based nanom aterial, combining the  

unique properties and functionality of the bacteriorhodopsin w ith  the broad absorption bands 

and size-tunable emission o f QDs. Provided that energy transfer betw een QDs and bR can be 

achieved, emission of QDs im m obilized on the PM surface could be m odulated depending on 

the stage of the bR cycle. M oreover, if the nanocrystals can be specifically attached to  the  

protein, a whole array o f such nanoscale optical switches could be created. Such hybrid 

structures may find applications in nanosensing, nanoactuators, lighting, optical data storage, 

optical switching, transmission and com putational devices. Furtherm ore, the  proposed 

strategy can significantly reduce the m aterial costs involved in the developm ent o f bR-based 

devices.

In this chapter, the investigations carried out on the  preparation, energy transfer properties 

and biofunctionality o f the hybrid m aterial consisting of sem iconductor quantum  dots and 

bacteriorhodopsin protein w ith in  purple m em branes are detailed (Figure 5.6).

90



Bacteriorhodopsin protein

(a) (b)

(c) o’O
QDs
PMs
v';m s

SOO SSO 600 

W av« l«ng th  (nm)

0»10

00

600 650 700 750400 450 500 550 aoo

C
s

W»ve<«ng1h (nm)

Figure 5.61 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 P M /Q D  m aterial 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 d ifferent diam eters w ere chosen for the assembly to provide varying spectral 

overlaps betw een the emission bands o f the QDs (donors o f energy) and th e  absorption o f the  

retinal molecule (acceptor) of bacteriorhodopsin (Table 5.2, Figure 5 .6(b)). QDs w ere 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 w ere  

chemically attached to  PMs using carbodiim ide chemistry^ in which COOH- groups of the QDs' 

ligand molecules react w ith  the NH2- groups of bR, form ing a peptide bond:

O O

AA +  HjN —
OH -H,o R

Table 5.21 Physico-chemical properties of Quantum Dot samples used for electrostatic assembly.

Sample* Emission

maximum

(nm)

Quantum

yield

(%)

Core

Diameter**

(nm)

Hydrodynamic

diam eter***

(nm)

Zeta

potential

(mV)

Cys CdSe 533 40 2.5 5 ±  1 -29.2

PEG-COOH CdSe 528 38 2.5 9 ± 2 -30.7

PEG-QH CdSe 529 38 2.5 10 ± 3 -14.4

QD550-CdTe 545 34 2.5 3 ±  1 -23.8

QD590-CdTe 589 24 3.1 4 ± 1 -24.8

QD600-CdTe 597 36 3.2 4 ± 1 -25 .4

QD645-CdTe 645 28 3.8 5 ± 1 -41.3

QD650-CdTe 650 29 3.8 5 ± 2 -32 .6

*CdSe QDs were CdSe/ZnS QDs. CdTe QDs were stabiisized by thiogiycoiic acid (TGA). **The diameters of CdTe and 

CdSe QDs were calculated according to  Rogach et al. [44] and Yu et al. [45] respectively. ***T he  hydrodynamic 

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

 ̂Performed by Dr. A. Sukhanova (Universite de Reims Champagne-Ardenne, France). 
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All conjugates  w ere  purified using gel filtration on Superdex  200 resin (GE Healthcare) 

columns. The collected fractions w ere  inspected  by UV-vis spec troscopy  and th e  bR to  QD 

molar ratio for each fraction w as de te rm ined  by deconvoluting t h e  abso rp tion  spec trum  of the  

complex into contribution from  QD and bRs' retinal. Only fractions containing bR-QD 

com plexes w e re  used for fu r ther  experim ents.

For e lec trosta tic  assembly, PMs and QDs stock solutions w e re  son ica ted  for 1 m inute . Different 

am o u n ts  of PMs w ere  th en  added  to  th e  QD stock to  discretely vary th e  bR to  QD m olar ratio 

of th e  assem bled  complexes. The mixed PMs and QDs w e re  allowed to  self-assem ble  for 30 

m inutes  under  gentle  agitation, a t am b ien t  conditions.

5.2.2. Self-assembly of QDs on PMs

,A purple m e m b ra n e  consists of ~9% bac te riorhodopsin  pro te in  e m b e d d e d  in a bi-lipid 

m e m b ra n e  [46]; th e re fo re ,  th e re  are  approximately 19 lipid m olecules for each bR protein. In a 

m em b ran e ,  th e  lipid m olecules are  or ien ted  such th a t  the ir  negatively-charged POb' g roups are 

on th e  surface of th e  m e m b ra n e  (Figure 5.7). The bac te r io rhodopsin  itself has 14 positively- 

charged am ino  acid residues  (lysine and argenine), 9 o f  which a re  on  th e  cytoplasmic surface 

of th e  bR protein  and 3 acid residues are  exposed  on th e  extracellular side [46]. This m eans  

tha t,  a l though th e  overall charge  of th e  PMs is negative, th e re  a re  sufficient positive charges 

on th e  PMs (localised a t  bR trimers) for negatively-charged QDs to  in te rac t with (Figure 5.7). It 

can be envisaged th a t  such interaction, in th e  form of e lec tros ta t ic  a ttrac t ion , can display 

certain specificity of QDs adsorp tion  tow ards  th e  bR trimers.

High-resolution a tom ic  force microscopy (AFM) images of purple  m em b ran es ,  deposited  o n to  

freshly-cleaved mica, clearly show  th e  bR protein  tr im ers  a r ranged  in a hexagonal lattice with a 

unit-cell d im ension of 6.2 nm (Figure 5.8(a)), which is in good a g re e m e n t  with previously 

rep o r ted  value [47]. Deposition of a small a m o u n t  of  QDs solution on to p  of th e  PMs (1:2 

QD:bR m olar ratio) for 30 m inutes, followed by w ash ing-ou t of t h e  non-bound  QDs results in a 

2-D organisation of QDs on th e  PMs' surface (Figure 5.8(b)). M ost notably, th e  period of QDs' 

organisation of ~6.09 nm corresponds  well with th e  unit cell d im ension  of th e  2-D hexagonal 

crystalline lattice of bR protein  (6.2 nm), suggesting th a t  specific association exists b e tw een  

th e  negatively-charged QDs and th e  positively-charged groups of bR tr im ers  on th e  surface of 

th e  PM a t  low QD/bR ratios. An increase of th e  QD/bR ratio in th e  QD-PM hybrids leads to  the  

d isappearance  of  th e  regular ordering of QD on th e  surface  of t h e  PMs and form ation of 

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

93



PROTEIN-BASED PH O TO C H R O M IC  M ATERIAL

Figure 5 .71 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.
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Figure 5.8| Atomic force microscopy Images' o f bacteriorhodopsin w ith in  Its natural purple membrane (a) and 

the assemblies o f purple membrane w ith  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 o f bR trimers organisation w ith in 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 c and d compare 

assembly o f 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 w ere perform ed by Nicolas Bouchonville, Michael Molinari. Full details 
can be found in the supplementary information of [3].

94



Preparation of PM/QD material

The assembly o f QDs on PMs in aqueous solution was also m onitored 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 fu rthe r increase o f bR to QD molar ratio resulted in a decrease o f the overall 

negative surface charge from -67 mV to -47 mV, corresponding to  self-assembly o f QDs on top 

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

Table 5.3 j 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
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5.3. Investigations of energy transfer
One of the prerequisites o f the enhancement of the photochromic, photoelectric and proton 

pumping properties of bacteriorhodopsin in bR/QD hybrid material is the occurrence o f energy 

transfer. This section describes the investigations o f the energy transfer process in this 

material, including verification o f the energy transfer occurrence and analysis of the 

parameters tha t affect the energy transfer process.

5.3.1. Verification of energy transfer occurrence

The preliminary spectroscopic measurements o f the PM/QD hybrid material were aimed at the 

verification of the occurrence o f FRET from QDs (donors) to the retinal molecule (acceptor) of 

the bR protein. Measurements involved electrostatically-assembled complexes of PMs with 

CdTe QDs em itting at 590 nm (QD590-CdTe) and 650 nm (QD650-CdTe). Results o f the steady- 

state PL measurements showed tha t PM-QD assembly at increasing bR to  QD molar ratios lead 

to increasingly efficient quenching of the excitonic emission o f QDs (Figure 5.9(a)). The smaller 

QD590 were quenched more efficiently at same bR to  QD molar ratios, when compared to the 

quenching o f QD650. Such difference in quenching behaviour is expected when one considers 

the smaller donor-acceptor distance between the QDs and the retinal o f the bR protein due to 

smaller diameter o f 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 o f FRET w ithin the bR/QD hybrid 

material (panels (c) and (d) of Figure 5.9). For example, the average lifetim e fo r 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 lifetim e 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 fo r this bR/QD 

complex decreased by ~19%, so there is very good agreement between the tw o 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 o f QD w ith  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 o f energy, WMs present an excellent control material fo r studying 

FRET between QD and bR. The structure and morphology o f the protein and lipid components 

in WM are the same as those for PM, providing equal possibilities fo r any non-radiative 

quenching of QDs upon the ir binding to either PM or WM, whereas the absence o f retinal
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(acceptor) completely excludes the FRET-channel o f QD quenching in the ir complex w ith  WM 

(Figure 5.6(a) and (b)).

