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Abstract 

Conjugated polymer (CP) materials and their water-soluble counterparts, conjugated 

polyelectrolytes (CPEs), are currently used in a variety of applications including photovoltaics, 

light emitting diodes, and chemical/biological sensors.  Fundamental studies on the synthesis of 

ever more complex architectures and on their resulting optoelectronic properties have paved the 

way to the broad range of innovative applications associated with these materials.  A key discovery 

was the realization that the optical properties of CP/CPE materials, in particular energy migration 

along the polymer backbone, may be modulated by the polymer morphology and degree of 

intra/interchain association. CP and CPEs are thus highly sensitive to the nature of the solvating 

environment.  For CPEs, this also includes the ionic strength and the presence of surfactants.   

This thesis explores the self-assembly of lipid membranes with CPEs as a means of tuning 

CPE optical properties, and exploits CPE/lipid membrane interactions as a platform to develop 

applications centering on the study of membrane biophysics and the advancement of biomimetic 

light harvesting materials.  This thesis additionally describes fundamental studies toward 

improving CPE photostability, providing protocols to prepare anti-fading cocktails that are 

required for emerging single particle/molecule bioanalytical and biophysical studies requiring CPE 

excitation at high duty cycles.  

Working with poly(phenylene vinylene) CPE adsorbed onto silicon dioxide nanoparticles, 

we initially show how the emission enhancement that accompanies a membrane-induced 

conformational change of a CPE is exploited as a novel means of detecting the dynamics of 

membrane rearrangement, a topic that has hitherto been difficult to study experimentally despite 

its importance in cell biology.  While in this study the manipulation of energy transfer in a CPE 

was used as a tool to study membrane biophysics, the ability of the membrane to organize CPEs 

is an interesting topic in its own right.  Along this line, in a second study lipid membranes are 

evaluated for their ability to direct the self-assembly of CPEs with the goal of achieving efficient 

energy migration through the membrane to develop a biomimetic light harvesting antenna.  Here 

we show that CPEs can be successfully embedded within the membrane of oppositely charged 

liposomes at a high density (< 1 nm separation) without self-quenching.  Light harvested by the 

polymers is transferred via through-space mechanisms to a lipophilic energy acceptor, where 

homotransfer between polymers is shown to play role in funneling energy to the acceptor in a 

manner analogous to the chlorophyll antenna molecules present in the naturally occurring light 
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harvesting antennas of green plants. Alongside highlighting opportunities for CPE/lipid interaction 

and constructs toward the development of applications, in a third and fourth study, different 

solution additives are evaluated toward the goal of improving the photostability of CPEs under 

microscopy imaging conditions in order to meet these demands.  By using an enzymatic oxygen 

scavenging system and/or adding small molecule triplet quenchers, the number of photons 

collected from PPE-CO2 increases by up to ca. 15-fold in aqueous solution and by up to 20-40-

fold in lipid membranes.  

Overall, the work presented in this thesis highlights the breadth of opportunities available 

toward developing new single molecule assays and materials based on CPE/lipid interactions. 
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Résumé 

Les polymères conjugués (PC) et leurs homologues solubles dans l'eau les polyélectrolytes 

conjugués (PEC), sont actuellement utilisés dans plusieurs applications, notamment dans les 

cellules photovoltaïques, les diodes électroluminescentes ainsi que dans les capteurs 

chimiques/biologiques.  Des études fondamentales sur la synthèse d'architectures de plus en plus 

complexes et sur les propriétés optoélectroniques des PC / PEC ont contribué à une vaste gamme 

d'applications innovantes associées à ces matériaux.  Une découverte clé a été la réalisation que 

les propriétés optiques des PEC, en particulier la migration d'énergie le long du squelette du 

polymère, peuvent être modulées par la morphologie du polymère et son degré d'association intra- 

et interchaînes.  Les PC et les PEC sont donc très sensibles à la nature de l'environnement de 

solvatation, et pour les PEC en particulier, à la force ionique, et à la présence d'agents de surface.   

Cette thèse explore l'auto-assemblage des membranes lipidiques avec les PEC comme un 

moyen pour régler leurs propriétés optiques, et exploite les interactions PEC / membrane lipidique 

comme une plateforme pour développer des applications focalisées sur l'étude de la biophysique 

des membranes et sur l'avancement des matériaux biomimétiques.  Cette thèse décrit en outre des 

études fondamentales visant à améliorer la photostabilité des PEC, et fournie des protocoles 

nécessaires pour les études bioanalytiques et biophysiques émergentes à l’échelle de la particule / 

molécule unique nécessitant l’excitation des PEC à des cycles élevés.   

En travaillant avec du poly(phénylène vinylène) PEC adsorbé sur des nanoparticules de 

dioxyde de silicium, nous démontrons tout d'abord comment l'augmentation d'émission qui 

accompagne un changement de conformation du PEC induit par la membrane est exploitée comme 

un nouveau moyen de détecter la dynamique du réarrangement de la membrane, un sujet qui a déjà 

été difficile à étudier expérimentalement malgré son importance dans le domaine de la biologie 

cellulaire.  Alors que dans cette étude la manipulation du transfert d'énergie dans un PEC a été 

utilisé comme un outil pour élucider la biophysique de la membrane, la capacité de la membrane 

d’organiser les PEC est un sujet intéressant en soi.  De même, dans une deuxième étude les 

membranes lipidiques sont évaluées pour leur capacité à diriger l'auto-assemblage des PEC dans 

le but d'obtenir une migration d’énergie efficace à travers la membrane afin de développer une 

antenne biomimétique photosynthétique.  Dans ce projet, nous démontrons que les PEC peuvent 

être intégrés avec succès dans la membrane de liposomes à charge opposée avec une densité assez 

élevée (<1 nm de séparation) sans auto-extinction.  La lumière récoltée par les polymères est 
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transférée à travers des mécanismes d'espace à un accepteur d'énergie lipophile, durant lesquels 

l'homo-transfert entre les polymères joue un rôle dans l'acheminement d'énergie vers l'accepteur 

d'une manière analogue aux molécules d'antenne de chlorophylle présentes dans les antennes 

photosynthétiques naturelles des plantes vertes.  Parallèlement à la mise en évidence de 

nombreuses opportunités pour ces interactions de PEC/lipide pouvant assister au développement 

de nombreuses applications, dans une troisième et quatrième étude, différents additifs sont évalués 

dans le but d'améliorer la photostabilité des PEC dans des conditions utilisées en imagerie 

microscopique pour répondre à ces demandes.  En utilisant un système enzymatique de piégeage 

d'oxygène et / ou en ajoutant des désactivateurs d’état triplet, le nombre de photons collectés à 

partir de PPE-CO2 augmente d'environ 15 fois en solution aqueuse et jusqu'à 20 à 40 fois dans les 

membranes lipidiques.   

Dans l'ensemble, le travail présenté dans cette thèse souligne la pléthore des opportunités 

disponibles vers le développement de nouveaux tests à l’échelle de la molécule unique et matériaux 

basés sur les interactions CPE/lipides.   
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Chapter 1: Introduction 

Following the development of the petroleum industry as a source of feedstock and the 

continual advancement of organic chemistry techniques, the 20th century has seen an abundance 

of new manmade, carbon-based materials.  In particular, it is difficult to understate the impact of 

synthetic polymers on modern life, where these materials are ubiquitous in both industrial and 

household settings.  The widespread use of synthetic polymers is due to several factors, including 

their relatively inexpensive product costs, facile solution processing, and the wide variety of 

structural/physical properties available.  Although many familiar synthetic polymers have  

saturated backbones with sp3 hybridized carbon atoms (e.g., polyvinyl chloride, polystyrene), in 

the 1960s researchers began experimenting more with polymers having unsaturated (i.e., 

conjugated) backbones, such as poly(phenylene vinylene) (PPV),1 polypyrrole (PPy),2-4 and 

polyaniline (PANI),5 whose synthesis was reported as early as 1862.6 

To date, a wide variety of different conjugated polymers (CPs) have been reported in the 

literature and a significant number of them are commercially available.  CPs are typically grouped 

based on the chemical structure of the polymer backbone, with several of the commonly 

encountered structures illustrated in Figure 1.1.  Here, the addition of side chains (denoted by -R) 

is generally necessary to improve the solubility and processability of CP materials.  In that regard, 

and of relevance to the work in this thesis, we may cite a special class of CPs called conjugated 

polyelectrolytes (CPEs), which feature side chains that contain pendant ionic groups.  CPEs with 

a given backbone structure share many of the same photophysical properties with their non-ionic 

counterparts, but the presence of the charged side chains renders them soluble in water and polar 

organic solvents such as methanol.  Not surprisingly, the water solubility of CPEs combined with 

their photophysical properties has made them particularly attractive materials for biological 

applications. 
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Figure 1.1.  Chemical structures of several commonly encountered CP classes. 

Interest in conjugated polymers grew dramatically under the promise of realizing plastic 

electronics using “synthetic metals”7 after Chiang et al. reported in 1977 that the electrical 

conductivity of polyacetylene could be varied by controlling the type and amount of dopants.8  

Following this seminal work, interest in CPs has intensified due to their unique combination of 

desirable photophysical and material properties.  A measure of the impact of this work is the 

awarding of the 2000 Nobel Prize in Chemistry to Alan MacDiarmid, Alan J. Heeger, and Hideki 

Shirakawa for the discovery and development of conductive polymers. 

CPs have been investigated in a range of applications that exploit their photophysical and 

energy transporting properties.  These include photovoltaic based applications where light 

absorbed by the CPs ultimately results in charge separation and the production of electric current.9-

30  By the same token, injecting a charge may result in charge recombination and the emission of 

light via fluorescence, a phenomenon which has been exploited in the production of organic light 

emitting diodes (OLEDs).31-36  The modulation of CP fluorescence intensity in the presence of 

different molecules (i.e., analytes) has been used in turn as the basis for the development of 

ultrasensitive chemical and biological sensors.37-56  Critically, the conformation and 

aggregation/packing behaviour of CPs determines not only their physical properties, but also their 

photophysical behaviour.57-66 
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CPs oftentimes contain  many hundreds of light absorbing units (chromophores) which 

may communicate with each other via energy transfer processes.67-68  As a result, the photophysical 

properties of CPs are intimately related to the efficiency of energy transfer. The latter is in turn 

dictated to a great extent by the CP structure: from the conformation of individual polymer chains 

in solution to the morphology (e.g., polymer packing) of CP materials in the solid state.58, 60, 64, 69-

72  From a materials point of view, the added complexity provides a greater parameter space to 

tailor the desired photophysical behaviour, but also introduces additional and undesired 

opportunities for defects.  Understanding the relationship between conformation and energy 

transfer in CPs is thus of paramount importance to the rational design of new materials/applications 

as well as to the targeted improvement of existing ones. 

This thesis focuses on the development of applications that exploit the photophysical 

properties of two different CPEs, one bearing a poly(phenylene vinylene) backbone and sulfonate 

side chains, poly[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene] (MPS-PPV) and another 

bearing a  poly(phenylene ethynylene) backbone and carboxylate sidechains, (PPE-CO2) (Figure 

1.2). Chapter 1 begins by reviewing the photophysical and energy transfer processes operating in 

conjugated polymers and highlights key studies demonstrating the relationship between polymer 

conformation and energy transfer.  A special emphasis is placed on single molecule spectroscopy 

(SMS), a family of fluorescence microscopy techniques that has been instrumental in unraveling 

the complex photophysics of CPs.  These techniques  have allowed researchers to observe the 

emission from one polymer chain at a time, thus revealing heterogeneity and dynamics that are 

otherwise masked in ensemble spectroscopy experiments.  Strategies to manipulate polymer 

conformation and film morphology to achieve control over the energy transporting and 

photophysical properties of the materials are reviewed for both CPs and their water-soluble 

counterparts, CPEs.  Of particular interest in this thesis are self-assembled complexes of CPEs and 

lipid membranes.  In these structures, the lipids impart both structural and photophysical changes 

in the CPEs.  The experiments reported in Chapters 2-5 of this thesis build upon existing 

knowledge of the structure and photophysics of lipid/CPE complexes to develop applications in 

other fields, including the study of membrane biophysics, the design of biomimetic light harvesting 

systems, and the optimization of SMS imaging conditions toward studies aimed at optimizing 

photostability to in turn enable further applications in the future. 
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Figure 1.2.  Chemical structures of the CPEs under study in this thesis.  MPS-PPV is shown on 

the left and PPE-CO2 is shown on the right. 

1.1 Photophysical concepts 

1.1.1 Excited States 

When describing the photophysics of CPs, it is useful to review the basic principles of the 

electronic structure of organic molecules.73-74  A key principle is that electrons occupy states based 

on both their electronic and vibrational energy, filling lower energy states before higher ones (the 

aufbau principle).  The lowest energy configuration of the electrons in the molecule is referred to 

as the ground state.  Electrons can be promoted to higher energy levels (excited states) via 

absorption of electromagnetic energy.  The amount of energy required depends on the difference 

in energy between the ground state and the excited state.  For vibrational transitions, energy within 

the infrared region of the electromagnetic spectrum (see Figure 1.3), is sufficient to cause a 

transition.  To promote electrons to higher electronic states, however, higher energy within the 

UV/visible region of the electromagnetic spectrum is required (see Figure 1.3).   

 

Figure 1.3.  Electromagnetic spectrum highlighting the visible light region responsible for 

electronic transitions in CPs. 
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The electronic structure of CPs governs the light absorbing and emitting processes essential 

to their application in solar cells, OLEDS, sensors, and more.  Within the literature, a lively debate 

has ensued over the nature of the electronic structure of CPs.75  Initially, the electronic structure of 

CPs including poly(acetylene), poly(p-phenylene), poly(phenylyene vinylene), poly(thiophene), 

and poly(pyrrole) was widely considered to be best described by a 1 dimensional semiconductor 

band structure.76-81  In this model, electronic transitions take place from the valence band to the 

conduction band when the light excitation energy, ħυ, is greater than or equal to the energy of the 

band gap, Eg.  Luminescence is generated by the recombination of the weakly bound electron/hole 

pair and is independent of the excitation energy.  In the early 1990s, authors Rauscher and Bässler 

began to challenge the validity of the band model based on the results of site-selective fluorescence 

spectroscopy (FSS) experiments.82-84  These studies and others75 supported the conclusion that the 

electronic structure of CPs is better described by strongly coupled electron-hole pairs (i.e., Frenkel 

excitons) that are localized on segments of the polymer chain, making them more similar to small, 

conjugated organic molecules such as anthracene rather than to inorganic semiconductors like 

silicon.  Within this paradigm, the complex photophysics of CPs then mainly arise due to the 

migration of excitons throughout the chain, a topic that will be discussed in more detail in section 

1.4 (vide infra).   

1.1.2 Jablonski diagram 

Photon absorption and the promotion of an electron to a higher energy electronic state is 

an extremely fast process, occurring on the femtosecond timescale (10-15 s).  The excited state may 

then dissipate this energy through several different pathways, both radiative (e.g., by emitting a 

photon) and non-radiative (e.g. by emitting heat).  The different accessible excited states and the 

possible transitions between them may be displayed in a Jablonski diagram (Figure 1.4).73 
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Figure 1.4.  Jablonski diagram illustrating the various energy states of a typical organic molecule 

and the key photophysical processes that can occur from each state.  Bold horizontal lines represent 

electronic states (S for singlet and T for triplet) and thin horizontal lines represent vibrational 

states.  Radiative and non-radiative transitions are represented by straight and by squiggly arrows, 

respectively.  VR, IC, and ISC are abbreviations for vibrational relaxation, internal conversion, 

and intersystem crossing, respectively. 

Selection rules state that electronic transitions must conserve spin multiplicity.85  Since the 

ground state of most organic molecules is a singlet state, absorption of a photon of the appropriate 

energy leads to a transition from S0 to Sn.
74  According to the Franck-Condon principle, the 

probability that a particular vibronic transition occurs (e.g., from the fundamental vibronic state in 

S0 to any vibronic state in Sn) is proportional to the square of the overlap between the vibrational 

wavefunctions of the initial and the final electronic states.74  The excited vibrational states are short 

lived, however, and decay within picoseconds to the lowest vibrational level of Sn in a process 

called vibrational relaxation (VR).  From here, internal conversion (IC) to Sn-1 typically occurs 

within picoseconds, apart from S1 to S0, which is typically several orders of magnitude slower 

because of the relatively large energy gap between these states.  Relaxation to the ground state 

then typically occurs from the lowest energy vibrational level of S1,  Here, the loss of energy 

through VR results in the photons emitted from S1 to S0 being of equal or lower energy than the 
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photons absorbed from S0 to S1, giving rise to a shift between absorption and emission bands 

known as the Stokes shift.73 

Relaxation from the first excited singlet state to the ground state occurs through several 

competing photophysical processes within the singlet manifold.  A non-radiative decay may occur 

via IC from S1 to S0 followed by VR to the vibrational ground state of S0.  The efficiency of the 

non-radiative pathway is improved with increasing overlap between the vibrational wavefunctions 

of S1 and S0.  The radiative transition between S1 and S0 (i.e., fluorescence) is controlled by the 

same Franck-Condon factors that apply to absorption, meaning that these factors determine the 

preferred vibrational levels of S0 where relaxation takes place to, and ultimately the shape of the 

emission band.   

A spin forbidden intersystem crossing (ISC) from S1 to an excited triplet state, Tn, followed 

by triplet relaxation to ground state may also occur.  Since the transition from T1 to S0 is formally 

spin-forbidden, the rate of relaxation from T1 to the ground state is several orders of magnitude 

slower than it is from the S1 state.  Consequently, the molecule is more vulnerable to photochemical 

reactions from the relatively long-lived triplet excited state, a topic discussed in more detail in 

section 1.15 (vide infra) and in Chapters 4 and 5 of this thesis. 

1.1.3 Definition of quantum yield and excited state lifetime 

To determine the probability that a photophysical process occurs, knowledge of the rates 

for all possible deactivation processes from the excited state is required.  For many applications 

using CPs, bright emission is desirable, so the probability that a photon will be emitted upon 

electronic excitation is an important parameter to establish.  This probability, called the 

fluorescence quantum yield (f), depends on how large the first order radiative rate constant, kr, is 

compared to the first order (or pseudo first order) rate constants of all other competing deactivation 

pathways, knr.  knr represents the sum of the rate constants of all other deactivation processes 

besides fluorescence, and typically includes kIC, kISC, kq[Q], and krxn, which are the rate constants 

of internal conversion, intersystem crossing, quenching in the presence of quencher [Q], and 

intramolecular reaction from the excited state, respectively (Equation 1.1).  The fluorescence 

quantum yield is then defined as the ratio of kr over the sum of all deactivation pathways, kd 
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(Equation 1.2).  The quantum yield of any photophysical process can be calculated in the same 

manner, by replacing kr with the rate constant of the process of interest. 