The WMs were produced using a standard protocol, in which a solution o f PMs in 0.3 M 

hydroxylamine is illum inated w ith white light until the Schiff base, through which the retinal 

molecule is connected to  the bR protein, is entire ly reduced (equivalent to complete 

photobleaching of PMs) [49]. Parallel titra tion  of CdTe QD590 w ith  PMs and w ith  WMs were 

performed and showed that quenching o f QDs' fluorescence by WMs is 4-5 times less than 

w ith  the PMs. This experiment provided us w ith a quantitative level o f the possible 

contribution o f non-radiative QD quenching in the PM or W M  hybrids and proved tha t the 

main mechanism o f QD quenching w ith 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, W M /Q D ). (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.

97



PROTEIN-BASED PHOTOCHROMIC MATERIAL

Table 5 .41 Quenching of QD650-CdTe luminescence by bacteriorhodopsin and corresponding changes in radiative 

lifetime, r  is the average lifetime of a bR/QD complex, E is FRET efficiency calculated from the reduction o f QDs' 

radiative lifetime and (1 — E) is the expected PL intensity fo r a complex for an ideal case, in which FRET is the only 

mechanism of quenching. I  complex/ ^ qd the normalised PL intensity of the complex measured by steady-state 

photoluminescence measurements.

bR to QD 

molar ratio

T(ns)

±0.15

E (%)

±2%

^  ( ~  ^ c o m p le x /^ Q d ) 

±0.02

im p lex /^Q D  

±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 0.92 0.91

0.48 7.98 20 0.80 0.82

0.66 5.58 44 0.56 0.48

0.78 3.57 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 o f 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 o f parameters, such as:

•  QDs' diameter

•  QDs' composition (type, material, ligand layer)

•  QDs' surface charge (electrostatic self-assembly)

•  pH o f the solution (electrostatic self-assembly)

•  Method of assembly

•  Mutation of bR protein

The effect o f each o f these parameters was evaluated by measuring the quenching o f QDs' 

emission in the presence o f increasing amounts of PMs by steady-state PL measurements.
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Figure 5.101 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 5.111 QDs' size-dependence of the energy transfer efficiency in QD/PIVI 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 param eter in determining 

FRET efficiency. First of all, for any given material, the  size of th e  QDs determines th e  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, th e  QDs' emission shifts from 550 nm to 590 nm to 650 nm. Since 

bacteriorhodopsin ground s tate  has an absorption maxima at 567 nm, the  best spectra! 

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 * Dqd + 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^m =  3.90 nm) is 

quenched significantly be tte r  by bacteriorhodopsin when compared to  the quenching of 

QD590 ( D j n i n  =  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, tha t  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 th ree  retinal molecules of the  nearby bRs. As such, th e  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 betw een 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 5.131 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.

101



PROTEIN-BASED PHOTOCHROMIC MATERIAL

Quantum Dots’ composition

The effect of QDs' composition  on FRET efficiency was evaluated  by com parative  PL quenching 

m easu rem en ts  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). P a ram e te rs  th a t  

w ere  considered w ere  th e  m aterial of QDs' core, QDs' type  and th e  stabilising ligand 

molecules.

The position of f luorescence  band of QDs of a particular d ia m e te r  d e p e n d s  primarily on the  

composition of its core. For exam ple, CdSe QDs of core d iam ete r  of ~2.5 nm have emissions 

peak shifted by ~20 nm to  th e  blue relative to  th e  emission of 2.5 nm CdTe QDs (Table 5.2), 

resulting in slightly sm aller spectral overlap  for 2.5 nm CdSe QDs. Furtherm ore , th e  CdTe QDs 

are  core-only, while CdSe/ZnS QDs are  of core-shell type. Due to  th e  thickness of th e  inorganic 

ZnS shell, th e  overall d ia m e te r  o f  CdSe/ZnS QDs is larger th an  th a t  of CdTe QDs even for 

smallest stabilising m olecules (cystein). As a consequence  of bo th  of  th e s e  facts, th e  efficiency 

of energy transfe r  in com plexes containing CdSe/ZnS QDs w as found to  always be reduced  

com pared  to  CdTe QDs/PM com plexes of similar bR to  QD m olar ratios (Figure 5.13(a)).

The final characteristic  of a QD sam ple  to  be considered w as th e  com position  of QDs' 

stabilising layer and, in particular, th e  size of th e  molecules t h a t  co ns ti tu te  th is  layer. Due to  

th e  strong d e p e n d e n c e  of FRET on th e  d o nor-accep to r  separa t ion , th e  th ickness of QDs' 

stabilising ligand layer has a s trong  influence on th e  energy tran s fe r  in PM/QD com plexes. For 

instance, th e  f luorescence  of  Cys-stabilised CdSe/ZnS QDs w as found to  be quen ch ed  m ore 

efficiently by PMs th a n  th e  fluorescence  of CdSe/ZnS QDs solubilised with m uch larger PEG- 

derived polymer layers (Figure 5.13(b)).

Quantum Dots’ surface charge and pH of solution

While m ost of th e  fac tors  considered  above explain th e  observed  t re n d s  in QDs' PL quenching 

by bacteriorhodopsin , th e re  w ere  a few  cases which did no t  conform  to  expecta tions.  The 

quenching of CdTe QD600 sam ple, show n in Figure 5.11 (b), did no t follow th e  expec ted  size- 

dependency  t ren d  w h en  co m p ared  to  PL quenching of QD550, QD590 and  QD650. In addition, 

th e  energy transfe r  efficiency in com plexes containing CdSe/ZnS QDs capped  with PEG-OH was 

significantly smaller th an  sam e  QDs capped  with PEG-COOH, d esp ite  t h e  fact th a t  th e  

thicknesses of th e se  tw o  polymeric layers are approxim ately  equal. These  da ta  indicate th a t  

o th e r  factors, and in particular th e  assem bly process itself, may play a role in de term ining  th e  

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 susceptib le  to  th e  surface 

charge of th e  QDs, since it is an electrostatic  interaction b e tw e e n  th e  QDs and  th e  bR th a t  is 

responsible  for t h e  assembly. To te s t  this, a control experim ent was p e rfo rm ed  with tw o  close- 

emitting CdTe QD sam ples -  QD645 and QD650 (Figure 5.13(c)). These tw o  QD sam ples  were  

similar in all respec ts  except for the ir  surface charge, or equivalently, zeta potentia ls  (Table 

5.2). W hen assem bled  with PMs, f luorescence of QD645, which have a higher zeta potentia l of 

-41 ± 9 mV, was found to  be quen ch ed  far quicker than  th a t  of th e  lesser charged QD650 nm 

(zeta potential o f  -32 ± 6 mV), as expec ted  for e lectrostatic  assem bly  (higher surface charge 

allows for s tronger  a ttrac tion  b e tw e e n  th e  oppositely  charged species, resulting in larger 

am o u n ts  of do nor-accep to r  pairs interacting and sho rte r  separa t ion  d is tances  b e tw een  them ).

Electrostatic assem bly of QDs and PMs in a q u eo u s  solution can also be controlled  by adjusting 

th e  pH of th e  solution. There are  several reasons for this. First o f  all, th e  d e -p ro tona tion  of 

QDs' and bR's end  groups is sensitive to  pH values. Consequently , th e  surface charge of QDs 

and th e  overall charge  of th e  PMs change according to  pH changes, affecting th e  electrostatic  

interaction b e tw e e n  th em . Furtherm ore ,  th e  de -p ro to n a t io n  of  COOH-groups of TGA 

molecules on th e  surface of CdTe QDs d e te rm in es  th e  stability of  th e se  QDs. In fact, TGA- 

stabilised QDs are  m ost s table a t  pH of ~11, a t  which QDs' emission is m ost efficient (inset of 

Figure 5.14). Such a small increase of QDs' emission can result in a m easu rab le  increase of 

FRET efficiency d u e  to  th e  Forster radius dep en d en cy  on th e  QY of QDs, com bined  with the  

high sensitivity of FRET efficiency a t  separa tion  distances close to  this radius, which is th e  case 

in PM/QD system . The spectral p roperties  of bR also d e p e n d  on th e  pH of th e  solution; in 

particular, bR's absorp tion  band blue-shifts and dec reases  as th e  pH of th e  solution is raised 

(Figure 5.14). W hen  assem bled  with QD550, th e  shift of t h e  absorp tion  band  to  th e  blue 

enhances  th e  spectra l  overlap b e tw een  th e  PL band of QDs and absorp tion  band  of PMs. On 

th e  o th e r  hand, th e  overall dec rease  of th e  absorp tion  acts  to  dec rease  th e  spectral overlap.