𝑘𝑛𝑟 = 𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶 + 𝑘𝑞 + 𝑘𝑟𝑥𝑛                                                                                                 (1.1) 

Φ𝑓 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
=

𝑘𝑟

𝑘𝑑
                                                                                                                            (1.2) 

The fluorescence lifetime, the average time that the molecule spends in the first excited 

singlet state before decaying to the ground state, is another important parameter defining the 

photophysical behaviour of CPs, particularly as it concerns energy transfer and fluorescence 

quenching.  The radiative decay is a stochastic process, and as such the decay of an ensemble of 

molecules from S1 to S0 is described by the exponential function Equation 1.3 where N is the 

population of excited molecules at time t, N0 is the initial population of excited molecules, and kd 

is the radiative decay constant.  The fluorescence lifetime, also referred to as the excited state 

lifetime is defined as the reciprocal of kd (Equation 1.4).  The radiative rate constant can be 

calculated by determining the emission quantum yield and the excited state lifetime experimentally 

and then rearranging Equation 1.2.  

𝑁(𝑡) = 𝑁0𝑒−𝑘𝑑𝑡         (1.3) 

𝜏 =  
1

𝑘𝑑
           (1.4) 

1.1.4 Quenching of excited states 

As mentioned in the previous section, the fluorescence quantum yield and the fluorescence 

lifetime are two important parameters that define the photophysical behaviour of organic 

fluorophores, including CPs.  These parameters are sensitive to the environment, posing challenges 

to applications that require a reliable photon output, such as OLEDs, but also creating opportunities 

in fields where a large dynamic range is desired, such as chemical sensing.  The radiative decay 

rate constant is intrinsic to the fluorophore, and remains constant, regardless of environmental 

conditions, whereas the decay rate constants associated to the multiple non-radiative decay 

pathways are sensitive to changing experimental conditions, such as temperature, solvent, and 

most importantly the presence of quenchers, among others.73 
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Fluorescence quenching is a frequently encountered process that increases knr and 

correspondingly decreases f (Equation 1.2).  Broadly speaking, a fluorescence quencher provides 

an alternative pathway to dissipate the energy of the excited singlet state.  Quenching mechanisms 

can be categorized into two classes, physical and chemical.  Energy transfer (via electron exchange 

or Förster resonance energy transfer (FRET))86 and intersystem crossing catalyzed by heavy 

atoms87 are examples of physical quenching mechanisms, whereas photoinduced electron 

transfer88 is an example of a chemical quenching mechanism. 

A distinction is made between dynamic quenching, where the excited state is deactivated 

by collision with the quencher in a bimolecular process with a rate constant kq (Equation 1.5), and 

static quenching, where the fluorescent molecule and the quencher form a ground state complex 

with an equilibrium association constant KA (Equation 1.6).  For both static and dynamic 

quenching, there is a linear relationship between the quencher concentration and the emission 

intensity quenching.  This relationship is described by the Stern-Volmer equation, where I is the 

intensity at a given quencher concentration, [Q], I0  is the intensity in the absence of quencher, and 

KSV is the Stern-Volmer quenching constant, equal to the product of kq0, where 0 is the excited 

state lifetime in the absence of the quencher in the case of dynamic quenching and to Keq in the 

case of static quenching (Equation 1.7).  In the case of purely dynamic quenching, the fluorescence 

lifetime is reduced by the same factor as the intensity at a given concentration, i.e., 0/ is equal to 

I0/I. 

𝐹∗ + 𝑄
𝑘𝑞
→ 𝐹 + 𝑄                                                                                                                        (1.5) 

𝐹 + 𝑄 ⇌ [𝐹𝑄]                                                                                                                   (1.6) 

𝐼0

𝐼
= 1 + 𝐾SV[𝑄]                                                                                                                   (1.7) 

Stern-Volmer plots are a useful tool to analyze experimental quenching data.73  For 

example, static quenching of conjugated polyanions, the key material class under study in this 

thesis, is well-known to occur via binding of positively charged electron acceptors to the negatively 

charged polymer acting as an electron donor.48, 89  Ngo et al. in the Cosa group conducted a 

quenching study to prove the encapsulation of the polyanion poly[5-methoxy-2-(3-sulfopropoxy)-

1,4-phenylenevinylene] (MPS-PPV) in liposomes.90  Addition of the divalent cation methyl 
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viologen (MV2+) to MPS-PPV free in solution resulted in efficient fluorescence quenching via 

photoinduced electron transfer (Figure 1.5A), where a linear Stern-Volmer plot was obtained.  The 

Stern-Volmer plot for quenching due to addition of MV2+ to liposomes containing MPS-PPV 

showed a markedly different behaviour, however, displaying less efficient quenching that plateaus 

at an I0/I value of ca. 10, representing an unquenchable fraction of ca. 10% (Figure 1.5A).  Since 

MV2+ is a highly charged molecule and cannot pass through the lipid membrane,91 the presence of 

an unquenchable fraction provided strong evidence for the encapsulation of MPS-PPV inside the 

liposome.90  

In another study, Tan et al. investigated the quenching of a polyanion with a 

poly(phenylene) ethynylene backbone by energy transfer to positively charged cyanine dyes in 

solution.92  Quenching by the monovalent cation HMIDC produced a linear Stern Volmer plot in 

contrast to quenching by the trivalent cation Cy3+, which produced a Stern Volmer plot with a 

strong positive deviation at high quencher concentrations (Figure 1.5B).92  The positive deviation 

was attributed to polymer bridging facilitated by the trivalent cation, which resulted in more PRUs 

being contained within the quenching radius of the cyanine.92  It should be noted that positive 

deviations are also observed for systems where both static and dynamic quenching mechanisms 

are operating,73 but this explanation was ruled out in this case because kdiffusion0, was orders of 

magnitude smaller than the approximate KSV value.92  In the case where KSV is on the order of 

kdiffion0 , static and dynamic quenching can be differentiated by examining the Stern-Volmer plot 

of 0/.  In the case of purely static quenching, no shortening of the fluorescence lifetime will be 

observed, since the formation of a ground state complex precludes detection of the excited state 

(Figure 1.5C), whereas for purely dynamic quenching values of  will drop with increasing 

concentration of quencher and the KSV obtained from the plot of 0/ will be identical to that 

obtained from the plot of I0/I (Figure 1.5D).  Note also that the KSV value for static quenching is 

typically much larger than it is for dynamic quenching, where the maximum efficiency is 

constrained by the diffusion limited rate constant (1x1010 s-1M-1) and the fluorescence lifetime 

(typically 1x10-9 s) to a value of ca. 10 M-1.  
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Figure 1.5.  Fluorescence quenching as a method to study CPE complexes.  (A) Stern-Volmer 

plots obtained from a quenching study of the polyanion MPS-PPV encapsulated within DOPC 

liposomes quenched by the positively charged electron acceptor MV2+.  Free MPS-PPV was 

efficiently quenched (black squares) whereas MPS-PPV in liposomes was less efficiently 

quenched and contained an unquenchable fraction (red circles).  Adapted with permission from 

reference [90] (Copyright, 2008, The American Chemical Society).  (B) Stern-Volmer plots 

obtained from a quenching study of the polyanion PPE-SO3 quenched by positively charged 

cyanine energy acceptors in solution.  Quenching by the monovalent cation HMIDC resulted in a 

linear Stern-Volmer plot (solid circles) whereas quenching by the trivalent cation Cy3+ resulted in 

a Stern-Volmer plot with a strong positive deviation at increasing quencher concentration (open 

circles).  Adapted with permission from reference [92] (Copyright, 2004, The American Chemical 

Society).  (C) and (D) Stern-Volmer plots illustrating the difference between fluorescence intensity 

and lifetime quenching in the case of a purely dynamic and purely static quenching mechanisms, 

respectively.  Note that a much larger quencher concentration is required to achieve dynamic 

versus static quenching. 
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1.1.5 Photobleaching 

Photobleaching refers to processes that deactivate fluorescence permanently; often these 

involve covalent modifications to the chemical structure of the fluorophore.73 While both 

photobleaching and quenching (see above) deactivate emission, the major distinction between 

them is that in the latter case the excited deactivation is not permanent, (i.e., fluorescence may be 

restored upon removing the quencher.)73  Photobleaching of CPs poses a problem for practical 

applications that demand long-term stability,93 as well as for scientists who are attempting to 

unravel the complex photophysics of these materials using fluorescence microscopy techniques, 

particularly those that require single molecule detection.94  The excited triplet state of the 

chromophore is typically involved as a intermediate in the photobleaching of CPs and other 

organic molecules.95-96   

Two reasons account for a dominant prevalence of photobleaching arising from the triplet 

excited state.  Because of its relatively long lifetime, molecules in the triplet state are vulnerable 

to encountering reactive species in the environment, particularly molecular oxygen.  In addition, 

molecular oxygen is a ground state triplet (3O2) and is unable to undergo reaction with molecules 

in the singlet ground state (e.g., addition to double bonds is a spin forbidden process).  However, 

sensitization of singlet oxygen (1O2) via energy transfer from the excited triplet state of the 

fluorophore to the ground state of oxygen is a spin allowed process that yields a highly reactive 

electrophile capable of undergoing addition reaction with unsaturated molecules (see Equation 1.8 

for 1O2 sensitization scheme).74  Singlet oxygen readily adds to the electron-rich double bonds of 

fluorophores, breaking the conjugated pi system and changing the electronic structure of the 

molecule.  Singlet oxygen may also lead to the production of other reactive oxygen species such 

as peroxides or superoxides that can similarly lead to damage.  For this reason, one reported 

strategy to mitigate photobleaching in CPs consists of removing oxygen using enzymatic oxygen 

scavengers in solution97-98 or to seal devices under inert atmosphere in the solid state.99  Another 

commonly used approach is to add triplet quenchers to reduce the lifetime of the triplet excited 

state and thus reduce the amount of triplet sensitized singlet oxygen.94-96, 100-101 

T1
* + 3O2 

ET
→ S0 + 1O2         (1.8) 
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Experimentally, photobleaching of fluorophores is observed as a decrease in the emission 

intensity over time under conditions of light illumination.  On a molecule-by-molecule basis, the 

survival time is governed by the quantum yield of photobleaching  (i.e., the probability that 

reactions take place upon excitation).  Figure 1.6A shows the fluorescence intensity over time for 

a single molecule of the fluorophore Cy3 collected in 50 ms intervals during a total internal 

reflection fluorescence microscopy (TIRFM) experiment.102  Here, the fluorescence signal shows 

fluctuations mostly due to noise.  Also observed are extended periods with no emission due to 

transitions to longer lived dark states (e.g., radical anions).  The formation of dark states is 

sometimes called “reversible photobleaching” because photons collection may be reinitialized 

once the fluorophore is rescued from the intermediate state and the ground state is restored. 

Because photobleaching is an inherently stochastic process, the ensemble histogram of survival 

time for hundreds of molecules in the experiment can be fit to a monoexponential function (Figure 

1.6B).102  For large macromolecules such as CPs, exponential photobleaching may be observed in 

the case that the chromophores along the chain act independently, i.e., the system may be viewed 

as a collection of hundreds of chromophores that photobleach independently giving rise in a single 

molecule to an exponential decay, much like would be observed in bulk studies (Figure 1.6C).70  

Importantly, efficient energy transfer within the polymer will cause the chromophores to behave 

in a concerted manner such that the intensity versus time trajectory will resemble that of a single 

molecule, with stepwise blinking and photobleaching (Figure 1.6D).70  For this reason, 

photobleaching studies have become an important method of examining the extent of energy 

transfer within CP materials, a topic that will be discussed in more detail in section 1.4.2 (vide 

infra). 
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Figure 1.6.  (A) Fluorescence intensity versus time trajectory of a single molecule in a TIRFM 

experiment.  The molecule photobleaches irreversibly after ca. 300 s. (B) Histogram of survival 

times extracted from a collection of SM trajectories such as the one shown in (A).  The number of 

molecules surviving is an exponential function of time.  Adapted with permission from reference 

[102] (Copyright, 2016, The American Chemical Society).  (C) Intensity versus time trajectory for 

a single CPE encapsulated within a liposome that exhibits exponential photobleaching due to large 

number of independent chromophores contained within the long polymer chain.  (D) Intensity 

versus time trajectory for a single CPE that exhibits discrete photobleaching steps due to the 

concerted behavior of the chromophores along the polymer chain communicating via energy 

transfer.  Adapted with permission from reference [70]. 

1.2 Experimental methodologies to study CP photophysics 

Section 1.1 provided an overview of the key photophysical concepts required to understand 

the behavior of CP materials at a fundamental level.  In this section, the spectroscopic techniques 

used to study the photophysical behavior of CPs will be discussed in more detail, with emphasis 

placed on the methods used throughout this thesis.   

1.2.1 Ensemble versus single molecule techniques 

Most familiar spectroscopic techniques are performed in bulk or ensemble, on samples that 

contain many billions of molecules.  The results obtained from such experiments necessarily 

reflect the average properties/behavior of the ensemble.  Single molecule spectroscopy (SMS),103-

105 on the other hand, probes individual molecules and thus allows for observations of the moments 

of the distribution, not just the average, as well as the visualization of behaviors that represent a 
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deviation from the average.  Overall, the average result for an SMS experiment performed on a 

large enough number of individual molecules will match the result from an ensemble experiment, 

but the individual measurements may reveal heterogeneities that are otherwise masked in ensemble 

experiments.106-108  An additional advantage to performing experiments at the single molecule level 

is that the dynamics of asynchronous processes may be resolved (e.g., binding events).109-111  The 

main disadvantage of SMS techniques is that more sophisticated instrumentation is required due 

to the challenge of detecting the emission from single molecules.  In addition, a more 

intensive/lengthy data analysis is also typically required.  Ensemble and SMS experiments are 

complimentary to each other.  As such, the conclusions of this thesis are supported heavily by the 

analysis of both ensemble and SMS data. 

1.2.2 Total internal reflection fluorescence microscopy 

The SMS technique used in this thesis is total internal reflection fluorescence microscopy 

(TIRFM).  TIRFM was first developed by Prof. Daniel Axelrod at the University of Michigan in 

the early 1980s.  The technique relies on the physical principle of total internal reflection, which 

occurs when light propagating through a medium of a higher refractive index, n1, reaches the 

boundary of a medium with a lower refractive index, n2, at an angle greater or equal to the critical 

angle, c (Figure 1.7).  The critical angle is related to the ratio of the refractive indices by Snell’s 

law (Equation 1.9).  In TIRFM, the sample is typically in air or aqueous media (n2 = 1 or 1.33, 

respectively) and is immobilized on a glass or quartz coverslip (n1 = 1.52), thus satisfying the 

condition n1 > n2 required for TIRF.  When the excitation light is totally internally reflected, an 

evanescent field is formed at the boundary between the media and it penetrates the media of lower 

refractive index  The intensity, Iz, of the evanescent field decays from the initial intensity, I0, 

exponentially from the surface (displacement, z, = zero) where the penetration depth depends on 

the wavelength of the excitation light, , n2, and the angle between the incident light and the plane 

normal to the boundary, 1 (equations 1.10 and 1.11).  Figure 1.8A shows illustrates that the 

penetration depth of the evanescent field reaches a maximum at the critical angle and then decays 

rapidly within the lower refractive index medium.  Also noteworthy is that the rate of decay is 

more pronounced with distance at shorter compared to longer wavelengths (Figure 1.8B). 
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The main advantage of TIRFM is that due to the evanescent field, the molecules of interest 

on the surface are excited preferentially, effectively decreasing the background from fluorescent 

molecules out of the focal plane in solution.  This is particularly important for SMS imaging, where 

a high signal to background ratio is paramount for detecting the emission of single emitters.  

𝜃𝑐 = sin−1 (
𝑛1

𝑛2
)         (1.9) 

 

Figure 1.7.  Diagram illustrating the refraction, reflection, and total internal reflection of 

electromagnetic radiation at the boundary of two media with different refractive indices, where n1 

is greater than n2. 

𝐼𝑧 = 𝐼0𝑒(−
𝑧

𝑑
)
          (1.10) 

𝑑 =
𝜆

4𝜋√𝑛1
2 sin2 𝜃1−𝑛2

2
         (1.11) 

 

Figure 1.8.  Dependence of evanescent field penetration depth on the incident angle and the 

wavelength of light.  (A) Penetration depth of the evanescent field as a function of the incident 

angle for 405 nm light at the glass/water interface.  Under these conditions, the critical angle is 

60. (B) Intensity of the evanescent field recorded at the critical angle as a function of distance 

from the glass/water interface plotted for 405 nm (black squares) and 647 nm (red circles) light.   
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The incident angle of the excitation light in TIRF microscopy can be achieved by either a 

prism or a high numerical aperture (NA) objective, where control is exerted by the angle/position 

of incidence of the beam, respectively in each optical element.  In this thesis, objective-based TIRF 

is used because of its superior convenience and safety.  Continuous wave (CW) lasers are used in 

our SM TIRFM setups yielding both high power and stability.  The laser beam is reflected by a 

dichroic beam splitter where it enters the objective.  By altering the position of the excitation beam 

on the back focal plane of the objective, the incident angle can be adjusted to the critical angle to 

achieve TIRF.  An area of the sample is then excited by the resulting evanescent wave and the 

emission is collected through the objective with an efficiency that is determined by its NA.  The 

light exiting the infinity-corrected objective is refocused by a tube lens at the back focal plane onto 

the detector chip of an electron multiplied charge coupled device (EMCCD) in the one-colour 

microscope.  Figure 1.9 shows a schematic of the microscopes used in this thesis.  The basic one-

channel TIRF setup (Figure 1.9A) can be modified into a two-channel setup (Figure 1.9B) by 

installing additional optics in the emission path before the detector. 
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Figure 1.9.  Anatomy of the TIRFM setups used in this thesis.  (A) Diagram showing the key 

optics in a one-color channel TIRFM setup.  The laser beam was passed through a multiband 

cleanup filter (ZET405/488/561/647x, Chroma Technology) and coupled into the microscope 

objective ((CFI SR Apo TIRF 100× Oil Immersion Objective Lens, numerical aperture (NA) 1.49) 

using a multiband beam splitter (ZT405/488r/561/640rpc, Chroma Technology)  Images were 

recorded onto a 512x512 pixel region of a back-illuminated electron-multiplying charge-coupled 

device (EMCCD) camera (iXon X3 DU-897-CS0-#BV, Andor Technology).  (B) Diagram 

showing how the one-color setup is modified to split the emission into two different colored 

channels.  Here, the laser beam was filtered by a 514 interference filter (Chroma) and directed to 

the oil immersion objective (Olympus PLAN APO 60×, NA = 1.45) by a dichroic beamsplitter 

(z514rdc, Chroma).  The emission is cropped vertically to create an image that fills half of the 

512x512 pixel area of the CCD camera chip using an adjustable slit.  The beam is then split using 

a 640 nm beamsplitter (640 dcrx, Chroma): wavelengths higher than 640 nm are transmitted 

whereas wavelengths lower than 640 are reflected.  The two emission channels are then reflected 

90 by mirrors and are merged by an additional 640 nm beamsplitter onto the EMCCD camera 

(Cascade 512B EMCCD camera, Roper Scientific, Inc.).  Fine tuning of the mirrors separates the 

path of the two channels slightly such that they do not overlap.  Since the EMCCD camera has 

been moved out of the image plane to make room for the additional optics, a converging relay lens 

with a focal length of 150 mm is placed in the emission path.  The lens was placed 225 mm from 

the image plane and 450 mm from the camera.  These values were chosen by using the ideal lens 

equation to achieve an additional magnification of 2x. 
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The raw data in a TIRFM experiment are the images acquired by the EMCCD camera.  