The com bined effect of th e  pH variations was m onito red  on a 1.1 bRs per  QD550 complex, in 

which th e  QDs fluorescence  w as  q uenched  to  50% by PMs at pH7. W hen  such PM/QD550 

complexes w ere  assem bled  at  increasing pH values the ir  emission dec reased ,  reaching a 

m aximum reduction  of '“60%. This is likely to  be due  to  QDs' solubility and  stability effects 

described above  -  as th e  pH w as increased, QDs b ecom e slightly m ore  charged  and soluble, 

and the  e lec trosta tic  assembly and energy transfe r  b e tw e e n  QDs and m e m b ra n e s  is facilitated.

W hen th e  pH of th e  assembling solution was increased further,  th e  f luorescence  intensity 

s ta r ted  to  increase. This is d ue  to  th e  fact th a t  bR's absorp tion  is significantly reduced  a t  pH
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values above  10, resulting in a lesser spectral overlap  b e tw e e n  QDs' emission and bR's 

absorp tion  bands. The bR ability to  act as accep to r  is th e reb y  lessened  and QDs' f luorescence 

intensity increases.

200.

0 .3- - r  160.

> • ^  120.

pH 7
0 .2 - 80.

-J
CL 40.

0 .1 -

o

** 0 .0 -

300 400 500 eoo 700 800 900

Wavelength (nm)

Figure 5 .1 4 | Assem bly o f Q u an tu m  D ot/P urp le  M em b ran e  com plexes a t  d iffe ren t pHs. Main graph: changes in 

abso rp tion  spectrum  of bacterio rhodopsin  a t d ifferen t pH values, com pared  to  th e  fluorescence band of QD550. 

Inset: com parison of PL intensity  o f 50% quenched  PM/QD com plexes (red d a ta  points) to  PL intensity  o f a pure  QD 

solution (black da ta  points) fo r 7 to  13 pH range.

Covalent conjugation

Electrostatic assembly, while an effective m e th o d  of PM/QD material fabrication, d o es  not 

produce  th e  op tim um  binding b e tw e e n  QDs and  bRs because  th e  e lec trosta tic  repulsion 

b e tw een  th e  negatively-charged lipid m e m b ra n e  and th e  negatively-charged QDs is always 

p resen t .  Theoretically, d irect chemical a t ta c h m e n t  of  QDs to  th e  exposed  amino-acid residues 

of  bR provides a way for  th e  specific a t ta c h m e n t  of  QDs at m inim um  possible d is tances  from 

th e  retinal m olecule of th e  protein.

The experim enta l e s t im a te  of  th e  im provem en t of  QD/PM binding consisted  o f  com para tive  

pho to lum inescence  m e a s u re m e n ts  for e lectrostatically assem bled  PM/QD com plexes  with tw o 

PM/QD conjugates, p rep a red  by Dr. A. Sukhanova. First, QD/PM com plexes w ere  assem bled  in 

th e  s tandard  m anner ,  and  the ir  f luorescence  intensity  w as m easu red  as a function of  bR to  QD 

m olar ratio to  provide a PL t i tra tion  curve for this QD sam ple  (panel A of Figure 5.15).

PM/QD con juga tes  w e re  p repared  by form ation  of a covalent bond b e tw e e n  th e  -COOH end  

group  of th e  polymeric shell o f  CdSe/ZnS QDs and th e  -N H 2 g roups o f  bR's am ino  acid 

residues. After purification, th e  concen tra t ions  of  QDs and bR in th e se  con jugates  w e re
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d e te rm in ed  by least-squares  deconvolution of th e  correspond ing  absorp tion  spectra  (as 

described in Chapter 2). Using th e  de te rm in ed  concen tra t ion  values, t h e  corresponding  bR to 

QD molar ratios for th e  tw o  conjugates w ere  calculated to  be 1.2 and 5.4 bR:QD.

After th e  norm alisation of  conjugate  emission for QD concen tra t ion , which w as slightly less 

th an  in PM/QD complexes, th e  fluorescence  intensities of PM/QD com plexes and conjugates 

of equal bR to  QD m olar ratios w e re  com pared  (panel B of Figure 5.15). The f luorescence 

intensity of 1.2 bR to  QD complex was quenched  by ~18% co m p ared  to  41% quenching for the  

corresponding  PM/QD conjugate , constituting a 2.3-fold increase  in quenching  efficiency. 

Similarly, a 24% quenching  for th e  5.4 bR/QD com plex was e n h a n c e d  to  42% (1.8-fold 

in c rease ) \

Mutation of bacteriorhodopsin

The genetic  modification of bacteriorhodopsin  has b een  extensively used to  optim ise th e  

protein for  specific applications. A typical m uta t ion  involves rep lacem en t  or removal of som e 

am ino acid residues in th e  pro te in 's  s truc ture ,  stabilising th e  useful in te rm ed ia te  s ta tes  

th rough lengthening of the ir  lifetime. In th e  D96N m utan t ,  for exam ple, th e  lifetime of th e  M- 

s ta te  is increased by o rde rs  of m agnitude  [50]. If QDs a re  coupled to  th e  ground s ta te  of the  

bacteriorhodopsin  (absorbs a t 570 nm), such stabilisation of th e  M -sta te  (absorbs a t  420 nm) 

would certainly im pact th e  FRET efficiency from QDs to  th e  retinal molecule.

For instance, CdTe QD550 and QD600 have s trong overlap  with t h e  g round  s ta te  of th e  

bacteriorhodopsin , but very little overlap with th e  abso rp tion  of th e  in te rm ed ia te  M s ta te  

(Figure 5.16(a)). Both of  th e se  sam ples are  efficiently q u en ch ed  in PM/QD complexes 

containing th e  wild-type (WT) bacteriorhodopsin  protein (panels B and C of Figure 5.16). W hen 

assem bled  with th e  D96N m utan t ,  which, upon  excitation, sp en d s  a significant am o u n t  of tim e 

in th e  M -state , th e  quenching of QDs' f luorescence by bac te r io rhodopsin  is significantly 

reduced. In fact, a maxim um  quenching of 15% w as observed  for QD550, while quenching of 

QD600 sam ple  never  exceeded  3%. The difference in behav iour  for th e  tw o  sam ples  is due  to  

both  th e  smaller d iam e te r  of th e  QD550 and th e  slightly b e t te r  spectra l  overlap  of QDs' PL 

band with th e  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 5.151 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.

(a)
1.6

6x10* -
EU

5xl0‘ -5
C

u
4x10 -

M state

ou
co

3x10 -

QMOO
2x10 -u

C
0.4

X
LLi 1x10*-

0.0
500 550 650 700400 450 600

C

c
o.

Wavelength (nm)

(c)

ro 0.8* 0.8

O 0.6.

0.4

0 .2.
WTWT

s : 0.0. 0.0 .QOSSO QD600

0.00 0.05 0.10 0.15 0.20 0.25 0.30
bR to QD ratio bR to QD ratio

Figure 5.161 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/QDSSO and (c) PM/QD600 complexes.
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5.4. Proton pumping

As a continuation o f 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) 

w ith the bR protein molecules incorporated w ithin the walls o f these vesicles in a highly 

oriented manner [51]. PTLs w ith  an average diameter o f 57 nm were prepared according to the 

classical protocol of Packer & Stoeckenius [51], The structural arrangement o f bR proteins 

w ithin 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 o f bR in the PTLs prepared 

according to the protocol of Racker & Stoeckenius is known to  be opposite, so tha t the protons 

are pumped to  the inside of the PTLs [52], As a result, illum ination of these structures 

provokes a photoinduced decrease o f the proton concentration (increase of pH) in the solution 

outside o f the PTLs. The photoinduced pH-response o f the PTLs suspension was found to be 

reversible, w ith  a complete relaxation of the system to the initial pH value upon switching off 

o f illum ination (panels B and C of Figure 5.17). The recorded value o f the variation of pH at 2 

kW/cm^ illum ination 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 o f CdTe QD590 w ith in  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 o f the CdSe QDs- 

containing hybrids was smaller (~15%) attributed to the increased donor-acceptor separation 

distance for this type o f QDs due to the thickness of the PEG-COOH organic shell. However, 

this increase correlated well w ith the 17% decrease in CdSe/ZnS QD fluorescence for this bR- 

to-QD ratio, as well as w ith the FRET efficiency o f ""IS % 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 5.171 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 tha t absorbs light in the 

visible region. Properly chosen QDs can dominate over the intrinsic absorption o f the bR in the 

400-600 nm range by orders of magnitude (panel C o f Figure 5.6). Furthermore, they play the 

role o f 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 o f 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 m utation of bR, allowing optim isation of the 

PM/QD material. In addition, although QDs demonstrated highly efficient FRET to  the bR 

protein, they have moderate extinction coefficients. Further optim ization o f the hybrid 

material can be done using semiconductor nanowires or nanorods which typically have very 

strong absorption.

Finally, a firs t proof-of-the-principle measurements were performed tha t 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 th e  previous chapter ,  th e  first s tudies of th e  nanoscale interact ions b e tw e e n  semiconductor  

quant um  dots and bac te r iorhodops in  protein within purple  m e m b r a n e s  w e re  described.  It was 

shown th a t  t h e s e  interactions,  in t h e  form of FRET, lead to  an im p ro v e m e n t  of  t h e  biological 

function of  bR. The observed  effects indicate th a t  th a t  im p ro vem ent  of bR's photoelect ric and 

photochromic  proper t ies  can also be  achieved.  Recent  repor ts  exist t h a t  explore this 

possibility. In particular,  Griep e t  al. [1] have shown th a t  t h e  photoelec tr ic  response  of 

bacte riorhodopsin films can be increased by up to  35% by addi t ion of QDs.

Many of t h e  optical applicat ions of  bacter iorhodopsin a re  based  on its s t rong nonlinear 

propert ies,  which a re  coupled to  the  photochromic  proper t ies  of this prote in [2], As such, the  

experimental ly observed  im pro vem ent  of the  biofunction of  bac ter iorhodopsin in the  

presence  of QDs should influence th e  nonl inear proper t ies  of  t h e  bR protein.  This chapter  

details th e  initial investigations of the  nonl inear  proper t ies  of  PM suspens ions  and solutions 

containing th e  hybrid PM/QD material  using the  Z-scan technique .  Z-scan was  chosen as the  

me tho d  of m e a s u r e m e n t s  of t h e  nonl inear optical (NLO) proper t ies  bo th  d ue  to  th e  ease  of  the 

technique  and th e  ability to  per form m ea s u re m e n ts  on liquid samples.

6.1. Nonlinear properties of materials
The optical proper t ies  of  so m e  materials  display nonl inear  d epe nd enci es  on the  intensity of 

incident excitation, in particular,  t h e  absorpt ion and refractive proper t ies  of  such materials 

d e m ons t r a te  significantly di fferent  behaviour  at  high incident light intensit ies.  At high 

intensities, samples  possessing nonl inear absorpt ion (NLA) proper t ies absorb e i ther  less or 

more  than expec ted  for  a linear behaviour  (Figure 6.1(a)). In samples  with nonl inear  refraction 

propert ies,  t h e  refractive angle is e i ther  increased or  de c reased  as t h e  intensity of the  incident 

light is increased (Figure 6.1(b)).
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Figure 6 .1 1 N onlinear optical b eh av io u r o f m ateria ls , (a) At low Intensities, th e  abso rp tion  of a sam ple  with 

non linear abso rp tion  p roperties follows a linear d ep en d en ce . Above a certain  th resh o ld  value, how ever, the 

abso rbance  of such a sam ple s ta r ts  to  dev iate  from  th e  linear behaviour (the  nonlinear absorp tive  region). In the 

exam ple show n, th e  sam ple ab so rb s less th an  expected  a t high in tensities, (b) In a nonlinear refractive m edium , the 

refraction  o f th e  incident beam  dep en d s on th e  irradiance. For a sam ple with negative lensing, th e  angle of 

refraction decreases as incident beam  intensity  increases.

Bacteriorhodopsin  films show  a very significant nonlinear absorp tion  and refraction response 

un d er  illumination. Both of th e se  effects  can be a t t r ibu ted  to  th e  d ifferent conform ations  of 

th e  bR's in te rm ed ia te  s ta tes .  The small changes  of th e  crystalline s t ru c tu re  of  bR upon 

illumination as well as th e  accom panying  shifts in e lec tron  density  result in significant changes 

in dipole m o m e n ts  with su b se q u e n t  shifts o f  bR's absorp tion  band and  also changes in its 

refractive index [3], These p ropert ie s  can be exploited for a variety of  optical applications, such 

as optical limiting and  several of types  of holographic applications.

The nonlinear refractive p ropert ie s  o f  th e  bacteriorhodopsin  a re  usually described in te rm s  of 

a three-level schem e  [3, 4] involving th e  ground s ta te  (bR), a short-lived in te rm ed ia te  s ta te  (a 

com bination  of K and L s ta te )  and a long-lived in te rm ed ia te  s ta te  (M), all of which posses 

d ifferen t refractive and  absorp tion  indices. Since th e  lifetimes of th e  s ta te s  and th e  excitation 

and relaxation efficiencies b e tw e e n  th e m  d e p e n d  on th e  env ironm enta l  conditions (e.g. pH 

value, te m p e ra tu re ,  bR m utation), th e  nonlinear p ropert ie s  o f  bac te riorhodopsin  show  a 

similar d ep en d en ce .  For exam ple , th e  refractive index of th e  D96N bac te r io rhodopsin  m utan t 

changes significantly less w hen  com pared  to  th e  wild-type bR [5],
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6.2. The Z-scan technique
Several m e th o d s  for th e  m e a su re m e n ts  of NLO properties  of m ateria ls  exist, th e  m ost 

c o m m o n  of which a re  Z-scan and p h ase -m odu la ted  b eam s techniques.  Each o f  th e se  

tech n iq u es  has the ir  own merits. The advan tages  of th e  Z-scan tech n iq u e  a re  th e  e a se  of  its 

im p lem enta t ion  and th e  fact th a t  it can be applied to  both  liquid and  solid samples.

The basis of th e  Z-scan is th e  positional d e p e n d e n c e  of th e  irradiance of a laser b e a m  focused 

by a converging lens and th e  in tens i ty -dependence  of th e  NLO propert ies  of th e  material. In a 

typical Z-scan se t-up , a laser b eam  is focused  by a lens (Lens 1 in Figure 6.2) and  a thin sam ple  

is m oved th rough  th e  focal position of th e  focused  beam , while th e  tran sm it tan ce  of this beam  

th rough  an a p e r tu re  placed in th e  far-field is m easu red . The converging/diverging profile of 

t h e  focused  laser beam  provides a variation in th e  intensity of  illumination incident o n to  th e  

sam ple , and  th e re fo re  changes in position of  th e  sam ple  relative to  th e  focal point of th e  beam  

trans la te  into tran sm it tan ce  changes  th ro u g h  a far-field a p e r tu re ,  which a re  m easu red  by a 

d e te c to r  placed behind th e  a p e r tu re  (D etector 1 in Figure 6.2).

Aperture
\  Detector 1

SampleDetector 2

Mirror
Beam
Splitter Movable

Stage

Figure 6 .2 1 A typical Z-scan se t-up . The intensity  of th e  laser is ad ju s ted  w ith OD filter. The beam  sp litte r sep a ra tes  

th e  laser beam  into re ference  and m ain beam s. The reference  signal is m easured  by D etec to r 2, and is used to  

co rrec t th e  data  fo r laser intensity  fluctuations. The m ain beam  is focused  by Lens 1 and is la te r collim ated by Lens 

2, before  passing th rough  an a p ertu re  in th e  far-field. The sam ple is m oved along th e  optical p a th  o f th e  focused 

m easu rem en ts  beam  (Z direction), and th e  tran sm ittan ce  changes d u e  to  th e  sam ple  a re  m easu red  by D etector 1.

6.2.1. Measurements of nonlinear absorption and refraction

There a re  tw o  main configurations of  th e  Z-scan techn ique  -  th e  op en -  and c lo sed -apertu re  Z- 

scans. The configuration described above is th a t  of a c lo sed -aper tu re  Z-scan, in which both  

nonlinear refraction (NLR) and nonlinear absorp tion  (NLA) contribu tions are  m easu red . In 

o p e n -a p e r tu re  Z-scans, th e  far-field a p e r tu re  is e i ther  rem oved  or it is o p e n e d  so th a t  its
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transmission is close to  unity. This configuration only m easu res  th e  NLA con tribu tions  to  

transmission changes.