Multiple images may be sequentially acquired at intervals as short as ca. 20 ms for a 512x512 pixel 

region using our setup.  In many cases, the TIRFM movies are further analyzed using automated 

Matlab routines based on the code originally published by the Ha group112 that locate the molecules 

and extract their background subtracted fluorescence intensity vs time trajectories.  Close 

inspection of the images reveals that the emission from a single molecule is spread over more than 

one pixel, even though the 120-fold magnified (60x objective and 2x relay lens) dimensions of the 

molecule itself are much smaller than the pixel size of ca. 16 µm x16 µm in our setup (Figure 

1.10).  This is due to the fact that the diffraction of light limits the spatial resolution of optical 

microscopy to be equal to approximately the wavelength of light divided by two (Equation 

1.12).113  The distribution of the emission intensity over the pixels (i.e., the point spread function 

(PSF)), is well-approximated by a Gaussian  function and mainly arises due to the profile of the 

laser excitation.114  Aberrations that distort the profile of the laser beam will also cause a 

corresponding distortion in the TIRFM image. 

𝑑 =
𝜆

2𝑁𝐴
                                                                                                                              (1.12) 

 

Figure 1.10.  (A) Zoomed in portion of a TIRFM image to show the pixilation of a single 

fluorescent nanoparticle (Ultra Rainbow, Spherotech).  The sample was excited with a 405 nm 

laser at a power of 0.1 mW.   

1.3 Energy transfer 

As alluded to in the previous sections on quenching and photobleaching, one mechanism 

by which molecules in an excited electronic state dissipate energy is by transferring it to a molecule 

characterized by having a lower energy S0-S1 energy band.  Energy transfer is a prevalent 
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mechanism of interaction between closely lying chains within single large conjugated polymer 

molecules coiled within themselves,64, 115-116 but also between CP molecules in films.60, 117-118 

There are two main mechanisms of non-radiative energy transfer: electron exchange -also 

known as Dexter energy transfer- and coulombic dipole-dipole energy transfer also known as -

Förster resonance energy transfer (FRET).73  In the Dexter mechanism, an electron is transferred 

from the lowest unoccupied molecular orbital (LUMO) of the excited donor to the LUMO of the 

acceptor while a second electron is transferred from the highest occupied molecular orbital 

(HOMO) of the acceptor to that of the donor, leaving the acceptor in the excited state and the donor 

in the ground state.   Dexter energy transfer may be viewed as simultaneous 2e- transfer and 

requires orbital overlap.  As a result, it is a short-range mechanism with the transfer efficiency 

decaying exponentially as a function of donor-acceptor distance.  For this reason, Dexter energy 

transfer is frequently encountered as a collisional quenching mechanism.  In contrast, FRET 

involves the coupling of the excited donor and the ground state acceptor via coulombic dipole-

dipole interactions, which result in a decay in transfer efficiency that is a function of the inverse 

sixth power of the donor-acceptor distance.  Like Dexter transfer, the final state following FRET 

is a ground state donor and excited state acceptor.  Both energy transfer mechanisms are present 

in CP materials, but FRET tends to dominate because it operates over a longer range. 

1.3.1 Förster resonance energy transfer theory 

The theory of non-radiative energy transfer via dipole-dipole coupling was developed by 

German scientist Theodor Förster in the 1940s.119-120  Förster approximated the donor and the 

acceptor molecules as weakly coupled point dipoles and applied classical electrodynamics to 

derive an equation relating the rate of energy transfer to five parameters: the overlap between the 

donor emission and acceptor absorption spectra (J), the relative orientation of the dipoles (κ2), the 

refractive index of the medium (n), the donor-acceptor separation distance (R), and the radiative 

rate constant of the donor, effectively integrated as the ratio between the decay rate constant and 

the fluorescence quantum yield of the donor (D).121  The efficiency of energy transfer (E) may 

be written as the ratio of the donor-acceptor distance, R, to the parameter R0, -defined as the donor-

acceptor distance where the efficiency of energy transfer if 50%- to the inverse sixth power 

(Equations 1.13 and 1.14).  Experimentally, the FRET efficiency is also often determined by 
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computing the ratio of the donor intensity or lifetime (I or ) in the presence of the acceptor versus 

the donor intensity or lifetime in the absence of the acceptor (I0 or 0) as per Equation 1.15 

𝑅0
6 =

9 ln 10𝜅2Φ𝐷𝐽

128𝜋5𝑁A𝑛4
         (1.13) 

𝐸 =
1

1+(
𝑅

𝑅0
)

6          (1.14) 

𝐸 = 1 −
𝐼

𝐼0
= 1 −

𝜏

𝜏0
         (1.15) 

One of the biggest strengths of FRET theory is that the energy transfer efficiency may be 

calculated using constants and easily obtained experimental data.  The overlap integral can be 

computed as per Equation 1.16 upon obtaining the donor emission spectrum (fD, in units of cm-1 

and normalized to an area of 1) and the acceptor absorption spectrum (εA, in units of molar 

absorptivity (M-1cm-1) per cm) experimentally.  The dipole orientation factor has a range of 

possible values between 0 and 4 and is defined by Equation 1.17, where 𝑅̂𝐷𝐴 is the normalized 

displacement between the donor and the acceptor dipoles and 𝜇̂𝐷 and 𝜇̂𝐴 are the normalized donor 

and acceptor dipole moments, respectively.  Many authors assume that κ2 is 2/3, the value for 

dipoles that are isotropically oriented within the excited state lifetime.  This assumption is dubious 

in many cases, particularly for large, slowly tumbling molecules (e.g., proteins) or anisotropic 

environments (e.g., lipid membranes), and can be a significant source of error in comparing 

theoretical estimations of FRET efficiency to experimental ones. 

𝐽 = ∫ 𝑓𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆        (1.16) 

𝜅 = 𝜇̂𝐴 ∙ 𝜇̂𝐷 − 3(𝜇̂𝐷 ∙ 𝑅̂𝐷𝐴)(𝜇̂𝐴 ∙ 𝑅̂𝐷𝐴)      (1.17) 

Typical donor/acceptor pairs used in FRET studies have R0 values of ca. 5 nm.  This, 

combined with the 1/R6 dependence on the donor/acceptor distance, means large changes in FRET 

efficiency are observed for relatively small changes in R (Figure 1.11).  Fluorescence techniques 

based on FRET have been developed to take advantage of this sensitivity to measure distances on 

the nanometer scale and have become widely used in the chemical122-124 and biological sciences.112, 

125-127 
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Figure 1.11.  Relationship between FRET efficiency and donor-acceptor distance.  Graph 

illustrating the FRET efficiency versus R for a donor/acceptor pair with an R0 value of 5 nm. 

1.3.2 Considerations required for multichromophoric systems 

Förster’s theory of resonance energy transfer was developed for a single donor/acceptor 

pair where both units are considered located at relatively large distances enabling approximating 

them both as point dipoles.  These assumptions do not necessarily hold true for multichromophoric 

systems at close distance.128  In this thesis, the multichromophoric systems under consideration 

include lipid membranes containing donor or acceptor dyes and conjugated polymers (behaving as 

acceptors or donors, respectively), where the polymer chain itself contains multiple chromophores, 

and where the deposition of the polymers into thin films can also result in energy transfer between 

different polymer chains.  In the following section, the attempts by various authors to extend the 

theory to describe energy transfer to multiple acceptors and between CPs will be briefly outlined.  

1.3.2.1 Energy transfer to multiple acceptors in 2 or 3 dimensions 

It was Förster himself who first extended his theory to treat the energy transfer from a 

donor to multiple acceptors in 3 dimensions (i.e., in solution) in 1949.119  He assumed a 

homogeneous solution of donors and acceptors as well as the absence of donor/acceptor diffusion 

and homotransfer between donors.  In this case, the problem is considered in terms the number of 

acceptors within the volume of a sphere (1/C0) of radius equal to the Förster radius, R0 (Equation 

1.18).  The time-dependant intensity decay of the donor in the presence of the acceptor, IDA(t), is 

given by Equation 1.19, where ID
0 and D are the intensity and the lifetime of the donor in the 

absence of acceptors, respectively. 
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It was not until 1964 that Tweet et al. developed a similar solution for energy transfer 

occurring in 2 dimensions, using it to describe energy transfer between chlorophyll a and copper 

pheophytin a in monomolecular films in the dilute limit.129  In 2 dimensions, C0 is defined by the 

area of a circle with a radius of 2πR0
2, rather than by the volume of a sphere.  In the 1970s and 

early 1980s researchers interested in studying processes occurring within lipid membranes using 

FRET developed the theory further.130-134  In 1978, Fung and Stryer published plots of I/I0 and 

energy transfer efficiency versus acceptor surface density generated via numerical integration.  The 

authors recovered values of R0 that agreed well with experimental values for lipid vesicles 

containing fluorescently labeled donor and acceptor phospholipids.130  A year later, Estep and 

Thompson verified the work of Tweet et al. experimentally, and also extended it to show that the 

theory for a 2 dimensional, infinite plane was also applicable to small unilamellar vesicles and 

large multilamellar vesicles of egg phosphatidyl choline.131  Around the same time, Wolber and 

Hudson derived an analytic solution to the same problem, and also for the case of donor/acceptor 

binding and the case that there is an excluded volume around the donor that the acceptor cannot 

access (e.g., the donor is buried inside a protein).132  They also provided a numerical approximation 

to their solution that is accurate within 1% for dilute samples where the concentration of acceptors 

per R0
2 (a measure of the density) is between 0 and 0.5 (Equation 1.20).  At higher acceptor 

densities, the values of the fitting parameters for various values of the acceptor concentration, C,  

are published in the original paper and have also been reproduced elsewhere.132, 135  Figure 1.12A 

shows the relative quantum yield versus acceptor density curves calculated by Wolber and Hudson, 

and Figure 1.12B shows unpublished experimental data for dilute conjugated polyelectrolyte 

donors and DiI acceptors embedded within the membrane of DOTAP liposomes, showing that the 

experimental data follows the general trend predicted by the theory.  Dewey and Hammes later 

provided analytic solutions for energy transfer in other geometries, including parallel infinite 

planes (e.g., the two layers of the bilayer), the surface of a sphere, the surface of concentric spheres, 

and the surface of two separated spheres.133  Snyder and Freire tackled the problem of energy 

transfer in heterogeneous membranes directly using Monte Carlo calculations to simulate the 
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mixing process.134  In addition, they confirmed the previously published analytic solutions under 

the condition that the excluded volume is small relative to R0. 

𝐼

𝐼0
= Φ𝑟𝑒𝑙 ≈ 𝐴1𝑒−𝑘1𝐶 + 𝐴2𝑒−𝑘2𝐶       (1.20) 

In general, the theory for energy transfer in 2 and 3 dimensions is now well-established 

and has been verified experimentally. 125, 136  The equations work best for systems with small 

molecule chromophores that are relatively dilute. 

 

Figure 1.12. FRET in two dimensions.  (A) Relative quantum yield versus acceptor surface density 

for the quenching of randomly distributed donors by randomly distributed acceptors as determined 

by computer simulations where the donor density is 0.1 donors/R0
2 (▲) or 0.5 donors/R0

2 (+), as 

well as the data points obtained from the numerical approximation equation 1.20 (*).  Adapted 

with permission from reference [132] (Copyright, 1979, Elsevier).    (B) Relative quantum yield 

versus acceptor surface density for experimental data collected using steady state fluorescence 

spectroscopy.  The donor is 0.001 PRU:lipid PPE-CO2-7 and the acceptor is DiI ranging from 

0.008–0.85 DiI/R0
2.  The donor and acceptors are present in the membrane of 200 nm diameter 

DOTAP liposomes. 

1.3.2.2 Failure of the ideal dipole approximation 

One of the key assumptions of the FRET theory whose applicability is subject to question 

is the approximation of the donor and acceptor electronic states as point dipoles.128, 137  In general, 

the working assumption is that treating molecules as point dipoles is only appropriate when the 

donor-acceptor distance is larger than the size of the molecules themselves.  Muñoz-Losa et al. 

quantified the donor-acceptor distance where errors due to the ideal dipole approximation became 
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significant for several commonly employed donor-acceptor pairs, including the cyanine dye pair 

Cy3-Cy5, most frequently used in SM studies.  The authors calculated the rate of energy transfer 

by applying quantum mechanical methods to calculate the transition density of the donor and the 

acceptor using the full Coulombic interaction potential over a range of 196 different relative 

orientations. The authors then compared this to the result found by using the dipole-dipole coupling 

approximation used in FRET theory.138  They found significant deviations between the rates of 

energy transfer using the two methods at donor-acceptor distances less than 2 nm for isotropically 

averaged orientations (κ2 = 2/3) and at distances > 5 nm for certain orientations.138  The lower error 

in the isotropically oriented case was attributed to the averaging out of positive and negative 

deviations over the different orientations.  Systems where the donors and acceptors are 

anisotropically oriented are thus expected to suffer from increased error due to the failure of the 

ideal dipole approximation compounded by error in the estimation of κ2.138 

Several properties of CP materials suggest that they may require a more complex 

consideration of the interaction potential and knowledge of the orientation effects.  Large 

macromolecules such as CPs do not necessarily undergo isotropic rotation during their excited 

state lifetime, rendering the commonly held assumption that κ2 = 2/3 invalid.  In addition, the first 

excited singlet state of most CPs is delocalized over several PRUs (> 2 nm), which invalidates the 

ideal dipole approximation that holds that the size of the molecules is much smaller than the 

distance separating them.  This is particularly true for polymers in condensed phases where chains 

are packed within close proximity. 

Several authors have explored the applicability of Förster’s theory of resonance energy 

transfer to conjugated polymers specifically.118, 139-140  Wong et al. studied the energy transfer from 

a six PRU polyfluorene segment to a tetraphenylporphyrin acceptor using semiempirical quantum 

chemical methods.139  Their treatment of the Coulombic interaction potential accounted for the 

extended transition dipole moment density spread along the donor and acceptor molecules and was 

compared to a traditional Förster treatment of the molecules as point dipoles.  While they found 

that the Förster rate of energy transfer was recovered at large separations (ca. 10 nm), significant 

deviations were observed at shorter donor-acceptor distances.  In particular, the rate produced by 

the more accurate quantum mechanical calculations showed a short-range distance dependence 

that was much less sensitive to distance, decaying with an R-2 rather than an R-6 dependence.139 
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Overall, the authors concluded that the Förster expression would be inappropriate for 

condensed-phase systems where the donors and acceptors are closely packed, such as in a thin 

film.  This conclusion was also shared by Wiesenhofer et al., who studied energy transfer between 

a pristine ladder-type poly(para-phenylene) and a second polymer chain with a ketonic defect trap 

site.140  Like Wong et al., they compared the efficiency of energy transfer obtained from a quantum 

mechanical treatment of the interaction potential versus that obtained from traditional Förster 

theory.  When considering two limiting cases of orientation found between polymers packed in 

films, head-to-head and co-facial, they found that Förster theory lead to a strong overestimation in 

the former case and a strong underestimation in the latter.140  The use of quantum calculations to 

more accurately treat the transition density of the molecules was also necessary to properly 

describe the important experimental result of Beljonne et al., who used ultrafast spectroscopy to 

show that the rate of interchain energy transfer between polyindenofluorenes packed in a film is 

ca. 1 order of magnitude faster than intrachain energy transfer along an isolated chain in 

solution.118 

In conclusion, care must be taken in applying Förster theory to energy transfer between 

CPs, since several key assumptions implicit in the theory have been shown to fail for various CP 

systems.  Modifications to the theory to more accurately treat these cases have been achieved, but 

since these require complex quantum mechanical calculations they are not as easily accessible to 

the average experimentalist as traditional FRET theory. 

1.4 Relationship between conformation, film morphology, and energy transfer 

efficiency 

The importance of energy transfer in CP materials was quickly realized by experimentalists 

studying CP films using time resolved spectroscopy and site selective fluorescence techniques.141-

145  For example, Hayes et al. observed an extremely rapid rise in the emission from unoriented 

films of MEH-PPV and PPV that was attributed to exciton formation, followed by vibronic 

relaxation occurring on the femtosecond timescale.143  Interestingly, a redshift in the emission was 

observed over time, which was interpreted as exciton migration from less conjugated/higher 

energy sites to more conjugated/lower energy sites.143 
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To understand the nature of the energy transfer, it is helpful to take a closer look at how 

excitons are localized at different sites on the polymer.  Although CPs may appear as 1D molecules 

on paper, in reality they are subject to conformational disorder.  Twists and kinks in the polymer 

chain lead to a break in the pi conjugation and lead to the separation of the polymer chain into a 

series of conformational subunits with a distribution of conjugation lengths.  (See Figure 1.13).  

Typical conjugation lengths for the PPV and PPE polymers investigated in this thesis are 10-17 

PRUs146 and 5 PRUs,92 respectively.  Excitons are initially localized on one conformational subunit 

following excitation, but may further delocalize along the chain or migrate to other chromophore 

subunits via resonance energy transfer. 

 

Figure 1.13.  Conformation and energy transfer in CPs.  Cartoon of a poly(phenylene vinylene) 

macromolecule illustrating the concepts of conformational subunits, conjugation breaks, and 

regions of intrachain and interchain energy transfer, corresponding to regions with extended and 

tightly coiled conformations, respectively.  Adapted with permission from reference [147] 

(Copyright, 2009, American Association for the Advancement of Science).   

1.4.1 Intrachain versus interchain energy transfer 

When discussing energy transfer processes within CPs, a distinction is made between 

intrachain and interchain energy transfer.60, 118, 147  Intrachain transfer occurs between adjacent 

segments of the polymer chain and tends to dominate in isolated chains with highly rigid, or 
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extended conformations.147 Interchain transfer, however, occurs between different chains or 

between distant segments of the same chain that are brought within close proximity due to 

conformational flexibility of the macromolecule.  This type of energy transfer tends to dominate 

when the polymer adopts a tightly coiled, or collapsed conformation.147  Although the existence of 

energy transfer in CPs was well-established through the 1980s and 1990s, it was difficult to 

distinguish between intrachain and interchain transfer and to determine how much either pathway 

contributes towards the observed energy migration in the material.  In 2000 and 2001, Schwartz et 

al. reported an elegant strategy to probe intrachain energy transfer by encapsulating single chains 

of MEH-PPV inside oriented channels within nanoporous silica.148-149  These extended, oriented 

chains where only intrachain transfer was possible were then compared to randomly oriented films 

of MEH-PPV deposited outside of the channel, where both interchain and intrachain energy 

transfer were possible.  Ultrafast emission anisotropy measurements showed that excitons 

generated in the film outside of the channels migrated to the polymer segments contained within 

the pores, resulting in an increase in the anisotropy due to emission occurring primarily from the 

oriented chains.  Overall, interchain energy transfer was found to occur more rapidly than 

intrachain energy transfer.  Beljonne et al. reached the same conclusion in their study comparing 

the rates of intra and intermolecular energy transfer in polyindenefluorenes using quantum 

mechanical calculations.118, 150  The disparity between the rates was explained by the relatively 

weak electronic coupling elements between chromophores arranged head-to-tail, as they would be 

for chromophore subunits undergoing intramolecular energy transfer versus other orientations, 

such as co-facial, that could be considered in the case of intermolecular energy transfer (see also 

Figure 1.13). 

1.4.2 Single molecule spectroscopy studies demonstrating energy migration 

Although the presence of energy migration in CPs was well-documented and its importance 

to the functioning of CPs in devices was clear, developing a complete understanding of the energy 

transporting properties has been a longstanding challenge for the scientific community.  A large 

part of the difficulty is that CP materials are inherently heterogeneous, both at the level of 

individual chains (distributions in chain length, conformation64, 151-152, and chemical defects153-154) 

and at the level of films in devices (morphology117 and the formation of interchain species154-155) 

(Figure 1.14).   
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SMS studies have been instrumental in deconstructing the complex photophysical 

properties of CP materials in bulk into behavior at the level of single polymer chains.72, 156  In this 

section, several landmark SMS studies that demonstrated the relationship between chain 

conformation and energy transporting properties will be reviewed, followed by a summary of the 

most recent progress in the field. 

 

Figure 1.14.  Heterogeneity within conjugated polymers.  Possible modes include twisting and 

bending of the polymer chain as well as the presence of chemical defects.  Adapted with permission 

from reference [156] (Copyright, 2010, John Wiley and Sons).   

In 1997, the first SMS study on single conjugated polymers was published by Vanden Bout 

et al. in the journal Science.116  A dilute solution of a copolymer with a poly(p-phenylene vinylene) 

(PPV) and a poly(p-pyridylene vinylene) (PPyV) backbone (Figure 1.15A) was spincast onto a 

polystyrene surface and imaged using scanning confocal microscopy (Figure 1.15B).  Remarkably, 

the intensity versus time trajectories acquired for individual polymer chains showed discrete on-

off transitions and single step photobleaching (Figure 1.15C and Figure 1.15D).  This result was 

remarkable because it implied that the entire polymer chain was acting as a single molecule despite 

containing many individual chromophore subunits.  With an average molecular weight of ca. 2000, 

this corresponds to ca. 80 phenyl-vinyl units per polymer.  The dark states were interpreted as 

either reversible or irreversible photobleaching of one of the chromophores, followed by rapid 
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(i.e., faster than the radiative decay rate) energy migration from all other excited states to the trap 

site. 

One of the important implications of this study was that a few chemical defects could 

quench the emission of an entire polymer chain, an observation that was later exploited to develop 

ultrasensitive chemical and biological sensors.39, 157-158  In addition, the work showed that the 

energy migration occurring in PPV thin films was also occurring to some extent at the level of an 

individual chain. 

 

Figure 1.15.  Detection of single CP molecules using confocal microscopy.  (A) Chemical 

structure of the conjugated polymer under study.  The polymer is formed by the copolymerization 

of poly(p-phenylene vinylene) and poly(p-pyridylene vinylene) derivatives.  (B) Fluorescence 

scanning confocal image of the single polymer molecules.  The fluorescence intensity is shown on 

a height and colour scale.  (C) Representative fluorescence intensity versus time trajectory for a 

single polymer molecule demonstrating discrete, reversible transitions and single step 

photobleaching.  (D) Histogram of the different intensity states observed in the intensity versus 

time trajectories of 40 different polymer chains.  Three different intensity states, dark, 

intermediate, and bright are fit to the Gaussian distributions plotted in blue, red, and green, 

respectively.  Adapted with permission from reference [116] (Copyright, 1997, The American 

Association for the Advancement of Science). 

Following the demonstration of single step photobleaching in individual conjugated 

polymer chains by Vanden Bout et al., the number of SMS studies on CPs flourished.  The presence 

of discrete intensity jumps in single polymer intensity versus time trajectories became well-known 

as a signature of efficient energy migration.  The observation of different photophysical signatures 

also provided evidence for different conformations coexisting within samples of spin-coated 

MEH-PPV, emphasizing the inherent heterogeneity present in polymer thin films.159  Experiments 

using polarized excitation light were also used to show the degree of structural order based on the 
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extent of emission anisotropy from individual MEH-PPV polymer chains.66, 160  The emission 

anisotropy data was then correlated to the results of Monte Carlo simulations to determine probable 

chain conformations (see Figure 1.16A).66  In this study and others,59, 161 tetrahedral defects (e.g., 

saturated carbons) along the polymer chain were determined to play a critical role in dictating the 

polymer conformation. 

It is well-known from the polymer science literature that the conformation of polymers in 

solutions is intimately related to polymer-solvent ineractions.162  In 2000, Huser and coworkers 

studied chains of MEH-PPV spin cast from a poor solvent, toluene, and chains spin cast from a 

good solvent, chloroform, using SM confocal microscopy.57  The photophysical behaviour of the 

chains cast from different solvents varied dramatically.  The chains cast from toluene had discrete 

intensity jumps, the signature of efficient energy migration, whereas the chains cast from 

chloroform behaved as an ensemble of uncommunicating chromophores and showed exponential 

photobleaching (see Figure 1.16B).  The result from the chains cast from toluene was later 

reproduced by Ebihara et al, who additionally performed molecular dynamics simulations to show 

that the chain conformation was consistent with a defect coil.61  Similar behaviour has also been 

reported recently for SMS studies of regioregular and regiorandom P3HT spun cast from both poor 

and good solvents.62  These studies are significant because they show how solution processing 

conditions (e.g., choice of solvent) can affect the photophysical properties of CP films starting at 

the level of a single polymer chain. 
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Figure 1.16.  Spectroscopic signatures of single CPs adopting different conformations.  (A) 

Results of Monte-Carlo simulations of a 100-repeat unit homopolymer showing different possible 

conformations.  Adapted with permission from reference [66] (Copyright, 2000, Nature Publishing 

Group). (B) Emission intensity versus time trajectories extracted from confocal microscopy of 

single MEH-PPV polymers cast from toluene or chloroform.  Adapted with permission from 

reference [57] (Copyright, 2000, National Academy of Sciences). 

Through the mid to late 2000s, SMS studies continued to help refine our understanding of 

CP photophysics.  Low temperature experiments were conducted to probe the nature of the 

individual chromophores along an MEH-PPV chain, showing that multiple emissive species are 

responsible for the inhomogeneous broadening of the ensemble absorption and emission 

spectra.163-165  Thiessen et al. collected low temperature, single molecule emission spectra of the 

polymer P3HT and showed that the chromophores exhibited a wide range of S0-S1 energy gaps, 

which they attributed to structural and conformational disorder at the single chromophore level 

(see Figure 1.17A).71   

Although the presence of disorder at the single chromophore level was acknowledged, the 

consensus was still that structure-property correlations in CPs stemmed mainly from differences 

in morphology, not differences between individual chromophores.166  Toward this end, a number 

of studies examined the effect of side chains on energy migration in CPs.  Sugimoto et al. studied 

a polythiophene grafted with side chains of polystyrene and concluded based on photobleaching 

dynamics, emission anisotropy, and single molecule emission spectra that the bulky side chains 

prevented the polymer from adopting a collapsed conformation and lowered the efficiency of 
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energy migration compared to a polythiophene without bulky side chains (see Figure 1.17B and 

1.17C).167  Hu et al. also concluded that the distribution of side chains strongly affects polymer 

conformation at the single molecule level from the results of their study of regiorandom P3HT and 

poly(3-hexyl-2,5-thienylene vinylene).168 

 

Figure 1.17.  Effect of side chains on energy migration in single CP molecules.  (A) Fluorescence 

intensity versus time trajectories obtained from confocal microscopy of individual polythiophene 

polymers.  Polymers without bulky sidechains (left column) show discrete intensity fluctuations 

and stepwise photobleaching indicative of efficient energy migration whereas polymers grafted 

with polystyrene side chains (right column) show exponential photobleaching indicative of poor 

energy migration.  Adapted with permission from reference [71].  (B) Emission spectra of P3HT 

in toluene solution (green), drop cast from toluene into a thin film (red), and of single molecules 

at 4K (grey).  (C) Normalized emission spectrum of 115 single molecules sorted by peak energy 

for the 0-0 transition.  The 0-1 vibronic transition is shifted 180 meV from the main peaks.  

Adapted with permission from reference [167] (Copyright, 2007, John Wiley and Sons). 

As more and more scientists were harnessing the power of SMS to study the photophysics 

of CPs, several developments were taking place in parallel within the broader single molecule 

community.  Of these, the invention of sub-diffraction limit microscopy, for which Eric Betzig, 

Stefan W. Hell and W.E. Moerner shared the Nobel Prize in Chemistry in 2014, is arguably one 

of the most significant.  These superresolution techniques allow features to be resolved with an 

order of magnitude greater resolution, by either performing a 2D Gaussian fitting of the 

fluorescence spot to localize its centre, or by altering the point spread function of the excitation 
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beam.  In 2009, Habuchi et al. performed centroid fitting on the emission blinking of single MEH-

PPV polymers to localize the emitting sites with nanometer resolution.169  More than half of the 

intensity fluctuations were accompanied by a spatial displacement, which the authors interpreted 

as evidence for energy transfer to different emitting sites (see Figure 1.18A to 1.18E).  In 2012, 

Yu et al also used superresolution techniques to quantify the quenching radius of hole polarons in 

PFBT nanoparticles.170  Quenching of a portion of the chromophores by the hole polaron led to a 

dark spot which in turn led to small displacements in the fluorescence spot that could be localized 

using centroid fitting.  In a similar study, Bolinger et al. injected hole polarons into single chains 

or nanoparticles of MEH-PPV electrochemically, and then determined the quenching radius by 

centroid fitting of the observed displacement in the fluorescence spot (see Figure 1.18F to 

1.18H).171  Interestingly, long-range energy migration (up to 60 nm) was observed for the single 

polymer chains but not the nanoparticles.171  The authors speculated that the increased order in the 

single chain over the NP, which was modeled to have a defect coil conformation, was an important 

parameter in determining the efficiency of energy migration.171  It is also possible that the presence 

of defects in NPs or films may lead to an underestimation in the exciton diffusion length by 

competing with the injected hole polaron as alternative quenchers. 
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Figure 1.18.  Detection of exciton migration in CPs using superresolution techniques.  (A) 

Fluorescence intensity versus time trajectory for a single MEH-PPV molecule showing high and 

low intensity states. (B) and (C) Fluorescence microscopy image of a single MEH-PPV molecule 

(left) and 2D Gaussian fitting (right) for the low and high intensity states, respectively.  (D) 

Centroid positions of the emissive site along the x (top) and y (centre) directions.  (E) Plot showing 

the centroid position calculated at each time point along the y and x axis.  The large circles show 

the location of the emitting sites and the width of the circle represents the standard deviation.  

Adapted with permission from reference [169] (Copyright, 2009, Royal Society of Chemistry).  

(F)  Drawing of an MEH-PPV chain with length Lh cast on a PMMA matrix next to a hole 

transporting layer.  The quenching radius of the hole polaron is illustrated by a white, dashed circle.  

(G) Fluorescence intensity versus time trajectory of a single MEH-PPV molecule (black, bottom) 

under an applied bias (green, top).  (H) Histogram of the total centroid displacement (𝐷 =

√𝑥2 + 𝑦2) determined from 167 MEH-PPV molecules.  The mean displacement is 13.7 nm, but 

displacements up to 60 nm are observed in some cases.  Adapted with permission from reference 

[171] (Copyright, 2011, American Association for the Advancement of Science).   

Several SMS studies published within the last few years have further explored the idea that 

efficient energy migration is facilitated by long-range order in the polymer packing.115, 172-174  In 
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2014, Hu et al. used a technique called solvent vapor annealing (SVA) to create P3HT aggregates 

for SMS imaging, effectively adopting a procedure first reported by Vogelsang et al. in 2011115, 

175  Single polymer chains embedded in PMMA were exposed to N2 saturated with solvent.  The 

solvent caused swelling of the PMMA matrix, allowing the previously immobilized polymers to 

diffuse within the matrix and form aggregates.  The authors compared the efficiency of energy 

migration in aggregates of regioregular P3HT, which exhibits highly ordered packing, to 

aggregates of regiorandom P3HT, which has relatively disordered packing, and concluded that 

disordered packing, even in small aggregates, strongly impedes interchain energy transfer.  This 

conclusion was also reached by Camacho et al., who compared the energy funneling efficiency of 

a polyfluorene bis-vinylphenylene derivative to the light harvesting antenna of purple bacteria 

(LH2) using two dimensional polarization imaging.172  As expected for a naturally occurring light 

harvesting complex, the funneling efficiency of LH2 was close to unity, whereas the value for the 

CP was much lower.  Insulation of the polymer backbone by cyclodextrin, however, recovered 

funneling efficiencies close to unity, demonstrating the importance of order in the efficiency of 

energy migration and the role that structural scaffolding can play in helping to achieve that order.  

The use of lipid membranes as a scaffold for controlling the packing and relative orientation of 

conjugated polyelectrolytes in the context of light harvesting is explored in Chapter 3 of this thesis. 

In all the SMS studies on CPs highlighted so far, the polymers had been immobilized in 

the solid state.  For certain applications, particularly those involving water-soluble conjugated 

polyelectrolytes, the ability to study the photophysics of single polymers in their native 

environment may reveal more insights, particularly in regards to conformational dynamics.  One 

of the challenges in meeting this objective is to find an appropriate immobilization strategy for 

imaging over extended time periods.   

In the single molecule biophysics community, biomolecules are frequently modified with 

a biotin moiety and attached via the binding of the biotin to an imaging surface bearing streptavidin 

or neutravidin, where the dissociation constant of the biotin/protein complex is extremely low, at 

ca. 10-15 M-1176  In 2013, Delgarno et al. used this strategy to immobilize a polythiophene for SM 

imaging in buffer (see Figure 1.19A).177  Fluctuations in the fluorescence intensity representing 

transitions to dark states (e.g., radicals) and photobleaching were observed and addition of an 
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enzymatic oxygen scavenger was found to improve the stability and lifetime of the fluorescent 

signal. 

The complexation of polymers with nanostructures such as liposomes70, 90 or silica 

nanoparticles94, 98 has been pursued by our laboratory at McGill University as an alternative 

immobilization strategy for SM imaging.  In 2010, Karam et al. reported the encapsulation of 

single molecules of MPS-PPV inside of liposomes 200 nm in diameter, thus localizing the polymer 

within a diffraction limited spot (see Figure 1.19B).70  The authors ensured that each liposome 

contained at most 1 MPS-PPV molecule by relying on encapsulation statistics for a very dilute 

solution (i.e., most liposomes contain zero polymers, ca. 20% contain 1 polymer, and accordingly 

very few are expected to contain 2 polymers).  One of the key advantages to the liposome 

encapsulation strategy is that the polymers are freely diffusing, thus allowing their photophysical 

properties to be interrogated in the native state.70  The authors found that freely floating MPS-PPV 

within liposomes showed signature behavior of coiled conjugated polymers in terms of exhibiting 

few emissive sites, implying efficient energy migration.  By changing the nature of the membrane 

from anionic to zwitterionic, thus favoring polymer embedding within the amphiphilic lipids, the 

authors next showed that the polymer behaved as a collection of independent emissive 

chromophores, a manifestation of poor energy transfer arising from the deaggregation of the 

polymer within the membrane. 

The adsorption of MPS-PPV onto surface-functionalized 100 nm diameter silica 

nanoparticles has also been established as a platform for SMS studies (see Figure 1.19C).94, 98  Like 

the liposomes, the NP scaffold localizes the polymers within a diffraction limited spot.  Although 

this strategy is not easily amenable to the study of single polymer chains, the photophysical 

behaviour of the NPs under SM imaging conditions is an important subject in the context of 

creating new markers for biological imaging or the development of new biosensing platforms.  For 

example, Chapter 2 of this thesis presents an assay to detect membrane dynamics of individual 

liposomes by monitoring their effect on the emissive properties of MPS-PPV coated NPs using 

TIRFM. 
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Figure 1.19. Immobilization strategies for SMS imaging of CPs in solution.  (A) Binding of a CP 

modified with a biotin moiety to a coverslip using biotin/streptavidin interactions.  Adapted with 

permission from reference [177] (Copyright, 2013, The American Chemical Society).  (B) 

Encapsulation of a CPE within the 200 nm diameter liposomes.  The partitioning of the polymer 

between the membrane phase and the aqueous compartment is controlled by modifying the charge 

on the lipid head groups.  Adapted with permission from reference [70].  (C) Absorption of a CPE 

onto silica nanoparticles.  The adsorption is mediated by electrostatic attraction between the 

pendant sulfonate groups of the polyanion and charged amine groups on the surface-functionalized 

NP.  Adapted with permission from reference [98] (Copyright, 2011, NRC Research Press). 

1.5 Controlling conjugated polymer photophysics by manipulating the 

environment 

In the previous sections, our current understanding of the intimate relationship between 

conformation and energy transfer in CPs was discussed.  Although this relationship makes a 

complete understanding of the photophysics of CPs a complex problem, it also offers a unique 

opportunity to control their properties by coaxing them into a desired conformation or aggregation 
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state.  In this sense, scientists have a much larger parameter space to work in beyond synthetic 

modification of the polymer’s chemical structure.  In the case of conjugated polyelectrolytes, the 

parameter space is even larger, since additional factors such as pH, ionic strength/nature of counter 

ions, surfactants, and even biological/biomimetic structures such as lipid membranes can be used 

to tune the photophysical properties.  In this section, the effect of environmental properties on the 

photophysics of CPs will be discussed, with an emphasis on the conjugated polyanions used in this 

thesis: MPS-PPV and PPE-CO2. 

1.5.1 Solvent and counter ions 

In solution, polymer chains may exist either as molecularly dissolved species or as 

aggregates, depending on the solvent-polymer interactions.  Several techniques, including steady-

state and time-resolved fluorescence spectroscopy, UV-Vis absorption spectroscopy, and light 

scattering measurements are used to infer the nature of the species present.    Experimentally, 

aggregates may be detected by changes in size via dynamic light scattering (DLS),178 or 

spectroscopically by fluorescence correlation spectroscopy (FCS).179  Spectroscopic signatures of 

aggregates include red-shifted absorption and emission spectra, spectral broadening, and reduced 

fluorescence quantum yields.180-184  These red shifts may be due to aggregation facilitating energy 

transfer to low-energy sites89, 185 or to the formation of excimer-like species, where the electronic 

mixing of the neighbouring chains occurs.180  The formation of aggregates may also help induce 

greater planarity in the polymer chains, increasing the effective conjugation length and reducing 

the band gap.181, 184, 186 

One of the interesting features of CPs spin cast from solution is that the polymer chains 

have memory of their solution conformation in the solid state.  A fascinating study published by 

Vogelsang et al. in 2011 showed the effect of solvent on the conformational dynamics of single 

MEH-PPV chains in real time.175  The chains were initially spin cast onto a PMMA matrix, where 

their conformation was shown to be heterogeneous spectroscopically.  Some chains were relatively 

disordered and kinetically trapped in a high energy state whereas others were relatively ordered 

and represented a lower energy state.  Upon exposing the film to N2 saturated with solvent vapor 

(i.e., solvent vapor annealing), the PMMA matrix swelled and the polymer chains were free to 

adjust their conformation and diffuse through the matrix (Figure 1.20A).  During this process, the 

emission of the MEH-PPV chains was collected using TIRFM (Figure 1.20B).  The intensity 
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versus time trajectory for a chain showed fluctuations in intensity related to the dynamics of the 

chain adopting collapsed (low intensity) versus extended (high intensity) conformations during 

solvent vapor annealing.  Translational diffusion of the chain through the matrix was also observed 

during this time interval.  After SVA was completed, emission polarization experiments confirmed 

that all of the chains were present in the ordered, low energy conformation.175 

 

Figure 1.20.  Observation of real time conformational changes in single CP molecules.  (A) 

Scheme showing the solvent vapor annealing process.  MEH-PPV chains in solution are spin cast 

onto a PMMA matrix.  The chains embedded in the poly(methacrylic acid) matrix have memory 

of their conformation in solution.  During solvent vapor annealing, the matrix swells and the 

polymer chains explore different conformations.  Upon drying of the film, the polymers are left in 

a more thermodynamically favorable conformation.  (B) Fluorescence intensity versus time 

trajectory for a single MEH-PPV molecule before, during, and after solvent vapor annealing 

(black).  Intensity fluctuations related to the dynamic equilibrium between different chain 

conformations are observed during SVA.  The velocity of the fluorescent spot (i.e., the diffusion 

of the polymer) is plotted in red.  The polymer is mobile during SVA but is stationary otherwise.  