Consider, for example, a sam ple  displaying only nonlinear absorp tion . At high intensities, such 

a sample absorbs e i th e r  m ore  or  less th an  a sam ple with linear optical p ropert ie s  (Figure 

6.1(a)). At low incident intensities, how ever, th e  absorp tion  follows a linear d e p e n d e n c e .  In a 

Z-scan, w hen  th e  sam ple  is far away from  th e  focal point of th e  laser beam , th e  irradiance of 

th e  laser is no t enough  to  invoke th e  nonlinearity. As th e  sam ple  is b rough t close to  the  

narrow est part  of th e  b eam  (Z=0), th e  NLA becom es s tronger  and th e  sam ple  s ta r ts  to  transm it 

e ither  m ore  or less light. The effect is s t ronges t  a t  th e  Z=0 position, resulting in a Lorentzian- 

type  peak in th e  transm ission versus Z position trace  (Figure 6.3(a)), te rm e d  th e  Z-scan trace. 

The changes in transm ission  d ue  to  th e  NLA are  observed  in bo th  th e  o p e n -  and  th e  closed- 

ape r tu re  because  NLA does  no t affect th e  path of th e  laser beam . However, in c losed -apertu re  

Z-scans, th e  height o f  th e  NLA peak is proportional to  th e  a p e r tu re  t ransm ittance .

A sample with non-linear refraction p roperties  acts as an additional in ten s i ty -d ep en d en t  lens 

with e i ther  positive o r  negative lensing th a t  e ither  increases o r  d ec reases  th e  refractive angle. 

For a focused incident beam , this e i th e r  diverges o r  converges th e  b eam  resulting in changes in 

th e  irradiance of th e  laser b eam  as it reaches th e  d e te c to r  in th e  far field (Figure 6.3(b)). W hen 

an ape rtu re  is placed in front of th e  d e te c to r  (c losed-aperture  Z-scan), th e se  changes  transla te  

into changes in tran sm it tan ce .  For exam ple, if a sam ple  has negative non-linear  refractive 

index, it will act as an in ten s i ty -d ep en d en t  lens th a t  reduces  th e  refractive angle (Figure 6.1(b)) 

and diverges th e  incident beam . During a Z-scan, w hen  th e  sam ple  is far aw ay  from  th e  focal 

plane, th e  irradiance within th e  sam ple  is low and th e  non-linear effect is negligible. As the  

sam ple is moved closer to  th e  focal plane th e  irradiance increases giving rise to  non-linear 

effects. Before th e  focal plane, t h e  divergence of th e  b eam  by th e  nonlinear optical sample 

results in light o f  higher intensity  being tran sm it ted  th rough  th e  a p e r tu re  in th e  far  field (top 

panel of Figure 6.3(b)). After th e  focal plane, th e  effect is opposite  -  th e  b e a m  d ivergence gives 

rise to  smaller pow er densities  a t  th e  ap e r tu re  (bo ttom  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 th a t  correspond  to  

increased and dec reased  tran sm it tan ce  th rough th e  a p e r tu re  befo re  and a f te r  th e  focal plane 

respectively. For a positive non-linear refractive index material, an o p p o s i te  valley-peak 

a r rangem en t is expec ted  for a Z-scan trace, allowing th e  d e te rm ina tion  of  t h e  sign of th e  non- 

linearity of th e  refractive index o f material directly from th e  raw Z-scan data .
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Figure 6.31 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 =  Tp — Tt) depends on the nonlinear refractive index 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).

N^Woi
Wo

Zn

W (Z)

► z

Figure 6.41 Representative cross-section of a focused laser beam. A Gaussian beam is characterised by beam waist 

Wo, a divergence angle 0 and Rayleigh width Zq, at which the width of the beam is equal to V 2  Wq, 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 am plitude o f the  transm ittance changes due to  nonlinear refraction, defined as the  

difference in the peak and trough transmission values {ATp^t — Tp — Tt) in Figure 6.3(c), 

depends on the  transm ittance o f the aperture (S):

ATp_t =  0 .4 0 6  (1  -  5)0-25 (6

w here A O q is the on-axis phase change at the focus caused by the  th ird -order non-linearity [6].

In a closed-aperture scan both NLA and NLR make a contribution, how ever the above 

expression assumes the absence of nonlinear absorption. For an open-aperture  scan (no 

aperture, S = l), the  NLR plays no role in the transm itted intensity, and only NLA is measured. In 

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

T ( Z )  =  1 +  ^  I ,   ̂ ) (6.2)
 ̂  ̂ 2 tz \ Z ^ + Z I )

Here =  pLg f f lo ,  w here ^  is the  nonlinear absorption index (cm W'^) and is the

effective sample thickness, given by (1  — e ~ " ^ ) /a  w here L is the  actual thickness of the  

sample and a  is the linear absorption coefficient o f the m aterial.

A lternatively, both the NLA and NLR contributions can be calculated directly from  the  

normalized transm ittance ( T ( x ) )  curve by fitting the closed-aperture Z-scan trace to  the  

following equation [7]:

2 { —px^ +  2 x  — 3 p ) , ,

Here, x  =  Z /Z g  w here Z  is the position o f the sample relative to  focal plane and Zq is the  

diffraction length o f the focused beam (=  k ( W o ) ^ /2 ) ,  where k  =  2 tt / A  is the  w avevector and 

Wq is the radius of the beam  waist (Figure 6.4). p is a param eter th a t relates the  phase changes

caused by non-linear absorption (AH^q) nonlinear refraction (AOg) or, equivalently, the

nonlinear absorption and nonlinear refraction (ri2 ) indices:

Pn =  i—  (6.4)
AOn 2 /c n ,
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The n on lin ea r  refract ive  index  ( n 2 ) an d  t h e  a s s o c ia te d  p h a s e  c h a n g e  (AOq) re la ted  by 

AOq =  ^ ^ 2  l o ^ e f f i  w h e r e  /g is t h e  on -a x is  irradiance at t h e  f o c u s  p o s i t io n ,  Sinnilarly, t h e  

n on lin ea r  a b so r p t io n  in d ex  can b e  ca lcu la te d  fronn t h e  c o r r e s p o n d in g  o n -a x is  p h a s e  sh ift  using  

A4̂ o =  Pl oLef f / 2  =  qo/ 2.

6.2.3. Z-scan set-up

Z-scan m e a s u r e m e n t s  w e r e  p e r fo r m e d  at s e v era l  w a v e le n g t h s ,  u s in g  a LTS150 m o t o r is e d  s t a g e  

(ThorLabs). The laser  b e a m  w a s  fo c u s e d  an d  c o l l im a te d  by b i- c o n v e x  sph er ica l le n s e s  

(ThorLabs). T he w a v e le n g t h  o f  t h e  p u lsed  laser b e a m  fro m  a Verdi VIO laser  (< 1 3 0  fs, 8 0  MHz, 

C o h eren t)  w a s  s e t  t o  5 5 0  - 8 0 0  n m  using t h e  Mira 9 0 0 /M ir a -O P O  s y s t e m  (C oh eren t) .  T he  

in ten s ity  o f  th e  in c id en t  b e a m  w a s  a d ju s ted  u sin g  a s e r ie s  o f  n eu tra l  d e n s i ty  fi lters (NT59  

se r ie s ,  E dm und O ptics) .  T h e  in te n s it ie s  o f  th e  r e f e r e n c e  b e a m  an d  t h e  tr a n s m it te d  

m e a s u r e m e n t  b e a m  w e r e  m e a s u r e d  using t w o  silicon p h o t o d i o d e s  (S M 05P D 1B , ThorLabs)  

am p lif ied  by t w o  p h o t o d i o d e  am plif iers  (PDA200C, ThorLabs). T h e s e  in t e n s i t ie s  w e r e  r e c o r d e d  

as a fu n c t io n  o f  s a m p le  p os i t io n  using a LabView p ro gra m  th a t  in c o r p o r a te d  t h e  ThorLabs  

s o f tw a r e  for  t h e  m o t o r i s e d  s ta g e .  The m e a s u r e d  tr a n s m it te d  in te n s ity  w a s  first c o r r e c te d  for  

laser  f lu c tu a t io n s  by d ividing it by t h e  in ten s ity  o f  t h e  r e f e r e n c e  b e a m .  A fter b e in g  n o rm a l ise d  

t o  tra n sm is s io n  a t  t h e  Z=0 p o s i t io n ,  t h e  c o r r e c te d  Z-scan tra ce  w a s  f i t ted  to  e q u a t io n  6 .3  to  

ex tract  t h e  v a lu e s  o f  p h a s e  c h a n g e s  d u e  to  th e  NLA and  NLR p r o p er t ie s .
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6.3. Optical nonlinearities in bR/QD material
The hypothesis  th a t  th e  e n h a n c e m e n t  of th e  biological function of bac te r io rhodopsin  in th e  

p resence  of QDs can result in e n h a n c e m e n t  of  its nonlinear optical p ropert ies  w as te s te d  on an 

exam ple  of  a bR/QD hybrid m ateria l assem bled  from wild-type bR and  TGA-stabilised CdTe 

QDs em itting  a t  ~650 nm. This QD sam ple  was chosen because  it displayed efficient FRET 

coupling to  th e  bR protein . Furtherm ore , this sam ple  had relatively high extinction coefficients 

(Figure 6.5) d ue  to  th e  larger size of th e  QDs, allowing for larger NLA p ropert ie s  w h en  

com pared  to  smaller QDs with potentially  b e t te r  FRET coupling. The effect o f  th e  addition o f  

QDs on th e  NLO properties  o f  PMs w as th en  stud ied  th rough  com para tive  studies  involving Z- 

scans o f  pure  QDs solutions, PM suspensions and  a q u eo u s  solutions of assem bled  PM/QD 

material.
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Figure 6.5 j C om parison of sp ec tra l p ro p e rtie s  o f QD650 an d  b ac terio rh o d o p sin  p ro te in . The extinction  coefficient 

o f th e  QD650 sam ple, used In th e  study of th e  NLO p roperties o f QD/PM com plexes, is significantly h igher th an  th a t  

o f th e  retinal m olecule of th e  bR pro tein . The absorp tion  band of th e  retinal m olecule has significant spectral 

overlap with th e  QD650 em ission spectrum , allowing for strong  optical coupling of QDs and PMs.

6.3.1. Assembly of PM/QD complexes

The PM/QD650 com plexes w e re  self-assem bled and purified in a s tandard  m an n e r ,  as 

described in Chapter  5 [8]. The assem bly was m on ito red  by abso rb an ce  m e a su re m e n ts  above  

th e  QDs' and  bR's absorp tion  edges. At th e se  w avelengths, th e  main contribu tion  being 

m easu red  is scattering, which has a strong d e p e n d e n c e  on th e  average size of  th e  particles. 

Temporal absorp tion  m e a su re m e n ts  o f  PMs/QD650 com plexes a t  700 nm sh o w ed  increased 

scattering by th e  self-assembling com plexes (Figure 6.6(a)). The sca ttering reached  sa tu ra t ion  

a f te r  ~1 hour, co rrespond ing  to  th e  end  of th e  assem bly process and  rem ained  co n s tan t  

th e rea f te r .
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Optical nonlinearities in bR/QD material

Q D /P M  assembly was also monitored by tem poral fluorescence measurements. This was 

possible due to the fact that QDs, self-assembled on top o f 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 

P M /Q D 650 complexes (lower left axis, Figure 6.6(b)) as the assembly proceeds. Furthermore, 

fluorescence measurements revealed the bR-to-QD ratio dependence o f the strength of optical 

interaction between the QDs and the retinal molecule (i.e. the strength of FRET coupling). For 

P M /Q D 650 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)).
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Figure 6 .6 1 Self-assembly o f P M /Q D 650  complexes m onitored by (a) absorption and (b) photoluminescence  

m easurem ents, (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 m olar ratio. 

For any chosen ratio, quenching increased with tim e as QDs and PMs electrostatically assemble in solution. 100%  

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

w ithin 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 P M /Q D 650 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 im provem ent of NLO properties of bR, then such enhancem ent 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 o f this, four 

bR-to-QD ratios were chosen (0.02, 0.1, 0.25, 0.5), which covered the whole range o f the 

strength of optical interactions between the bR protein and QDs in the PM /Q D  complexes.
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Figure 6.71 Enhancement of nonlinear optical properties In PIVI/QD complexes, (a) Z-scans of a PM suspension (0.5 

HM bR concentration, blue data points) and QD solution (black squares, 1 |iM). 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 (HYB0.5, 

blue) and Z-scans of the components -  same as those shovirn 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 ri2  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 nM). The bR concentration in the 

PM sample (bR*) is the average of the four concentrations of bR in hybrid complexes (0.22 nM). (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 nM). The initial sharp increase of n.2  occurred on the same timescale as the PL 

quenching observed during HYBO.S complex assembly (Figure 6.6(b)). The increase slowed down as assembly 

reached completion. The enhancement of ri2  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 (712) of the bR-QD system (Figure 6.7(c)). For example, for the 0.5 

bR-to-QD complex, \ri2 \ increased from -6.07 x 10~^^ m ^ /W  for the PM suspension and 

3.29 X 10“ ^̂  fW  for the QD650 solution to 1.32 x  10“ ^̂  w } jW . 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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E n hancem en t o f n.2  w as significantly  lo w er fo r  P M /Q D  com plexes w ith  b R -to -Q D  m o lar ratios  

b elow  0 .2  (F igure 6 .7 (c )), s im ilar to  PL quenching  effic ienc ies in th ese  com plexes.

Temporal evolution ofn2

The results described  ab o ve are  not su ffic ien t to  establish th e  physical coupling  b e tw e e n  QDs 

and bR as th e  cause o f th e  observed  e n h an ce m en t e ffe c t. Since th ese  optica l e ffects  are  by 

d efin itio n  n o n lin ear, th e  co m b in a tio n  o f tw o  n on lin ear m ed ia  m ay resu lt in a fu rth e r  enhanced  

n o n lin ea r e ffe c t. So, even  th ou gh  th e  co n centra tion  o f  Q Ds in all co m plexes w as sam e, th e  

observed d ep en d e n c y  o f  r i2 on th e  bR -to-Q D  m o la r ra tio  could  be th e  resu lt o f th e  cu m ulative  

effe c t o f th e  NLR p ro p erties  o f th e  QD solution and th e  P M  suspensions o f d iffe ren t  

co n centra tion s. In th is instance, th e  en h an ce m en t e ffe c t is exp ected  to  be im m e d ia te , w ith  no 

te m p o ra l ev o lu tio n  a fte r  th e  in itia l m ixing o f QDs and P M  solutions. This w as n o t found  to  be 

th e  case. In fac t, te m p o ra l Z-scan m easurem ents  sh o w ed  th a t  increase o f v.2  fo llow s a 

te m p o ra l tre n d  s im ilar to  th a t observed during th e  fluo rescen ce  q uench in g  m easu rem en ts , 

used to  m o n ito r th e  assem bly o f th e  P M /Q D  -  both  m e as u rem e n ts  sh o w ed  strong changes  

w ith in  th e  first 10  m in u tes , fo llo w e d  by m uch s lo w er changes th e re a fte r  (F igure 6 .7 (c )). This 

result im plies th a t th e  am p litu d e  o f th e  NLR index o f th e  P M /Q D  co m p lex  is larger th an  th e  

cu m u la tive  e ffe c t o f th e  NLR indices o f th e  constituents.

Effect of QD aggregation

A n o th e r possible source o f th e  r i2  en h an ce m en t w ith  th e  observed  m o la r ra tio  d ep en dency is 

th e  aggregation  o f Q Ds. T h e re  have been  reports  in th e  lite ra tu re  th a t  aggreg atio n  o f m eta llic  

n an op artic les  can cause increases in th e  optical n o n lin ea rity  o f a sam p le  due to  th e  red - 

shifting  o f existing bands or an ap p earan ce o f n ew  p lasm onic bands, red -s h ifted  to  th e  original 

ones [11, 12]. By ex ten sio n , it is reasonab le  to  assum e th a t  sem ico n du cto r nanocrystals  m ay  

sh o w  a sim ilar b eh av io ur. A lthough  no such e ffe c t has as y e t been  re p o rte d  in th e  lite ra tu re , 

th e  co n c e n tra tio n -d e p e n d e n c e  o f  th e  optica l p ro p erties  o f  sem ico n d u cto r nanocrystals has 

b een  observed . A rte m y e v  e t  al. [13] show ed th a t th e  ab so rp tion  sp ectru m  o f QDs in a 

co n ce n tra ted  sam ple (re fe rre d  to  as a denser s ta te ) red-sh ifts  re la tive  to  a d ilu te  sam ple.

N o w , th e  se lf-assem bly o f P M /Q D  com plexes can be th o u g h t o f in te rm s  o f  a fo rm a tio n  o f a 

d en ser s ta te  o f QDs. An im p o rta n t th ing  to  note , h o w e v e r, is th a t assem bly o f P M /Q D  

com plexes involving  a w ell-d isp ersed  QD sam ple w o u ld  be significan tly  d iffe re n t to  th e  

assem bly b eh av io u r o f an aggregated  QD sam ple. F u rth e rm o re , th e  increase o f th e  n.2  due to  

th e  assem bly w o u ld  be significantly less fo r th e  ag gregated  sam ple since QDs in this sam ple  

a re  a lread y in a dense sta te . As a result, th e  com parison  o f te m p o ra l r i2  ev o lu tio n  during th e
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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 .81 Effect o f QD aggregation on nonlinear properties o f PM/QD complexes, (a) Z-scan curves o f a well- 

dispersed (WD) QD sample and an aggregated (AGR) QD sample prepared by centrifuge filtra tion  o f the WD sample. 