Adapted with permission from reference [175] (Copyright, 2011, John Wiley and Sons). 

The first study demonstrating the spectroscopic signatures of aggregate and excimer 

formation in PPE polymers was reported by Halkyard et al. in 1998, who compared the spectra 

obtained in mixtures of solvent (chloroform) and non-solvent (methanol).187  The presence of 

aggregates was confirmed by filtration through a membrane with a 1.5 µm pore size and they were 

spectroscopically distinguished by the appearance of a sharp absorption peak at 440 nm and a 

broad emission peak at 504 nm.  Tan et al. and Zhao et al. also observed similar spectroscopic 

features for water soluble PPEs with sidechains bearing SO3
- and CO2

- groups, respectively.180, 186  

These polymers are molecularly dissolved in methanol and present as aggregates in aqueous 

solution (see Figure 1.21).  Despite the presence of the charged side chains, pi-pi stacking 
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interactions between the hydrophobic backbones is proposed as one of the major forces driving 

the aggregation of CPEs in water.  Increasing the number of charged groups was recently reported 

as a successful strategy for avoiding aggregation of PPE oligomers in water.188  The presence of 

counterions has been demonstrated by multiple groups to drive the aggregation of CPEs.92, 179, 181, 

189-192  This effect may be explained by the counterions shielding electrostatic repulsion between 

chains, or, in the case of multivalent ions, by facilitating aggregation via polymer-polymer 

bridging.  In addition, CPEs are susceptible to pH-induced aggregation in a manner that depends 

on the pKa of their ionisable side chains.193-195 

 

Figure 1.21.  Spectroscopy of aggregated and molecularly dissolved PPE-CO2.  (A) and (B) 

Absorption and emission spectrum of PPE-CO2 (n = 7) in water (black squares) and methanol (red 

circles), respectively.  Adapted with permission from reference [183] (Copyright, 2014, The 

American Chemical Society). 

1.5.2 Complexation with surfactants 

Complexation of CPEs with surfactants is another widely used strategy to control their 

photophysical properties in aqueous solution89, 196-203 and in thin films.204-205  The effect of 

surfactant complexation on the energy migration and amplified quenching efficiency of CPEs is 

of particular interest in the context of developing highly sensitive biosensors.53  Addition of 

surfactants to aqueous solutions of CPEs tends to result in a number of changes to their 

conformation/aggregation that lead to concomitant changes in their photophysical properties.  In a 

typical example, Chen et al. reported in 2000 that the addition of the cationic surfactant 

dodecyltrimethylammonium bromide (DTAB) to MPS-PPV in aqueous solution resulted in a 20-

fold enhancement in the emission intensity and the appearance of a well-defined vibronic shoulder 
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at ca. 625 nm at a DTAB:PRU ratio of 10:1 (Figure 1.22A).185  These observations were consistent 

with the surfactant inducing a conformational change from a disordered structure to a more ordered 

structure.  Extension of the polymer chain would decrease the occurrence of interchain interactions 

that promote charge transfer reactions or excimer formation, thus restoring the fluorescence 

quantum yield and providing for a structured emission spectrum.  In addition, the emission was no 

longer dependent on the excitation wavelength after complexation with DTAB, consistent with 

reduced disorder. 

Several groups have elucidated the structure of CPE-surfactant complexes using techniques 

such as DLS, small angle neutron scattering (SANS), small angle X-ray scattering (SAXS) and 

liquid phase atomic force microscopy (AFM).206-208  For example, Knaapila et al. studied the 

interaction of a cationic polythiophene with the anionic surfactant sodium dodecyl phosphate 

(SDS) and found that addition of surfactant eliminated interparticle order within the polymer 

aggregates in water, leading to the formation of rod-like or sheet-like polymer/SDS aggregates.206  

In this sense, the polymer may still be part of an aggregate but behave spectroscopically like a 

molecularly dissolved chain.  Additionally, the authors noted that precipitation may occur when 

the overall charge of the polymer/surfactant aggregate becomes neutral, an important caveat to be 

aware of when working with these complexes in solution. 

In another study, Heeley et al. studied the aggregation properties of two different CPEs 

with oppositely charged surfactants as a function of surfactant concentration.208  They found that 

the emission quantum yield of the CPEs first increased at low surfactant concentrations, decreased 

at intermediate concentrations, and then increased again at concentrations approaching the CMC 

upon addition of the oppositely charged surfactant.  The changes in the quantum yield were 

correlated to changes in the aggregate size using light scattering measurements.  The decrease in 

the quantum yield was associated with the formation of large polymer/surfactant aggregations and 

the recovery at the CMC was concomitant with the formation of spherical/cylindrical surfactant 

micelles that templated the extension of the CPE chains (see Figure 1.22B).  The authors concluded 

that the effect was driven by a combination of hydrophobic and electrostatic interactions along 

with the propensity of the surfactant to form micelles, where some amount of each factor is 

required.  Overall, the significance of these investigations is that the photophysical and aggregation 

properties of CPEs can be tuned by the appropriate application of common surfactant agents, 
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providing another dimension to achieve the desired properties outside of chemical modification of 

the polymer chain.  The ability of the surfactant to template the self-assembly of CPEs into 

structures with long-range order provides interesting opportunities in the context of improving 

biosensors and controlling energy migration within these materials.  

 

Figure 1.22.  Interaction of CPEs with surfactants.  (A) Emission spectrum of MPS-PPV in water 

or mixed with the cationic surfactant DTA in a 10:1 surfactant:PRU ratio.  Emission enhancement 

and the appearance of vibronic structure are evidence for DTAB inducing increased order in the 

MPS-PPV chain.  Adapted with permission from reference [185] (Copyright, 2000, The American 

Chemical Society).  (B) Scheme showing different stages of complex formation between a 

polyanion and the cationic surfactant DTAB.  At low concentrations, DTAB breaks interchain 

interactions between the folded polyanion.  At intermediate concentrations, DTAB induces cross 

linking of the CPE chains and large aggregates form.  At high concentrations, DTAB templates 

the CPE by forming spherical (a, top) or cylindrical (b, bottom) micelles.  Adapted with permission 

from reference [208] (Copyright, 2013, Royal Society of Chemistry). 

1.5.3 Complexation with lipid membranes 

Given the readiness with which CPEs interact with surfactants in aqueous solution, 

researchers have also explored their interaction with lipids, biomolecules with amphiphilic 

properties.  The spontaneous insertion of CPEs into lipid bilayer membranes has led to several 

interesting applications, most notably the development of biosensing platforms,45, 53, 209-212 biocidal 

agents based on the disruption of bacterial membranes by CPE insertion,158, 213-217 as well as the 

use of CPEs to enhance electrical conductivity in microbial fuel cells.218-224  In this section, 

however, the main focus will be on highlighting studies that show the fundamental relationship 

between CPE/membrane morphology and its effect on CPE photophysics.  In general, the 
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association of CPEs with lipid membranes has been shown to lead to increased emission quantum 

yields and blue shifted emission spectra,90, 183, 192, 225-229 similar to the changes induced by 

complexation with surfactants.  Emission enhancement and blue-shifted emission are both 

signatures of polymer deaggregation that is facilitated via interaction with the membrane.  The 

association of CPEs with the membrane has also been confirmed by the observation of FRET from 

the CPE donor to a membrane-bound acceptor.70, 90, 225, 227-228 

Polymers with various backbone structures including PPVs,70, 90, 192, 230 PPEs,183, 226, 228 

polythiophenes,225, 229, 231-233 and polyfluorenes227, 234-235 have all been shown to interact with lipid 

membranes.  The effect of factors including lipid charge,70, 183, 226, 235 polymer chain length,183, 226 

as well as the nature of the lipid headgroup158, 226 and the polymer sidechains225, 228, 234 on the 

interaction have also been explored.  In 2008, Ngo et al. reported the encapsulation of MPS-PPV 

inside of 100 nm diameter liposomes formed from the monounsaturated, zwitterionic lipid DOPC, 

a popular model for mammalian cell membranes.90  The presence of an unquenchable fraction of 

polymer emission upon addition of the electron acceptor methyl viologen provided evidence for 

the encapsulation of the polymer within the liposomes.  An increase in the fluorescence quantum 

yield as well as a blue shift in the emission spectrum was noted, suggesting that the encapsulated 

polymer was associated with the membrane, thus leading to an extension of the polymer backbone 

and the observed photophysical properties.  The conclusion that the polymer was embedded within 

the membrane was further corroborated by FRET studies that showed efficient energy transfer 

between MPS-PPV and the lipophilic energy acceptor 1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindodicarbocyanine perchlorate (DiD).  A follow-up study published in 2010 showed 

that the addition of the anionic lipid DOPA to the DOPC liposomes in a 1:3 ratio prevented the 

association of MPS-PPV with the membrane, presumably because of electrostatic repulsion 

between the negatively charged membrane and the negatively charged sulfonate side chains of the 

polymer.70  In chapter two of this thesis, the interaction between MPS-PPV and liposomes formed 

from the cationic lipid DOTAP is reported, where DOTAP is shown to be more effective at 

deaggregating the polymer chains than DOPC, as evidenced by a greater enhancement to the 

fluorescence quantum yield and the appearance of vibrational structure in the emission spectrum. 

The influence of the charge on the lipid headgroup was also investigated by Karam et al. 

in the interaction of lipid membranes with PPE polymers with side chains bearing charged 
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carboxylate groups (PPE-CO2).
183  The distinct spectroscopic signatures of PPE-CO2 aggregates 

versus single chains were used to determine the extent of interaction with 200 nm diameter 

liposomes prepared from 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOTAP) (anionic, 

zwitterionic, and cationic lipids, respectively).  Titrating liposome solutions with increasing 

amounts of PPE-CO2 revealed that while no interaction occurred with anionic DOPA, membrane 

embedding was observed for zwitterionic DOPC and cationic DOTAP, with DOTAP 

accommodating a larger amount of polymer than DOPC (Figure 1.23).  In addition, shorter 

polymers (n = 7 PRUs) were found to incorporate more easily than longer polymers (n = 49 PRUs).  

These results were similar to those reported by Wang et al. for the interaction of a cationic PPE 

with model membranes composed of DOPC or negatively charged E. coli total lipid extract.226  

Overall, it was concluded that CPEs bind readily to zwitterionic or oppositely charged membranes, 

driven by a combination of electrostatic and hydrophobic interactions. 

 

Figure 1.23.  Incorporation of PPE-CO2 into lipid membranes.  (A-F) Titration of 1.0 × 10–5 M 

lipids with increasing amounts of PPE-CO2-7 and PPE-CO2-49. The lipid concentration was kept 

constant, and the polymer repeat unit to lipid ratio was varied from 0.001 to 1. The emission 

intensity of the polymer after each addition is shown. Also shown is the emission intensity at 443 

nm (deaggregated) and 530 nm (aggregated) versus PRU:lipid ratio for all experiments. Left 
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column: plots obtained with PPE-CO2-7, Right column: plots obtained with PPE-CO2-49. The 

first, second, and third rows show results acquired with DOPA, DOPC, and DOTAP, respectively. 

Experiments were conducted in 150 mM NaCl and 10 mM HEPES, pH 7.3. The spectra are 

corrected for liposome scattering.  Adapted with permission from reference [183] (Copyright, 

2014, The American Chemical Society). 

The organization of the lipid/CPE complexes has been shown to depend strongly on the 

nature of the lipid headgroup.  This is largely because the self-assembly of lipid molecules is 

governed by their shape, or intrinsic curvature, which depends on whether the width of the polar 

headgroup is smaller, equal to, or larger than the width of the hydrophobic tails.  Lipids with zero 

intrinsic curvature (i.e., cylindrically shaped) tend to form bilayers whereas lipids with positive or 

negative intrinsic curvature (i.e., wedge shaped) tend to form micelles or inverted phases, 

respectively (see Figure 1.24A).236  For example, cationic PPEs have been shown to selectively 

perturb bacterial membranes over mammalian membrane mimics.  Bacterial membranes are 

enriched with phosphatidylethanolamines (PE) lipids, which have a negative intrinsic curvature.  

The increased propensity of these lipids to form inverted hexagonal structures leads to the 

formation of transmembrane pores around the CPE, leading to severe membrane perturbation, 

leakage of cell contents, and death.214  In contrast, PPE associated with bilayers of 

phosphatidylcholine (PC) lipids, which have zero intrinsic curvature, is believed to adsorb as a 

carpet on the bilayer (Figure 1.24B).214  Due to their smaller size, oligomers have also been shown 

by fluorescence polarization experiments to span the bilayer, with the hydrophobic backbone 

between the hydrophobic interior of the bilayer and the terminal charged side chains associated 

with the polar head group region (Figure 1.24C).230 
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Figure 1.24.  Structural understanding of CPE and lipid membrane interactions.  (A) Diagram 

showing the most favourable self-assembly structures for lipid molecules depending on their 

intrinsic curvature.  Adapted with permission from reference [237] (Copyright, 2011, The 

American Chemical Society).  (B) Model showing possible mechanisms by which antimicrobial 

peptides (AMPs, red) may perturb lipid membranes.  CPEs are thought to disrupt membranes via 

similar mechanisms depending on the chemical structure of the polymer and its chain length.  

Adapted with permission from reference [214] (Copyright, 2012, Royal Society of Chemistry).  

(C) Diagram illustrating the proposed placement of a poly(phenylene vinylene) oligoelectrolyte 

within a lipid bilayer.  The hydrophobic polymer backbone resides within the hydrophobic region 

of the membrane while the terminal charged side chains interact with the lipid polar head groups.  
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Adapted with permission from reference [230] (Copyright, 2010, The American Chemical 

Society). 

Although the fact that CPEs will readily associate with lipid membranes is now well-

established, the exact position of the polymer is often not known.  Houston et al. have recently 

published a study focused on determining how the localization of polythiophene-based CPEs 

within bilayers of the zwitterionic lipid DPPC is controlled by the nature of the charged polymer 

sidechains.225  CPEs possessing anionic, zwitterionic, and cationic side chains were studied.  

Although all three polymers demonstrated affinity for the vesicles, they showed varying levels of 

incorporation and were localized in different regions of the lipid bilayer.  FRET experiments to a 

membrane polarity probe as well as epifluorescence and atomic force microscopy revealed that the 

cationic CPE formed amorphous aggregates on the vesicle surface, the zwitterionic CPE was 

embedded inside of the hydrophobic core, and the anionic CPE formed a shell of protruding chains 

around the surface.  DLS experiments showed a significant increase in the hydrodynamic diameter 

of the vesicles in the presence of the anionic CPE, suggesting that the protruding chains promote 

vesicle fusion, a phenomenon also noted by Karam et al. in the interaction of PPE-CO2 (n = 49) 

with DOTAP.183  The difference in the interaction between the cationic and the anionic CPEs was 

attributed to the fact that the outmost charge on the zwitterionic head group is a cationic 

trimethylammonium group, and that this charge is what the polyelectrolyte will first interact with 

when it encounters the membrane.  The preferential localization of an anionic polythiophene 

within the lipid headgroups has recently been exploited as a probe for membrane phase transitions, 

since the organization of the headgroups is highly sensitive to the membrane phase, which in turn 

affects the photophysical properties of the CPE.229 

1.6 Research goals and scope of thesis 

Research on CP materials has now spanned several decades and encompasses quests to 

invent new structures and understand their fundamental photophysical properties, as well as their 

implementation in commercially successful devices.  As discussed in the previous sections of this 

chapter, a substantial amount of effort has been made toward untangling the complex photophysics 

of CPs.  Using a combination of ensemble and SMS techniques, researchers have determined the 

relationship between single chain conformation and energy transfer efficiency, which ultimately 

dictates the emissive properties of the polymer.  Studies on CP films have likewise shown that the 
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film morphology is intimately related to energy transfer efficiency.  Many of the lessons learned 

from studies on CP photophysics are also applicable to CPEs, where additional factors such as the 

nature of charged groups and counter ions, ionic strength, and complexation with surfactants or 

lipid membranes can also impact their conformation, and thus their photophysical properties.  This 

thesis is focused specifically on the interaction between CPEs and oppositely charged lipid 

membranes.   Fundamental knowledge of how CPE/membrane constructs behave at both the 

structural and the photophysical level is exploited to develop applications in diverse areas, 

including membrane biophysics and solar light harvesting systems. 

In chapter 2, the interaction between the conjugated polyanion MPS-PPV and liposomes 

prepared from the cationic lipid DOTAP is exploited to observe membrane dynamics at the single 

particle level.  MPS-PPV adsorbed onto 100 nm diameter SiO2 NPs is observed to spontaneously 

embed within the DOTAP membrane, leading to a dramatic emission enhancement of ca. 25-fold 

due to the membrane-induced deaggregation of the polymer backbone.  A combination of cryo 

transmission electron microscopy (cryo TEM) and ensemble fluorescence quenching studies 

reveal that the incoming liposomes adsorb and then deform to match the curvature of the CPE 

coated SiO2 nanoparticle surface.  By monitoring the photophysical changes occurring in MPS-

PPV, the dynamics of liposome deformation and polymer deaggregation are followed using 

ensemble and SMS fluorescence techniques.  Two-color TIRF microscopy is used to monitor the 

emission intensity of the MPS-PPV coated NPs adsorbed on the surface of a glass coverslip in one 

channel and the arrival of dye-labeled liposomes flowing in solution in the other channel.  The 

colocalization of liposomes with MPS-PPV coated NPs and the dynamics of the ensuing 

deaggregation of the polymer backbone is thus recorded for hundreds of individual liposomes 

interacting with NPs.  The effect of variables including the liposome concentration and size on the 

magnitude and timescale of the MPS-PPV emission enhancement is reported. 

Chapter 3 explores the interaction of CPEs with lipid membranes toward an entirely 

different application: the development of artificial light harvesting systems.  Several previous 

studies suggested that increasing the order of conjugated polymer materials improves the 

efficiency of energy transfer, which motivated this study on the use of lipid membranes as a 

template to control the arrangement of light harvesting polymers to facilitate the efficient funneling 

of absorbed light energy to a reaction centre, or trap.   The addition of PPE-CO2 polyanions with 
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an average of 7 PRUs to aqueous solutions of 200 nm diameter DOTAP liposomes resuls in their 

spontaneous incorporation within the lipid membrane, where fluorescence spectroscopy reveals 

that the embedded polymers exists as deaggregated, or molecularly dissolved chains.  Importantly, 

it is determined that the membrane can accommodate a large number of polymers before self-

quenching of the polymer emission occurred and that the embedded polymers does not perturb the 

lipid bilayer even when present at a high density.  The energy transferred from the light absorbing 

polymers to FRET and electron acceptors is determined to evaluate the efficiency of the antenna 

and the role of polymer-polymer homotransfer in energy funneling to the trap. 

One of the limiting factors to performing SMS studies on CPEs such as the one reported in 

chapter 2 of this thesis is the photostability of the polymer itself.  In response to this challenge, 

chapters 4 and 5 present fundamental studies of the photostability PPE-CO2 polymers under SMS 

imaging conditions and evaluates several solution additives on their photostabilizing ability.  PPE-

CO2-49 is adsorbed onto surface-modified SiO2 NPs via electrostatic interactions or embedded in 

the membrane of DOTAP liposomes and the polymer coated NPs/liposomes are then deposited 

onto a glass coverslip for TIRF imaging.  The initial intensity as well as the total number of photons 

emitted by the individual NPs under different buffer conditions and two different laser excitation 

powers is determined.  The effect of adding small molecule triplet quenchers/antioxidants to the 

buffer as well as removing oxygen using an enzymatic oxygen scavenging is assessed.  From these 

studies, anti fading cocktails for improving the photon output of PPE-CO2-49 in both aqueous and 

membrane environments are identified. 
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2.0 Preface 

In Chapter 1, the concept of tuning the photophysical/energy transporting properties of 

CPEs by manipulating their environment (e.g., by changing the solvent, pH, or ionic strength, or 

via association with surfactants or lipid membranes) was introduced.  For example, while the 

polyanion MPS-PPV adopts an aggregated conformation in aqueous solution and is only weakly 

emissive, favourable hydrophobic and electrostatic interactions with the DOTAP membrane 

trigger deaggregation of the polyanion backbone, resulting in decreased energy migration to non-

emissive trap sites and a recovery of the fluorescence quantum yield.  In Chapter 2, the emission 

enhancement of individual surface-immobilized MPS-PPV-coated NPs interacting with individual 

DOTAP liposomes in solution is recorded using TIRFM.  By following the progress of the 

emission enhancement in real time, the dynamics of the membrane deformation on the charged 

surface of the CPE-coated NP are revealed, thus demonstrating a new application of CPEs to the 

study of membrane biophysics. 
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2.1 Abstract 

Herein we report the real-time observation of the interaction dynamics between cationic 

liposomes flowing in solution and a surface-immobilized charged scaffolding formed by the 

deposition of conjugated polyanion poly[5-methoxy-2-(3- sulfopropoxy)-1,4-phenylenevinylene 

(MPS-PPV) onto 100-nm diameter SiO2 nanoparticles (NPs).  Contact of the freely floating 

liposomes with the polymer-coated surfaces led to the formation of supported lipid bilayers 

(SLBs).  The interaction of the incoming liposomes with MPS-PPV adsorbed on individual SiO2 

nanoparticles promoted the deaggregation of the polymer conformation and led to large emission 

intensity enhancements.  Single-particle total internal reflection fluorescence microscopy studies 

exploited this phenomenon as a way to monitor the deformation dynamics of liposomes on surface-

immobilized NPs.  The MPS-PPV emission enhancement (up to 25-fold) reflected on the extent 

of membrane contact with the surface of the NP and was correlated with the size of the incoming 

liposome.  The time required for the MPS-PPV emission to reach a maximum (ranging from 400 

to 1000 ms) revealed the dynamics of membrane deformation and was also correlated with the 

liposome size.  Cryo-TEM experiments complemented these results by yielding a structural view 

of the process.  Immediately following the mixing of liposomes and NPs the majority of NPs had 

one or more adsorbed liposomes, yet the presence of a fully formed SLB was rare.  Prolonged 

incubation of liposomes and NPs showed completely formed SLBs on all of the NPs, confirming 

that the liposomes eventually ruptured to form SLBs.  We foresee that the single-particle studies 

we report herein may be readily extended to study membrane dynamics of other lipids including 

cellular membranes in live cell studies and to monitor the formation of polymer-cushioned SLBs. 

2.2 Introduction 

In cells, the ability of lipid membranes to dynamically adjust phase and topology is 

essential for processes such as vesicle trafficking, cell division, and the formation of complex 

organelle structures.1-2 These structural changes require the generation of highly strained 

membranes whose unfavorable curvature is stabilized by the interplay of electrostatic and 

hydrophobic interactions with charged biopolymers such as proteins.1-5 The combination of lipid 

composition and biopolymer scaffolding results in a rich array of possible forms and textures; this 

structural diversity has profound implications not only for cell biology but also for 
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biotechnological applications (e.g., gene delivery via lipoplexes6-7 or the formation of supported 

lipid bilayers).8-9 In this regard, although techniques such as cryo-electron microscopy are able to 

resolve the structural changes that result from lipid–polymer interactions on the nanoscale,10-13 the 

dynamics of how these rearrangements occur are difficult to determine experimentally. 

Here, we report an approach to determine the dynamics of lipid–polymer interactions at 

the single-particle level by monitoring the fluorescence enhancement of a conjugated 

polyelectrolyte adsorbed on a solid scaffold upon encountering single liposomes. The 

photophysical properties of conjugated polymers and their charged counterparts, conjugated 

polyelectrolytes, have been shown to be intimately related to chain conformation.14-18 Collapsed 

polymer conformations favor efficient energy transfer to nonemissive trap sites, resulting in a low 

fluorescence quantum yield.15, 17, 19 Deaggregation of the polymer backbone through interaction 

with surfactants,20-23 including lipids,24-29 reduces the efficiency of energy transfer and leads to 

highly increased fluorescence quantum yields. We reasoned that morphological changes 

experienced by conjugated polyelectrolytes upon contact with a lipid bilayer would lead to 

spectroscopic changes that could be monitored in real time to unmask the dynamics of membrane 

deformation on a curved, polymer-coated surface. 

Conjugated polyanion poly[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene (MPS-

PPV) was adsorbed onto the surface of amino-functionalized 100-nm-diameter silica nanoparticles 

(NPs), and the NPs were in turn immobilized onto a coverslip for single-molecule imaging.30-31 

Using total internal reflection fluorescence microscopy (TIRFM) with a two-color detection 

scheme, we were able to monitor in real time the encounter and subsequent deformation of 

incoming liposomes prepared from cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) on the surface of the NPs. Deaggregation of MPS-PPV upon interaction with excess 

liposomes led to dramatic (average 23-fold) MPS-PPV emission intensity enhancements. When 

liposomes were flowed at a lower concentration such that the interaction of individual liposomes 

could be observed one at a time, the magnitude of the enhancements was related to the liposome 

size, reflecting on the percentage of NP surface area in contact with the adsorbed liposome and 

thus providing a measure of liposome deformability. Cryo-TEM micrographs obtained from 

samples vitrified immediately after mixing further showed adsorbed liposomes deforming to 

accommodate the curvature of the NPs. Prolonged incubation of liposomes and NPs showed in 
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turn completely formed supported lipid bilayers (SLBs) on all of the NPs after 30 min, confirming 

that the liposomes eventually ruptured. The liposome size and the enhancement period (ranging 

from 400 to 1000 ms) were found to be correlated, providing insight into the time required for the 

liposome to deform on the surface of the NP and for MPS-PPV to deaggegrate within the 

membrane. 

Given the plethora of conjugated polyelectrolytes currently available32-33 where the 

backbone and charge may be independently tailored toward enhancing electrostatic and/or 

hydrophobic interactions with lipids,25, 34-35 we foresee that the strategy we report herein toward 

measuring model lipid membrane dynamics in the presence of a charged scaffolding may be 

readily extended to a diverse range of lipids and lipid mixtures, including cellular membranes, and 

may be further exploited with respect to the study of the formation of polymer-cushioned SLBs. 

2.3 Results and discussion 

2.3.1 Ensemble studies on the interaction of DOTAP liposomes with MPS-PPV 

We first explored at the ensemble level the interaction of MPS-PPV-coated NPs with 100-

nm-diameter DOTAP liposomes by adding a suspension of NPs to a 100-fold excess of 100-nm-

diameter liposomes (final concentrations of 0.1 and 13 nM, respectively). To prepare the MPS-

PPV-coated NPs, we adapted a previously reported method to functionalize 100 nm 

SiO2nanoparticles with an aminosilane group, thus rendering the particles positively charged at 

neutral to low pH and facilitating the adsorption of the polyanion via electrostatic interactions.30-

31 The full characterization of the functionalization of SiO2 to SiO2NH3
+ and of the adsorption of 

MPS-PPV onto these particles by transmission electron microscopy (TEM), dynamic light 

scattering (DLS), and UV–vis and fluorescence spectroscopy is described in section 2.7 (Figures 

2.6–2.9). A 23-fold emission enhancement and a new shoulder at 585 nm were observed in the 

emission spectrum of MPS-PPV adsorbed on the NPs immediately after mixing with the DOTAP 

liposomes (Figure 2.1A, see also normalized emission spectra, Figure 2.10). Our results are 

consistent with DOTAP liposomes triggering a reorganization and deaggregation of the polymer 

adsorbed onto the surface of the NPs,21, 36 where electrostatic and hydrophobic interactions with 

DOTAP presumably surpass the electrostatic interaction of the polymer with the aminosilanized 

surface of the NP. 
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2.3.2 Adsorption versus rupture of liposomes visualized at the single-NP level 

To study the interaction dynamics with DOTAP liposomes and to better understand the 

mechanistic stages (liposome adsorption, deformation, and rupture, if any),10, 37-38 we monitored 

individual polymer-coated nanoparticles using a TIRFM setup adapted with an electron-multiplied 

charge-coupled device (EMCCD) camera. Our setup allows for the simultaneous tracking of 

hundreds of individual NPs in parallel with 100 ms time resolution; in this way, the interaction 

dynamics can be determined for each NP and liposome independently and the extent to which all 

NPs and liposomes behave homogeneously can be assessed.38 Dilute solutions of MPS-PPV-

coated NPs were injected into preassembled chambers where they adsorbed on top of 

aminosilanized glass coverslips. The polymer-coated NPs were next excited using a 488 or a 514 

nm laser, and the fluorescence intensity of hundreds of individual NPs was monitored over time at 

an acquisition rate of 10 frames/s. Liposome solutions were flowed through the imaging chamber 

at a rate of 5 μL/min during image acquisition to record the interaction of incoming liposomes with 

surface-bound nanoparticles. 

Upon flowing a 13 nM solution of DOTAP liposomes (100 nm in diameter), all of the 

polymer-coated NPs simultaneously showed a stark increase in emission intensity with the arrival 

of the liposomes (Figure 2.1B). The intensity enhancement calculated by dividing the intensity 

recorded at the peak by the intensity recorded immediately before the enhancement for 200 

individual NPs was 24-fold (±11) on average, similar to that in ensemble solution studies (Figure 

2.1A). Under our experimental conditions, nonspecific binding of the positively charged DOTAP 

liposomes onto the positively charged aminosilanized glass surface was not observed (Figure 

2.11). 
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Figure 2.1.  Ensemble and single-nanoparticle studies of the emission enhancement of MPS-PPV 

adsorbed on SiO2 NPs triggered by interaction with DOTAP liposomes. (A) Emission spectra of 

0.1 nM MPS-PPV-coated NPs before (red circles) and after (black squares) addition to 13 nM 100 

nm DOTAP liposomes in 3 mM NaCl. (B) Surface plot of MPS-PPV emission intensity obtained 

by TIRFM before and after 100-nm-diameter DOTAP liposomes 13 nM in concentration were 

flowed over surface-bound MPS-PPV-coated NPs. (C) Cartoon illustrating the interaction 

mechanisms between MPS-PPV-coated NPs adsorbed on the surface of a glass coverslip and 

DOTAP liposomes flowed over the surface. (D) Chemical structures of DOTAP and MPS-PPV. 

We were intrigued by the liposome–NP interaction mechanism accounting for the observed 

MPS-PPV enhancement. Upon considering that the MPS-PPV-coated NPs have a mean diameter 

of 110 nm, the average 100-nm-diameter liposomes we initially flowed had enough lipid content 

each to form a complete (or nearly complete) SLB10, 39-40 on a single NP upon liposome rupture. 

In this case, the entire surface of the NP would be in contact with the membrane and the emission 

enhancement is expected to be maximal. In contrast, liposome adsorption and deformation (but no 

rupture) would render only the fraction of the NP that is in contact with the membrane highly 

emissive, and the emission enhancement is then expected to be submaximal. 

To test whether the liposomes were adsorbing but remaining intact on the surface of the 

NPs or if they were rupturing to form SLBs, we next measured intensity enhancements under a 

low concentration of 100-nm-diameter liposomes (0.13 nM, a 100-fold reduction) in order to 
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record single NP–liposome encounters and determine whether the enhancements were submaximal 

or maximal, respectively. Under these conditions, only 20% of the single-particle fluorescence 

intensity versus time trajectories showed an enhancement over the 150 s image acquisition time 

(Figure 2.2A). The majority of NPs experienced no encounters with liposomes (and thus no 

emission enhancement), and a subset of particles, ca. 2%, experienced two encounters during the 

acquisition time, recorded as two distinct intensity jumps of comparable amplitude. The onset of 

the enhancement was random over time, consistent with the fact that NPs and liposomes have a 

low encounter probability when liposomes are flowed at this low concentration. The mean 

enhancement measured for 170 individual NPs was 5.4 ± 2.8-fold for the 100 nm liposomes, ca. 

5-fold smaller than the maximum value recorded under excess liposomes for the same NPs. Given 

this value, we estimated that 20% of the total area of the NP was in contact with a 100 nm liposome 

on average, in line with a liposome interacting and plausibly deforming on an NP surface rather 

than with its rupture to form an SLB10, 39-40 (see also cryo-TEM studies, vide infra). The fact that 

only 20% of the NP surface area was occupied by the adsorbed liposome also opened the 

possibility of the adsorption of additional liposomes. Indeed, when the liposome concentration was 

raised 10-fold to 1.3 nM, the fluorescence intensity versus time trajectories of the NPs showed 

several discrete enhancement “steps” (Figure 2.2B), each of roughly the same magnitude as the 

single steps recorded at the 0.13 nM liposome concentration (Figure 2.2B). The steps were 

attributed to the interaction of multiple liposomes on a single NP. As described above, in the 

presence of the 13 nM liposome solution the onset of the fluorescence enhancement for MPS-PPV-

coated NPs was simultaneous; that is, every NP began to be enhanced at approximately the same 

time (Figure 2.2C), and the mean enhancement was 24-fold. At this concentration, individual 

liposome–NP encounter events were not well resolved. 

We reasoned that larger liposomes may be capable of “engulfing” a larger portion of the 

NP while still remaining intact, thus leading to larger intensity enhancements. When low 

concentrations (ca. 0.08 nM) of larger liposomes (up to 400 nm in diameter) were flowed over the 

NPs, single-step intensity enhancements of up to 23-fold were observed (Figure 2.2D). These 

enhancements were suggestive of a liposome population possessing a large enough lipid surface 

area to fully wrap around the NPs upon deformation, leading to complete polymer 

deaggregation/reorganization and a maximal fluorescence enhancement. Given the large 

polydispersity of the liposome sample (Figure 2.2E), however, many smaller enhancements were 
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also observed and the average enhancement calculated for 170 individual NPs was 10.7(±8)-fold. 

The large distribution in intensity enhancements for the 400 nm sample was correlated with its 

relatively large polydispersity. By comparison, a narrower enhancement distribution was observed 

for the 100-nm-diameter liposomes which were also characterized by a smaller polydispersity 

(Figure 2.2E,F). Upon flowing a 100-fold-larger concentration of 400 nm liposomes, the 

fluorescence enhancement was simultaneous in time for all particles, and the mean intensity 

enhancement was 22(±10)-fold (versus 24(±11)-fold for 100 nm liposomes under similar 

conditions). Under high liposome concentrations the distribution of enhancements is furthermore 

indistinguishable between the 100 and 400 nm liposome populations (Figure 2.12). 

Overall, we observed that the enhanced intensity of the MPS-PPV-coated NPs was 

positively correlated to the initial intensity of the NPs when the liposomes were flowed in large 

excess and were not a limiting reagent (Figure 2.2G). The linear correlation is consistent with a 

relatively uniform deposition of MPS-PPV on a particle-to-particle basis, where the major 

difference between the NPs is the size of the underlying SiO2 NP support. The distribution of initial 

intensities was observed to be correlated with the distribution of sizes observed by dynamic light 

scattering measurements (Figure 2.13). The presence of more adsorbed polymer on a NP with a 

larger surface area will in turn lead to a larger initial intensity and a larger enhanced intensity, 

assuming that every NP has an equal ability to interact with the liposomes and attain a maximal 

enhancement. In line with the above, when the same liposomes were flowed at a 100-fold-lower 

concentration (Figure 2.2H) the initial intensity was not correlated to the enhanced intensity. The 

convergence of the size distribution of NPs (Figure 2.7) and the size distribution of interacting 

liposomes (Figure 2.2E) at 1:1 stoichiometry resulted in the poor correlation observed. 
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Figure 2.2. Enhancement intensities and dynamics for individual MPS-PPV-coated NPs in 

response to 100 and 400 nm DOTAP liposomes. Surface-immobilized MPS-PPV-coated NPs were 

excited with a 488 nm laser (220 μW), and TIRFM images were obtained at a time resolution of 

10 frames/s while flowing liposome solutions at a rate of 5 μL per min. (A–D) Representative 

fluorescence intensity versus time trajectories obtained under the following conditions: (A) 0.13 

nM 100 nm liposomes; (B) 1.3 nM 100 nm liposomes; (C) 13 nM 100 nm liposomes; and (D) 0.08 

nM 400 nm liposomes. The trajectories were normalized by the intensity of the NP immediately 

before the enhancement. (E) Size distribution of 100 and 400 nm DOTAP liposomes obtained by 

dynamic light scattering. (F) Histogram of enhancements recorded while flowing solutions of 0.13 

nM 100 nm liposomes and 0.08 nM 400 nm liposomes. Enhancements were determined for 170 

MPS-PPV-coated NPs under both conditions. (G, H) Correlation plots between the initial intensity 

of MPS-PPV-coated NPs and their enhanced intensity after flowing 400 nm liposomes at a high 

concentration of 8 nM and at a low concentration of 0.08 nM, respectively. 

To gain a molecular-level visualization of the interaction of the MPS-PPV-coated NPs and 

DOTAP liposomes we performed cryo-TEM studies. MPS-PPV-coated NPs were added to excess 

DOTAP liposomes, and the sample was vitrified within 30 s following mixing. At this stage, many 

liposomes of varying size were adsorbed onto the MPS-PPV-coated NPs, as revealed by the ring 

of electron-dense material 4 to 5 nm from the edge of the NPs (Figure 2.3A,B). The adsorbed 

liposomes were deformed41 to varying degrees to accommodate the curvature of the NP surface. 