The WD sample produced by this method was o f very low concentration, resulting in large noise and no noticeable 

signal in Z-scan data, (b) Z-scan curves o f WD sample and AGR QD samples prepared by prolonged gentle heating o f 

the WD sample. The aggregation caused a significant increase (~5-fold) in the NLR properties o f the QD sample, (c) 

and (d) show temporal evolution of the NLR index of 0.1 bR-to-QD complex. The absolute values of Ji2  were 

significantly larger for complexes assembled w ith the AGR QD sample (c), due to the larger NLR index of this QD 

sample. However, when 7i2 values were normalised to  NLR indices of QD samples, the overall trend in the temporal 

evolution o f r i2  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 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 

treatm ent, 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 \U2  \ 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 \ri2 \, which was clearly seen when ri2  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 \u2 \, 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 ri2 values of the PM/QD complexes to the NLR index of the QD

After this treatment, the QDs fall out of solution and precipitate within 2 days
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solu tion .  For th is  re a so n ,  all f u r th e r  in c re ase s  o f  r t2  w e r e  a s s e s s e d  in t e r m s  o f  t h e  

e n h a n c e m e n t  o f  t h e  QDs' NLR p r o p e r t i e s  an d  n o t  in t e r m s  o f  t h e  in c re ase  o f  bR's NLR index.

6.3.3. Origin of TI2  enhancem ent

Having e l im in a te d  t h e  " m a c ro sc o p ic "  in te ra c t io n s  (cu m m u la t iv e  n o n l in e a r  e f fec t  an d  

agg rega tion )  as t h e  s o u r c e  o f  TI2 e n h a n c e m e n t ,  it is likely t h a t  s o m e  s o r t  o f  n a n o s c a le  

in te rac t ion  b e t w e e n  t h e  QDs a n d  bR p ro te in  a t  t h e  Q D /m e m b r a n e  in te r fa c e  is t h e  c a u s e  o f  t h e  

o b se rv e d  effect.

The n a tu re  of  t h e s e  in te ra c t io n s  is n o t  im m e d ia te ly  c lea r  -  b o th  physical a n d  chem ica l  e f fec ts  

a re  possib le.  The NLO p r o p e r t i e s  o f  bR a r e  de r ived  f ro m  its p h o to c h ro m ic  p r o p e r t ie s  an d ,  in 

particular,  f ro m  t h e  d i f fe re n t  a b s o rp t io n  an d  refrac tive  p r o p e r t ie s  o f  its in te r m e d ia te  s ta te .  As 

a result ,  t h e  s t ro n g  op tica l  coup ling  t h a t  exists  b e t w e e n  bR a n d  QDs w h e n  P M /Q D  co m p lex e s  

a re  il lum inated  w ith  UV o r  visible light can  in fac t  lead to  c h a n g e s  in t h e  n o n l in e a r  p r o p e r t ie s  

o f  bR, as previously  s u g g e s te d .  On t h e  o t h e r  han d ,  QDs h av e  c h a rg e d  ligand m o le c u le s  o n  th e i r  

su r faces  an d  t h e  su r fa c e  g r o u p s  o f  t h e  b a c te r io rh o d o p s in  can  h av e  ch e m ic a l  affinity to w a r d s  

t h e  ligand m o le c u le s  resu l t in g  in small c h a n g e s  t o  t h e  crysta l l ine  s t r u c tu r e  of t h e  

b a c te r io rh o d o p s in  an d  e n s u in g  c h a n g e s  of  t h e  op tical p r o p e r t ie s  o f  t h e  p ro te in .  A n o th e r  

possib le  so u rc e  is t h e  su r fa c e  c h a rg e  o f  t h e  a d s o rb e d  QDs, w hich  can  h ave  an  in f luence  on  th e  

d ipo le  m o m e n t  t h a t  ex is ts  a c ro ss  t h e  PM. A se r ie s  o f  f u r th e r  e x p e r im e n t s  w e r e  dev ised  an d  

e x e c u te d  in an  a t t e m p t  to  e lu c id a te  t h e  n a tu re  o f  t h e  bR-QD in te ra c t io n s  t h a t  a r e  r e sp o n s ib le  

fo r  e n h a n c e d  n o n l in e a r  p r o p e r t i e s  o f  t h e  P M /Q D  m ater ia l .

Wavelength dependence of r i2  enhancement

First o f  all, it is im p o r ta n t  t o  n o te  t h a t  m a n y  physical p h e n o m e n a ,  including op tical  coupling, 

sh o w  a significant d e p e n d e n c e  o n  t h e  f re q u e n c y  o f  inc iden t  light. T he  chem ica l  a n d  ch a rg e  

effec ts ,  o n  t h e  o th e r  h an d ,  a r e  n o t  e x p e c te d  to  sh o w  an y  w a v e le n g th  d e p e n d e n c y .  For th is  

rea so n ,  m e a s u r e m e n t s  o f  NLR p r o p e r t ie s  o f  PM /Q D  c o m p le x e s  w e r e  e x t e n d e d  to  w a v e le n g th s  

a b o v e  t h e  a b s o rp t io n  e d g e  o f  t h e  QDs.

The e n h a n c e m e n t  o f  r i2  w a s  m e a s u r e d  a t  7 0 0  nm , 7 5 0  n m  an d  8 0 0  nm  fo r  t h e  bR/QD 

co m p lex e s  w ith  fo u r  d i f fe re n t  m o la r  ratios, as  b e fo re .  At near ly  all w a v e le n g th s ,  t h e  b e s t  

e n h a n c e m e n t  w a s  o b s e rv e d  fo r  0 .5 bR-to-QD co m p lex  an d  fo r  all c o m p le x e s  t h e  e n h a n c e m e n t  

w a s  m a x im u m  a t  700  n m  (Figure 6.9). A bove th is  w a v e le n g th ,  t h e  e n h a n c e m e n t  w a s  fo u n d  to  

diminish w ith  inc reas ing  w a v e le n g th  of  t h e  inc iden t b ea m .
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These results suggest that a wavelength-dependent process plays a role in U2  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  m / W ,  is similar to  values reported in the 

literature (—1 x  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 MLR properties of the hybrid complexes should either decrease or 

increase. Experimentally, the enhancement of the ri2  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 ri2  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.

The increases were evaluated are relative to the ri2  value of a pure QD solution.
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Figure 6 .91 Wavelength dependence o f nonlinear refraction properties o f 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 o f 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 j Enhancement o f U2 fo r d iffe rent types o f bacteriorhodopsin protein, (a) The enhancement of was 

found to depend strongly on the type o f the bacteriorhodopsin used. Only w ith w ild-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 w ith the photoluminescence quenching data for 

these three types o f bacteriorhodopsin, shown in panel (b). The quenching o f 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 w ith the mutant bacteriorhodopsin (green), hence only a small percentage o f 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 TI2 enhancement

It is interesting to note that the maximum ri2  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.2  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 W M /Q D  

complexes the energy transfer process is altogether absent due to the absence of the acceptor 

- th e  retinal molecule.

For each type of bR, 0.5 bR:QD complexes were assembled for 20 minutes, and the measured 

value of ri2  (at 750 nm) for each complex was normalised to that of the QDs' U2 - 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 ri2  (Figure 6.10(a)). The change in n.2  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 AOq 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 (TI2 ) 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 w/ell with the literature values. The NLR index of the QD sample was determined to  

be between —3.3 x  1 0 “ ^̂  vr? jW  and —6.5 x  1 0 “ ^̂  JW  comparing to, for example, a 

value of —1 2  X m^JW  reported by M. S. Abd El-sadek et al [14], The NLR index o f  a

purple membrane suspension was measured to be between - 1  x  and

—8 X 1 0 “ ^̂  rn? fW  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  to —7.8 x  rn} jW

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 7X2 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 enhancem ent was obtained for the 0.5 bR-to-QD complex at 700  

nm, which had U2 — —1.32 X 1 0 “ ^̂  m?JW  comparing to the similar values of 7x2 of 

—3.29 X 10~^^ m }!W  and —6.07 x  1 0 “ ^̂  w ? f 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 ri2 during complex assembly, suggest that the observed enhancem ent effect involves 

excitation of QDs by MPA followed by FRET from QDs to bR. The lack of enhancem ent of the  

NLR index for complexes assembled with WMs and D96N mutant bR (instead o f 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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______________________________________________________________________Conc lus ions  a n d  f u tu re  work

o n  its no n l in e a r  op t i cal  p r ope r t i e s ,  t h e  PM/QD hybr id m a te r i a l  r e p r e s e n t s  a signi f icant  s t e p  in 

t h e  i m p l e m e n t a t i o n  o f  this  u n iq u e  p r o te in  in t ec hn o log ica l  app l ica t ions .
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7. CONCLUSIONS

The remarkable advances in nanomaterials have resulted in an impressive degree o f control 

over the ir fabrication and characterisation, opening up the possibility o f utilization o f 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 vi/ork, 

three hybrid model systems were examined fo r nano-scale interactions at the nano/bio 

interface w ith the aim o f demonstrating that such interactions can result in increased 

functional 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 w ith in purple membranes (also extracted from  bacteria). All three systems 

were examined using a variety o f spectroscopic techniques in order to  elucidate the origin of 

the interactions w ithin them.