The engulfment of NPs by larger liposomes was observed as we proposed on the basis of our 

TIRFM studies (arrow 2 in Figure 2.3A). On some particles, fully formed supported lipid bilayers 

(SLBs) were observed10 (arrow 1 in Figure 2.3A), but whereas the majority of NPs had one or 

more adsorbed liposomes (arrow 3 in Figure 2.3B), the presence of a fully formed SLB was rare. 

http://pubs.acs.org/doi/full/10.1021/acs.langmuir.5b00979#fig3
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Importantly, upon prolonged incubation of liposomes and NPs for 30 min and following the 

removal of the excess liposomes by centrifugation, cryo-TEM images showed completely formed 

SLBs on all of the NPs (Figure 2.3D,F). Given that some SLBs are already observed within 30 s 

of mixing we believe that SLB formation is the final fate of the system at long time scales, although 

it remains an open question as to whether mechanical disruption of the liposomes during the 

centrifugation step may have accelerated this process. More importantly, however, is the fact that 

it is unlikely that liposome rupture was responsible for the MPS-PPV emission enhancements 

observed during the TIRFM microscopy experiments given that these enhancements were found 

to occur on the tens of milliseconds time scale whereas the near absence of completely formed 

SLBs in TEM images obtained 30 s following mixing suggested that liposome rupture is a slower 

process in this system. Dye leakage experiments of red emissive fluorophore Cy5 encapsulated 

inside liposomes in the presence of external quencher FeCl3 further showed that the majority of 

liposomes do not rupture within 10 min of mixing with MPS-PPV-coated NPs (Figure 2.14). 

A closer inspection of the cryo-TEM micrographs further revealed the close proximity 

between the membrane and the polymer-coated NP. Considering a 4- to 5-nm-thick bilayer, one 

may infer that the thickness of the water layer separating the inner lipid leaflet from the NP42-43 at 

most 1 nm. Under our resolution it was not possible to distinguish either the inner membrane leaflet 

or the outer leaflet regardless of whether one observed regions of membrane in contact with NPs 

or free in vitreous aqueous solution; however, both sections of the membrane (i.e., free in solution 

or in contact with the NP) were identical, revealing that the interaction with MPS-PPV did not 

result in membrane thickening. Importantly, the bilayer closely follows the underlying SiO2 NP 

topography (Figure 2.3), indicating that the polyelectrolyte does not significantly shield the 

membrane from the underlying surface roughness. 
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Figure 2.3. Cryo-TEM micrographs of MPS-PPV-coated SiO2 NPs with 400 nm DOTAP 

liposomes. (A, B) A solution containing NPs and liposomes was vitrified within 30 s following 

mixing of the liposomes and the NPs. Arrow 1 points to a fully formed SLB on an NP, arrow 2 

points to a large liposome deformed around the surface of an NP, and arrow 3 points to multiple 

small liposomes adsorbed on the same NP. (C) MPS-PPV-coated NPs. (D) MPS-PPV-coated NPs 

that were incubated with DOTAP liposomes prior to the removal of the excess liposomes by 

centrifugation. (E, F) Close-up views of images in panels C and D, respectively. The concentration 

of NPs was 1 nM, and the concentration of 400-nm-diameter DOTAP liposomes was 8 nM. The 

samples were suspended in a 3 mM NaCl aqueous solution. 

2.3.3 Liposome–NP interaction dynamics and ensuing polymer deaggregation 

In subsequent experiments, we sought to simultaneously visualize the liposomes and the 

surface-bound polymer-coated NPs in parallel channels in order to unequivocally establish their 

interaction dynamics upon liposome arrival. Experimentally, we labeled the DOTAP liposomes 

with red, lipophilic dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate 
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(DiD) in a lipid to DiD molar ratio of 256:1. Both MPS-PPV and DiD were excited with a 514 nm 

laser. The emission was collected and split into a red (DiD) and a green (MPS-PPV-coated NPs) 

channel using a 640 nm beamsplitter. NPs were located in the green channel, and the corresponding 

region was mapped in the red channel to allow us to monitor the appearance of DiD-stained 

liposomes as the solution flowed in (Figure 2.4). 

 

Figure 2.4. Simultaneous visualization of the encounter of a single DOTAP liposome and an MPS-

PPV-coated NP. Surface-immobilized MPS-PPV-coated NPs were excited with the 580 μW output 

of a 514 nm laser, and TIRFM images were obtained at a time resolution of 10 frames/s. DOTAP 

liposomes (400 nm) labeled with DiD in a 256:1 lipid/dye ratio at a concentration of 0.08 nM in 3 

mM NaCl were flowed at a rate of 5 μL/min during imaging. (A) Dimly emissive MPS-PPV-

coated NPs are initially visible in the green channel. (B) The colocalization of a DiD-labeled 

liposome with a NP was signaled by the appearance of a fluorescence signal in the red channel 

over a period of one or two frames. (C) The colocalization of the liposome triggered the onset of 

the MPS-PPV fluorescence enhancement. (D) Representative fluorescence intensity versus time 

trajectory for an NP interacting with a DOTAP liposome in a two-channel experiment. The full 
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trajectory is shown at the bottom. Highlighted is the portion where the incoming liposome interacts 

with the NP, shown in greater detail at the top. 

The concentration of the 400 nm liposome solution that flowed during imaging was 

optimized to 0.080 nM liposomes so that the majority of NPs (81%) did not interact with a 

liposome during the image acquisition time. The intensity–time trajectories for these NPs in the 

green channel displayed an exponentially decaying intensity arising from the photobleaching of 

MPS-PPV, and the intensity recorded in the red channel mirrored the green channel due to 25% 

crosstalk. In the remaining trajectories, the colocalization of a red-emissive liposome with a green-

emissive NP was signaled by a rapid increase in the fluorescence intensity monitored in the red 

channel occurring over a maximum of two 100 ms frames. A total of 17% of the trajectories 

showed the colocalization of one liposome, and 2% of the trajectories showed the colocalization 

of a second liposome. Monitoring both channels simultaneously enabled us to unequivocally 

establish that every encounter between a liposome and an NP was irreversible (i.e., liposomes did 

not dock and undock) over the time period observed. Furthermore, we recorded no non-productive 

liposome–NP encounters (i.e., upon docking, DOTAP liposomes triggered the rapid deaggregation 

of MPS-PPV in all cases). 

The two-color TIRFM experiments additionally showed that the MPS-PPV intensity 

enhancement recorded was directly proportional to the incoming liposome size (Figure 2.5A), a 

result that was consistent with the larger enhancements observed on average when larger liposomes 

were flowed over polymer-coated NPs in one-color experiments (Figure 2.2E,F, vide supra). 

Considering a random distribution of DiD molecules in the lipid membrane, the number of dyes 

present and thus the intensity of any given liposome are directly proportional to the lipid surface 

area (i.e., larger liposomes are brighter).44 The intensity of the incoming liposome in the red 

channel was positively correlated to the intensity enhancement of MPS-PPV in the green channel 

(Figure 2.5A). For the same data set, the change in MPS-PPV fluorescence intensity showed a 

poor correlation to the initial intensity of the NP (Figure 2.5B), consistent with the idea that it is 

primarily the size of the liposome (amount of lipid entering in contact with MPS-PPV, triggering 

deaggregation) and not the total amount of MPS-PPV present in an NP that determines the size of 

the enhancement. 
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The MPS-PPV enhancement period, defined as the number of frames that elapsed from the 

onset of MPS-PPV emission enhancement until its peak value is reached, was also investigated 

with results from the one-color TIRFM experiments as convolution between FRET and DiD 

photobleaching hampers this study with the two-color data. The fluorescence versus time 

trajectories of MPS-PPV-coated NPs interacting with individual 100 and 400 nm liposomes 

(Figure 2.2A,D, respectively) were analyzed, and the distribution of enhancement periods is shown 

in Figure 2.5C. The mean enhancement period was 430(±70) ms for the 100 nm liposome sample 

and slightly longer, 630(±110) ms, for the 400 nm liposome sample. The fluorescence 

enhancement for each NP was also determined. The NPs were sorted into groups based on the size 

of their enhancement, and the probability of having a given enhancement period within each group 

was determined (Figure 2.5D). Liposomes triggering smaller enhancements (less than 5-fold) were 

more likely to have shorter enhancement periods whereas liposomes triggering larger 

enhancements (greater than 10-fold) were more likely to have longer enhancement periods. Given 

the positive correlation observed between liposome size and enhancement size in the experiments 

with dye-labeled liposomes, we may conclude that smaller liposomes are more likely to induce 

rapid deaggregation of MPS-PPV than larger liposomes. The exact nature of the microscopic 

rearrangements taking place between the polymer and the liposome is unclear. It is plausible that 

liposome deformation is the rate-limiting step and that larger liposomes, which have a higher 

possibility to deform, take longer to explore the surface of the NP than smaller liposomes whose 

interaction area is more limited. 
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Figure 2.5. Correlation between the emission enhancement magnitude and the enhancement 

period for an MPS-PPV-coated NP versus liposome size. (A) Correlation plot of the enhanced 

MPS-PPV intensity in the green emission channel versus the intensity of the dye-labeled liposome 

in the red emission channel. (B) Correlation plot of the enhanced MPS-PPV emission intensity 

versus the initial MPS-PPV emission intensity. (C) Distribution of enhancement periods for both 

100 and 400 nm liposomes. (D) Distribution of NPs with enhancements of less than 5-fold and 

enhancements greater than 10-fold sorted by their enhancement periods plotted for NPs interacting 

with 100- and 400-nm-diameter liposomes. Graphs A and B are plotted using data from two-color 

TIRFM experiments utilizing 400 nm DOTAP liposomes labeled with DiD in a 256:1 lipid/dye 

ratio. Surface-bound MPS-PPV-coated NPs were excited with a 514 nm laser (500 μW), and their 

emission intensity was monitored while flowing liposomes at a concentration of 0.08 nM in 3 mM 

NaCl. Graphs C and D are plotted using data from one-color TIRFM experiments utilizing 100 

and 400 nm DOTAP liposomes in 3 mM NaCl flowed at concentrations of 0.13 and 0.08 nM, 

respectively. Here, the excitation source was a 488 nm laser (220 μW). All liposome solutions 

were flowed at a rate of 5 μL/min, and images were acquired with a time resolution of 10 fps. 

2.4 Conclusion 

We provide a methodology to measure the dynamics of membrane deformation for a 

membrane in contact with polyelectrolyte scaffolding. Utilizing single-particle fluorescence and 

exploiting the spectroscopic properties of conjugated polyelectrolytes, which are dimly emissive 

when aggregated yet highly emissive upon conformational reorganization in the presence of 

surfactants, including lipids, we can record real-time liposome docking and subsequent 

deformation on the surface of SiO2 nanoparticles coated with a conjugated polyelectrolyte. 

Conformational changes in the conjugated polyelectrolyte as the membrane deforms along the 

surface curvature of the nanoparticle results in fluorescence intensity enhancements. These 

enhancements are proportional to the surface coverage by the lipid milieu, providing a means to 

read to which extent the membrane deforms and how rapidly it is doing so. Larger liposomes, 

which have a higher possibility to deform, take longer to explore the surface of the NP than smaller 

liposomes whose interaction area is more limited. Cryo-TEM studies provide a molecular-level 
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(structural) visualization of the resulting products. Multiple small liposomes are observed 

interacting with single NPs, and larger liposomes readily engulf a single conjugated 

polyelectrolyte-coated NP. The adsorbed liposomes underwent varying extents of deformation 

such that the membrane closely followed the topology of the underlying SiO2 support. Liposome 

rupture at longer times ultimately leads to the formation of supported lipid bilayers. 

We believe that the development of our approach will enable the interrogation of the 

dynamics at play as model membranes and cell membranes adjust their phase and topology in the 

presence of charged scaffoldings. Wisely chosen conjugated polyelectrolyte composites may 

enable the role of charge and hydrophobic interactions between the membrane and the scaffolding 

to be reported spectroscopically. Different lipids and lipid mixtures may be monitored, yielding 

additional information on the role of chemical composition. Physical parameters such as the 

curvature of the liposomes and the NPs and their role in membrane dynamics could be easily 

followed. 
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2.6 Experimental section 

2.6.1 Aminosilanization of SiO2 NPs 

The surface charge of the SiO2 NPs was rendered positive by reaction with an aminosilane 

to facilitate the deposition of MPS-PPV by electrostatic attraction between the negatively charged 

sulfonate groups of the polyanion and the positively charged amine groups of the functionalized 

SiO2 NPs. A 400 μL aliquot of 5.32% (w/w) SiO2 NPs in water (Polysciences, Inc.) was transferred 

to a 1.5 mL Eppendorf tube. (3-Aminopropyl)trimethoxysilane (Sigma-Aldrich) (2.0 μL, 12 μmol) 

was added with vigorous vortex mixing. The reaction mixture was incubated at room temperature 

(22–25 °C) for 5 min. Hydrochloric acid (8 μL, 3 M) was added next to protonate the amine groups 

and quench any unreacted aminosilane. The mixture was immediately centrifuged at 16 060g for 

5 min. Approximately 90% of the supernatant was removed and replaced with an equal volume of 

water. The NPs were then resuspended by sonication/vortex mixing. The washing cycle was 

repeated until the pH of the supernatant was ca. 4. The final concentration of the SiO2NH3
+ NPs 

was 65 nM in terms of the number of NPs. 

2.6.2 MPS-PPV adsorption on SiO2NH3
+ NPs 

To adsorb MPS-PPV onto the surface of the SiO2NH3
+ NPs, a suspension of NPs was added 

to excess MPS-PPV. The presence of excess MPS-PPV prevented the aggregation of NPs by 

polymer bridging. SiO2NH3
+ (20 μL, 65 nM) was added to 0.230 mL of water and 0.250 mL of 

methanol in a 1.5 mL Eppendorf tube. This SiO2NH3
+ suspension was added, 10 μL at a time, to 

1.00 mL of 3 mM MPS-PPV (concentration in terms of polymer repeat units) in 1:1 

water/methanol with vigorous vortex mixing. The mixture was agitated gently at room temperature 

for ca. 30 min and then centrifuged at 16 060g for 5 min. The supernatant containing unadsorbed 

MPS-PPV was removed and replaced with an equal volume of water, and the NPs were 

resuspended by sonication/vortex mixing. This washing cycle was repeated until traces of MPS-

PPV could no longer be detected in the absorbance spectrum of the supernatant. The final 

concentration of MPS-PPV-coated NPs was 1.3 nM in terms of the number of NPs. The MPS-

PPV-coated NPs were stored at 4 °C and protected from light. 
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2.6.3 Preparation of DOTAP liposomes 

To prepare liposomes, 1,2-dioleoyl-3-trimethylammonium-propane chloride salt 

(DOTAP) powder (Avanti Lipids Corp.) was dissolved in chloroform to a concentration of 0.10 

mg/mL. Fifty microliters of this solution were transferred to a small glass vial. The vial was rotated 

under a stream of argon to evaporate the solvent, forming a thin lipid film along the walls of the 

vial. The vial was placed under vacuum for an additional 30 min to remove traces of solvent. The 

dried film was rehydrated in 358 μL of 3 mM NaCl aqueous solution to a final lipid concentration 

of 20 mM. The suspension was vortex mixed briefly to loosen the film adhering to the walls of the 

vial. For 100 nm liposomes, the suspension was taken through eight freeze/thaw cycles (5 min on 

dry ice followed by 5 min in a sonicator bath) to increase the unilamellarity of the liposomes. The 

suspension was then extruded 11 times through a 100 nm polycarbonate membrane using a 

miniextruder (Avanti Lipids Corp.). For 400 nm liposomes, the procedure was identical except 

that the suspension was not subjected to any freeze/thaw cycles and a 400 nm polycarbonate 

membrane was used instead of a 100 nm membrane. For liposomes containing lipophilic dye 1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD), the procedure was 

identical except that an aliquot of DiD dissolved in ethanol was added to the lipids dissolved in 

chloroform prior to forming the lipid film. The liposomes were stored at 4 °C and protected from 

light. 

2.6.4 Absorption and fluorescence measurements 

Absorption and emission spectra were recorded on a Hitachi U2800 spectrophotometer and 

a Photon Technology International Inc. fluorimeter, respectively. The MPS-PPV-coated NPs were 

diluted to a concentration of ∼0.1 nM in water before acquiring the spectra. The amount of MPS-

PPV adsorbed on the NPs was estimated by subtracting the absorbance due to scattering from a 

blank consisting of uncoated NPs from the absorbance of the NPs with adsorbed MPS-PPV. The 

sample was excited at 450 nm and the emission spectrum was recorded between 470 and 800 nm, 

unless otherwise noted. 

2.6.5 Formation of DOTAP supported lipid bilayers on MPS-PPV-coated SiO2 NPs 

The formation of DOTAP-supported lipid bilayers on the MPS-PPV-coated SiO2 NPs was 

accomplished by incubating a suspension of NPs with excess DOTAP liposomes. In our protocol, 
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1.5 mL of 0.11 nM MPS-PPV-coated SiO2 NPs in water was added 10 μL at a time to 1.5 mL of 

1 mM (in terms of lipid) DOTAP liposomes (13 nM in 100-nm-diameter liposomes) in Hyclone 

molecular biology grade water (ThermoScientific) containing 3 mM NaCl with vigorous vortex 

mixing. The mixture was centrifuged for 5 min at 16 060g, and the supernatant containing excess 

liposomes was removed and replaced with an equal volume of water. The bright-orange pellet was 

resuspended by sonication and vortex mixing. The final concentration of MPS-PPV-coated NPs 

with DOTAP was 0.055 nM. For imaging by cryo-TEM, 10× concentrated samples were used. 

Specifically, 80 nM DOTAP liposomes 400 nm in diameter and 1.1 nM MPS-PPV-coated NPs 

were mixed and vitrified within 30 s of mixing. 

2.6.6 Monitoring the rupture of DOTAP liposomes in contact with MPS-PPV-coated SiO2 

NPs 

DOTAP films were rehydrated in a 3 mM NaCl aqueous solution containing 317 μM sulfo-

Cy5 carboxylic acid (Lumiprobe) to a final lipid concentration of 20 mM. At this lipid 

concentration, the volume fraction of the liposomes in solution is 0.07, leading to a theoretical 

encapsulation efficiency of Cy5 molecules of 7%. The liposomes were then subjected to eight 

freeze/thaw cycles and extruded though a 100 nm polycarbonate membrane. The liposomes were 

separated from unencapsulated Cy5 using size exclusion chromatography. DOTAP liposomes 

(sacrificial liposomes containing no Cy5) (200 μL, 20 mM) were run through a size exclusion 

column packed with Sephacryl S500HR (Sigma-Aldrich) to prime the column. Next, 200 μL of 20 

mM DOTAP containing Cy5 was loaded onto the column. Liposomes containing encapsulated 

Cy5 molecules eluted in earlier fractions whereas unencapsulated (free) Cy5 had a longer retention 

time. 0.011 nM DOTAP containing encapsulated Cy5 was added to 0.11 nM MPS-PPV-coated 

NPs in either 300 μM FeCl3 or a control containing no FeCl3. The Cy5 emission spectrum was 

monitored immediately and 10 min after mixing. The amount of Cy5 quenching by FeCl3 was 

proportional to the number of liposomes that formed rupture pores within the 10 min time period. 