In the first system, the methylene blue (MB) dye was employed as the model photosensitiser. 

Spectroscopic investigations revealed the adsorption and partially dimerisation o f the dye on 

the QDs' surfaces, w ith ensuing photoinduced charge transfer from quantum dots to 

methylene blue. In the case o f strong spectral overlap between the QDs' emission spectrum 

and MB absorption spectrum, this process was accompanied by Forster Resonance Energy 

Transfer (FRET). Both o f these transfer processes resulted in additional excitation o f MB dye 

and a consequent increase o f ~15% in its production o f the singlet oxygen species and its cell 

kill efficiency, revealed through in vitro  growth o f 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 o f the QD/RC system described in this thesis is one o f the first 

examples o f 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 o f 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 

nanobiotechnoiogy 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 [Veff), 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 o f 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.I. FCS measurements on a dilution series of a dye
This method uses the fact the average number of particles present in the excitation volume 

((iV)) is directly proportional to the overall concentration of the dye molecules in the sample 

[C) and the effective excitation volume itself:

{N) =  Na Veff C (A .l)

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

1
(N) = -------  (A.2)
'   ̂ G(0)

Hence, the average number of particles in the excitation volume can be obtained from the 

measured FCS curves. For a series o f dye samples o f varying concentrations, the effective 

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

The biggest advantage o f this method is that it can be performed at conditions identical to 

those of the experimental measurements, thus accounting fo r almost all o f the factors that 

influence the dimensions o f the excitation volume. However, this method is prone to  large

uncertainties arising from the dilution steps during sample preparation and also saturation

effects fo r 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.l), the  error in the effective excitation volume was determined to  be almost a half of 

its value: =  (1.06 ±  0.47) f L  for a 75 fxm pinhole a t 480  nm  excitation.
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Figure A . l |  C alibration o f th e  effec tive  excita tio n  volum e using a  d ilu tion  se rie s  o f R hodam ine 6G dye. The

average nu m b er of dye m olecules {{N)) p re sen t in th e  effective excitation volum e w ere  ob ta ined  from  th e

FCS curves using eq uation  A.2. For small dye concentra tions, a correction  facto r was in troduced to  accoun t for

th e  influence of th e  uncorrelated  background signal {{N} =  ( x ^  * ). This da ta  {black da ta  points) w ere

fitted  to  eq u ation  A .l (blue curve), and from  th e  slope of th e  fit, a value o f ( 1 .0 6  ±  0 .4 7 )  f L  w as o b ta ined  for

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 a t 10 nm resolution in th e  XY plane and 100 nm resolution in 

the  Z-direction using a 30 |im pinhole. Cross-section of the  XY and XZ raster scans w ere  fitted 

to  Gaussian functions to  yield th e  lateral focal radius (wq =  210 nm), and the focal length 

along the  optical axis (Zq =  1.2 jUm) was determined from the 1 / e  intensity points. Combining 

these  values gives the effective excitation volume of (0.3 ±  0.02) fL  for 480  n m  excitation 

and collection through 30 fxm pinhole. Note that  this is the  simplest and most accurate way to 

measure Vg f̂, 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 o f 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  w ith Gaussian peak functions 

(blue) to determine the lateral optical radius (iVo). (b) XZ scans o f eight fluorescent beads. The focal length along 

the optical axis (Zq) was determined fromthe 1/e intensity points (~1.2 |im) along the Z-axIs. iVq and Zq values were 

used to  calculate the effective excitation volume { V g f f  =  3 .0  ±  0 .2  f L ) .
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B. Cell counting using haemocytometer

B.l. Introduction to the technique
H aem ocy tom eter  is a device designed for  counting cells. It consists of a thick microscopic slide 

into which a rec tangular  inden ta t ion  has b een  e tched  creating  a c h a m b e r  of a known d e p th  

(0.1 mm), w hen  it is covered  with a coverslip (Figure B.l). This ch a m b e r  is se p a ra te d  into 2 

sections, and each  of th o se  has an eng raved  grid of perpendicu lar  lines (Figure B.2) th a t  form 

squares  of known areas. Since both  th e  a rea  of th e  squares  and th e  height of th e  c h am b er  a re  

known, it is possible to  calculate th e  vo lum e of th e  sam ple  co rrespond ing  to  each of th e  

squares. The concen tra t ion  of cells in th e  original sam ple  is easily d e te rm in ed  by dividing th e  

n um ber  of ceils th a t  can be seen  within a certa in  area of th e  grid by th e  co rrespond ing  sam ple  

volume.

It is im portan t to  n o te  th a t ,  while this te chn ique  is generally considered  to  be less accura te  for 

th e  dete rm ina tion  of th e  to ta l n u m b e r  o f  cells, it can be ad v an tag eo u s  d u e  to  th e  fact t h a t  it 

involves visual inspection o f  th e  cells while counting making it eas ie r  to  exclude m isshapen  and 

dying cells.

B.2. Protocol for cell counting
1. Cells w ere  d e ta c h e d  from th e  wells of th e  grow th plate, and su sp en d ed  and 

thoroughly  mixed in the ir  g row th  m edium  in a 2 mL e p p e n d o rf  tu b e .

2. H aem o cy to m e ter  and coverslip w e re  w ashed  with w a te r  and th e n  wiped with alcohol.

3. After brea th ing  on  th e  surface of th e  haem o cy to m ete r ,  th e  coverslip w as quickly 

placed o n to  th e  central portion  of th e  h a e m o c y to m e te r  and p ressed  dow n until 

N ew ton 's  rings could be seen .

4. A small am o u n t  of th e  cell suspension  was taken  up with a fine t ipped  p ipette .  The tip 

of th e  p ipe tte  w as placed against  o ne  side of th e  coverslip n ea r  th e  specially e tched  

grooves. The suspension  was aspira ted  gently to  be taken  up into th e  ch a m b e r  by 

capillary action.

5. Step 4 w as r e p e a te d  for th e  o th e r  side of th e  coverslip to  fill th e  second  cham ber .

6. The h a e m o c y to m e te r  w as placed un d er  a microscope, f i tted  with a 60x objective. Cells 

lying inside th e  central portion of th e  grid w ere  cou n ted  (Figure B.2). Cells on th e  

bordering triple lines w e re  only cou n ted  if th ey  w ere  on  th e  to p  o r  left lines.
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7. If the nunnber o f 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:

N o  o f  cells p e r  mL — Cells counted  *  1 0 “* * D ilu t io n  (B .l)
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Figure B .l| 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, tw o chambers o f 0.1 mm height are form ed 

between it and the central portion o f the haemocytometer -  the counting chambers. Sample, in form  o f a 

suspension, is loaded by placing a small amount onto the sample loading grooves, etched close to  the counting 

chambers. On the surface o f the counting chambers a grid is etched (see Figure B.2) which is used to  determ ine the 

concentration of cells in the original solution.
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Figure B.21 A haemocytometer grid. The pattern etched on the  haemocytometer has 9 large squares, each of 1 mm 

he igh t/w id th , corresponding to  an area o f 1 mm^ and 100 nL volume, taking in to account the 0.1 mm depth o f the 

counting chamber. One such square is highlighted in purple. There are four large squares in the corners o f the grid, 

and each o f these is fu rthe r divided in to 16 squares o f 0.25 mm w id th  (pink), corresponding to  an area of 0.0625 

mm^ and a volume o f 6.25 nL. The central portions o f the grid are divided into 5 sections o f 0.2 mm by trip le  lines 

(see inset). Each o f these is fu rthe r divided in to  4 sections o f 0.05 mm by single lines. The resulting grid in the centre 

has larger squares (blue) of 0.04 mm^ area defined by the tr ip le  lines, corresponding to  4 nL volume. The smaller 

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