The effectiveness of this method was confirmed by a control experiment where identical samples 

were subjected to 5 min of freezing on dry ice followed by 5 min of thawing in a water bath. The 

freeze/thaw cycle mechanically disrupted the lipid membrane, exposing the encapsulated Cy5 

molecules to FeCl3, resulting in a nearly complete quenching of their emission. 
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2.6.7 TIRFM imaging 

Glass coverslips were cleaned and functionalized with amine groups in preparation for 

imaging the MPS-PPV-coated SiO2 NPs using TIRFM microscopy. Glass jars containing eight 

coverslips were filled with piranha solution [1 part 30% hydrogen peroxide (Fisher Scientific) and 

2 parts concentrated sulfuric acid (ACP Chemicals)] and left to soak for ca. 1 h. The coverslips 

were then rinsed three times with Hyclone molecular biology grade water (ThermoScientific) and 

three times with acetone (HPLC grade, Fisher). The coverslips were immersed in 25 mL of acetone 

and 0.50 mL of Vectabond (Vector Laboratories). The mixture was agitated gently and incubated 

for 5 min. The acetone/Vectabond mixture was poured out, and the reaction was quenched by 

rinsing with 2 × 25 mL of water. The coverslips were dried under a stream of nitrogen prior to 

being fitted with flow chambers. The flow chambers were prepared with a predrilled polycarbonate 

film (Grace Biolabs) and assembled on top of the coverslips. Silicone ports were glued on top of 

the chamber with double-sided tape. The volume of the sample chamber was ca. 10 μL. 

Electrostatic interactions with the positively charged glass coverslip allowed for the 

selective adsorption of the negatively charged MPS-PPV-coated SiO2 NPs on the surface while 

preventing the nonspecific adsorption of the positively charged DOTAP liposomes. A good surface 

density of NPs was achieved by injecting 20 μL of 50 pM MPS-PPV-coated NPs in water into the 

sample chamber and incubating for ca. 1 min. A total of 5 × 20 μL of 3 mM NaCl was then injected 

to wash away any NPs that were not bound to the surface. Images were acquired while flowing 

liposome suspensions in 3 mM NaCl aqueous solutions at a rate of 5 μL/min through the chamber 

using a syringe pump (Harvard Apparatus PHD 2000 Infusion). All experiments were conducted 

at room temperature (22–25 °C). 

The imaging experiments were performed using an Olympus IX71 microscope adapted 

with an Olympus IX2-RFAEVA-2 turnkey TIRFM module. The excitation source was either the 

488 or 514 nm output of a continuous wave argon ion laser (SpectraPhysics). The laser power 

measured out of the objective was 220 μW for the 488 nm excitation and 580 μW for the 514 nm 

excitation (ca. 1.0 and 2.6 W cm–2, respectively). The laser beam was introduced by a single-mode 

fiber optic and was directed by a dichroic beamsplitter (z488rdc or z514rdc, Chroma) to the sample 

via a high numerical aperture (N.A. = 1.45) oil-immersion objective (Olympus PLAN APO 60×). 

The fluorescence emission was collected through the same objective and was then transmitted 
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through an emission filter (HQ500 LP or HQ530 LP, Chroma) and was then separated into two 

emission channels by a series of dichroic mirrors (640dcxr, Chroma) The images were acquired at 

an acquisition rate of 50–100 ms using a Cascade 512B EMCCD camera (Roper Scientific, Inc.) 

controlled by Image Pro software. Intensity versus time trajectories were extracted from 

background-subtracted images processed using a home-built Matlab routine based on algorithms 

previously reported by the Ha group.45 

2.6.8 Cryogenic transmission electron microscopy 

To prepare the samples for imaging, 5 μL of sample was added to glow-discharged 

QUANTIFOIL R 2/2 copper grids. Samples were blotted and frozen hydrated by plunging into a 

bath of liquid ethane slush. The samples were stored at liquid-nitrogen temperature until transfer 

to a 626 Single Tilt Cryotransfer System (Gatan Inc.) and observed with an FEI G2 F20 cryo-

STEM microscope operated at 200 kV (FEI, Inc.). Images were recorded on a Gatan Ultrascan 4k 

× 4k Digital (CCD) Camera System camera at a nominal magnification of 50 000× at a defocus 

level of 4 μm. Samples consisted of MPS-PPV-coated NPs, MPS-PPV-coated NPs incubated for 

30 min with 80 nM DOTAP liposomes (excess liposomes were removed by centrifugation), and 

MPS-PPV-coated NPs mixed with 80 nM DOTAP liposomes immediately before vitrifying. The 

MPS-PPV-coated NP concentration was 1.1 nM for all samples. 

2.6.9 Dynamic light scattering 

DLS measurements were acquired using a Malvern Zetasizer Nano ZS equipped with a 

633 nm red laser. The samples were equilibrated to a temperature of 25 °C and diluted to a 

concentration of approximately 0.1 nM in terms of the number of particles.  The data was fit using 

the CONTIN algorithm.  The plots shown are the number distributions derived from the raw 

intensity data. 
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2.7 Supporting information 

2.7.1 Characterization of nanoparticles by transmission electron microscopy and dynamic 

light scattering 

Particle size was determined after each modification step by transmission electron 

microscopy (TEM) and dynamic light scattering (DLS).  The TEM images did not show an 

appreciable change in the particle core size or appearance after either the aminosilanization or the 

MPS-PPV adsorption steps (Figure 2.6).  DLS measurements showed no change after 

aminosilanization of the SiO2 NPs.  Upon adsorption of MPS-PPV on SiO2NH3+ the size 

distribution broadened and shifted toward larger sizes. (Figure 2.7).  Although MPS-PPV is a 

water-soluble polymer, it has a tendency to adopt a self-aggregated conformation in water, likely 

due to considerable contributions from its hydrophobic backbone.  This aggregation, or possibly 

polymer bridging between several MPS-PPV coated nanoparticles could explain the increased 

size. 

 

Figure 2.6.  Transmission electron micrographs of a) SiO2 NPs, b) SiO2NH3
+ NPs, and c) MPS-

PPV coated SiO2NH3
+ NPs.  The mean core sizes were 111 (±8) nm, 104 (±12) nm, and 108 (±10) 

nm, respectively.  Scale bar = 100 nm. 
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Figure 2.7.  Size distributions of SiO2 NPs, SiO2NH3
+ NPs, and MPS-PPV coated SiO2NH3

+ NPs 

as determined by dynamic light scattering measurements. 

2.7.2 Characterization of MPS-PPV coated SiO2 NPs by UV-vis spectroscopy 

In order to determine the amount of MPS-PPV adsorbed on the NPs, the UV-vis absorbance 

spectra of SiO2NH3
+ NPs and MPS-PPV coated SiO2NH3

+ NPs at equal concentrations were 

acquired (Figure 2.8).  The absorbance spectrum of the MPS-PPV coated NPs contained 

contributions from both the scattering of the SiO2 NPs and the absorbance of MPS-PPV.  In order 

to deconvolute the spectrum into these two components, the absorbance spectrum of the SiO2NH3
+ 

NPs was subtracted from the spectrum of the MPS-PPV coated NPs to remove the contribution 

due to scattering.  The spectrum remaining after subtraction resembled the spectrum of unadsorbed 

(free) MPS-PPV.  Using Beer’s Law and an extinction coefficient of 3460 M-1cm-1 per polymer 

repeat unit, the concentration of MPS-PPV was calculated to be 13 µM.  Considering that the NP 

concentration in the sample was 13 nM, the number of polymer repeat units per NP was determined 

to be approximately 100,000.  The surface area of one MPS-PPV monomer unit was estimated to 

be 0.36 nm2 and the total polymer surface area per particle was then 36,000 nm2.  Given that the 

surface area of a sphere with r = 50 nm is 31,000 nm2, there is enough to MPS-PPV adsorbed onto 

the particles to cover the surface approximately 1.2 times. 
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Figure 2.8.  Absorbance spectra of 0.13 nM SiO2NH3
+ NPs and 0.13 nM MPS-PPV coated NPs 

in water (blue triangles and red circles, respectively).  The spectrum of the SiO2NH3
+ NPs was 

subtracted from the spectrum of the MPS-PPV coated NPs to correct for the contribution of 

scattering to the spectrum (inverted purple triangles).  The subtracted spectrum is qualitatively 

similar to the spectrum of free MPS-PPV, as expected (black squares). 

2.7.3 Characterization of MPS-PPV coated SiO2 NPs by ensemble fluorescence spectroscopy 

The emission spectrum of the MPS-PPV coated SiO2 NPs and the emission spectrum of 

free MPS-PPV were acquired and then compared.  There were no spectral differences between the 

emission spectrum of adsorbed and non-adsorbed MPS-PPV but the emission intensity is quenched 

66% upon adsorption onto the nanoparticle (Figure 2.9).  The promotion of increased interchain 

contacts by the NP scaffolding likely increases the amount of polymer self-quenching by 

increasing the efficiency of exciton hopping to non-emissive trap sites.   
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Figure 2.9.  Characterization of NPs by fluorescence spectroscopy. a) Emission spectrum of MPS-

PPV coated NPs (black squares) and free MPS-PPV (red triangles) in 3 mM NaCl.  b) Normalized 

emission spectra of MPS-PPV coated NPs (black squares) and free MPS-PPV (red triangles) 

emphasize that the emission profile of MPS-PPV is unchanged upon adsorption on the NP support.  

The excitation wavelength was 450 nm for all samples. 

 

Figure 2.10.  Characterization of NPs before and after SLB formation by fluorescence 

spectroscopy.  Normalized emission spectra of 0.1 nM MPS-PPV coated NPs before (red circles) 

and after (black squares) addition to 13 nM 100  nm DOTAP liposomes in 3 mM NaCl.  Spectra 

are the same as those shown in Figure 2.1A.  The excitation wavelength was 450 nm. 

2.7.4 Determining the correct solution ionic strength to prevent non-specific adsorption of 

DOTAP liposomes on aminosilanized glass coverslips for TIRFM studies 

To ensure that the interaction between the NPs and the liposomes observed during TIRFM 

experiments was specific, control experiments with dye-labelled liposomes were performed to 

assess the extent of non-specific liposome adsorption on the surface.  A total of 20 µL of 100 µM 
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DOTAP (400 nm liposomes) containing the red emitting, lipophilic dye 1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindodicarbocyanine perchlorate (DiD) in a lipid to dye ratio of 256:1 were injected into 

the imaging chamber.  The liposomes were incubated for five minutes and then the chamber was 

rinsed with a solution having the same NaCl concentration.  The surface was then imaged to 

determine the extent of non-specific liposome adsorption (Figure 2.11).   The adsorption of 

liposomes on the surface was first observed at a NaCl concentration of 4 mM (B), with the number 

of adsorbed liposomes greatly increasing as the NaCl concentration was increased to 50 mM (C).  

For this reason, experiments were conducted at 3 mM NaCl (A) to minimize the non-specific 

adsorption of liposomes on the surface. 

 

 

Figure 2.11.  Non-specific adsorption of DOTAP liposomes.  Images were acquired after five 

minutes of incubation on a aminosilanized glass coverslips in solution conditions of a) 3 mM NaCl, 

b) 4 mM NaCl, and c) 50 mM NaCl.   

2.7.5 Enhancement of MPS-PPV adsorbed on SiO2 NPs when DOTAP liposomes are flowed 

at a high concentration 
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DOTAP liposomes 100 nm and 400 nm in diameter were flowed over surface-immobilized 

MPS-PPV coated NPs at high liposome concentrations of 13 and 8 nM, respectively.  Both the 

mean enhancement (23-fold and 22-fold, respectively) and the distribution of enhancements 

(Figure 2.12) were indistinguishable between the two liposome samples.  According to our model, 

liposomes adsorb on the surface of the MPS-PPV coated NPs causing the deaggregation of MPS-

PPV and its concomitant fluorescence enhancement.  Under these conditions, liposomes were 

present in excess such that the surface of the NPs was passivated with adsorbed liposomes and the 

enhancements observed were maximal.  The fact that the 100 nm and 400 nm populations are 

indistinguishable is consistent with this model in that the size of the liposome does not dictate the 

extent of the NP emission enhancement so long as MPS-PPV has access to an excess of lipids.  

The small percentage of outliers (<5%) lying at enhancement values > 50 can be explained by 

considering that the calculation of the enhancement is particularly sensitive to errors in the 

determination of the initial intensity.  Given the limited dynamic range of the CCD camera, it was 

necessary to start with a low initial intensity in order to capture the large emission enhancements.  

An underestimation of the initial intensity could lead to artificially high enhancements as these 

values were close to the background intensity level.  Indeed, the top 5% of enhancements were 

found to have an average initial intensity of 44±16 which was significantly lower than the average 

initial intensity of all particles at 81±43.  Despite the existence of several outliers, the mean 

enhancement for both samples agreed well with the enhancement determined in ensemble 

fluorescence studies. 

 

Figure 2.12.  Histogram of enhancement values for MPS-PPV coated NPs observed while flowing 

a high concentration of DOTAP liposomes.  100 nm and 400 nm DOTAP liposomes were flowed 
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at 13 and 8 nM, respectively.  Enhancement values shown in the histogram were determined from 

the fluorescence intensity versus time trajectories of 200 MPS-PPV coated NPs for both 

conditions. 

2.7.6 Distribution of single MPS-PPV coated NP intensities 

The amount of MPS-PPV adsorbed onto the SiO2 NPs was expected to depend on the surface area 

of the underlying SiO2 support.  The distribution of MPS-PPV coated NP fluorescence intensities 

observed during TIRFM experiments was related to the distribution of MPS-PPV coated NP sizes 

obtained by dynamic light scattering measurements (Figure 2.13). 

   

Figure 2.13.  Distribution of single MPS-PPV coated NP intensities A) Size distribution of MPS-

PPV coated SiO2NH3
+ NPs determined by dynamic light scattering.  B) Histogram of the initial 

fluorescence intensity values recorded for 371 individual MPS-PPV coated NPs during TIRFM 

experiments.   

2.7.7 Monitoring the rupture of DOTAP liposomes 

A dye leakage experiment with the red-emitting fluorophore sulfo-Cy5 carboxylic acid was 

performed to provide additional evidence that the majority of DOTAP liposomes do not rupture 

upon adsorption onto the MPS-PPV coated NPs over the timescale observed during the TIRFM 

experiments.  Cy5 was encapsulated within DOTAP liposomes suspended in a solution of the 

quencher FeCl3.  Positively charged Fe3+ ions cannot cross the DOTAP membrane but are present 

in sufficient amount to efficiently quench the emission of the encapsulated fluorophores if the 

membrane ruptures and releases them into solution.  MPS-PPV coated NPs were added to a FeCl3 

solution containing DOTAP liposomes with encapsulated Cy5 molecules.  The emission spectrum 
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of Cy5 was measured immediately and ten minutes after mixing (Figure 2.14).  Only a slight 

quenching of the Cy5 emission was observed, which was consistent with relatively slow liposome 

rupture kinetics under these conditions.  In order to prove that the assay was capable of detecting 

liposome rupture, the liposomes were exposed to conditions that mechanically disrupted the 

membrane.  The mixture of DOTAP, NPs, and FeCl3 was frozen on dry ice (5 min) and then thawed 

in a water bath (5 min).  After this cycle the fluorescence intensity was nearly completely 

quenched, consistent with liposome rupture rendering the contents vulnerable to quenching by 

FeCl3  

 

Figure 2.14.  Quenching study to quantify the rupture of DOTAP liposomes.  Emission intensity 

of the fluorophore sulfo-Cy5 carboxylic acid initially encapsulated inside of 100 nm DOTAP 

liposomes at a density of 100 Cy5 per liposome.  A 1.1 nM liposome solution in 300 µM FeCl3 

was mixed with 0.11 nM MPS-PPV coated NPs.  The Cy5 emission spectrum was recorded 30 s 

(black squares) and 10 min (red circles) after mixing.  Also shown is the spectrum of an identical 

solution that was frozen on dry ice to mechanically disrupt the membrane upon thawing to room 

temperature (blue triangles).  The excitation wavelength was 600 nm for all samples. 
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Chapter 3: Biomimetic light harvesting antenna based on the self-

assembly of conjugated polyelectrolytes embedded within lipid 

membranes 

Reproduced with permission from: “Biomimetic light harvesting antenna based on the self-

assembly of conjugated polyelectrolytes embedded within lipid membranes”, Christina F. 

Calver, Kirk S. Schanze, & Gonzalo Cosa, ACS Nano, 2016, 10, 10598-10605. 

Author contributions: Christina F. Calver performed experiments, analyzed data, and co-wrote 

the paper.  Prof. Kirk S. Schanze provided the PPE-CO2 polymer and provided feedback on the 

manuscript.  Prof. G. Cosa designed the project, guided the interpretation of data, and co-wrote 

the paper. 
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3.0 Preface 

Chapter 2 illustrated how liposomes readily interacted with CPE-coated NPs, rapidly 

deforming to follow their surface curvature and eventually rupturing to form supported lipid 

bilayers containing embedded CPE.  While this study focused on the dynamics of the early stages 

of the CPE/lipid structure formation, understanding the organization of these structures at the 

molecular level is another topic of fundamental importance.  In Chapter 3, we explore the self-

assembly of polyanions containing a poly(phenylene ethynylene) backbone and charged 

carboxylate side chains (PPE-CO2) within the membrane of DOTAP liposomes.  The PPE-CO2-

containing liposomes were then evaluated toward their performance as a light harvesting antenna, 

where the organization of the light-absorbing CPEs within the membrane is a critical factor in 

determining the efficiency of energy migration to a trap/reaction centre. 
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3.1 Abstract 

Here we report a biomimetic light-harvesting antenna based on negatively charged 

poly(phenylene ethynylene) conjugated polyelectrolytes assembled within a positively charged 

lipid membrane scaffold constructed by the lipid 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP). Light harvested by the polymers was transferred via through-space mechanisms to a 

lipophilic energy acceptor (the cyanine dye DiI) whose effective molar absorption was enhanced 

by up to 18-fold due to the antenna effect. Absorption amplification of DiI was found to be due 

primarily to direct energy transfer from polymers. The efficiency of homoenergy transfer among 

polymers was next probed by the membrane embedding fullerene derivative phenyl-C61-butryic 

acid methyl ester (PCBM) acting as an electron acceptor. PCBM was able to quench the emission 

of up to five polymers, consistent with a modest amount of homotransfer. The ability of the 

membrane to accommodate a high density of polymer donors without self-quenching was crucial 

to the success of electronic energy harvesting achieved. This work highlights the potential of lipid 

membranes as a platform to organize light-harvesting molecules on the nanoscale toward 

achieving efficient energy transfer to a target chromophore/trap. 

3.2 Introduction 

Photosynthesis relies on well-organized arrays of pigment–protein complexes embedded 

in lipid membranes to capture light energy from the sun. Following excitation of any pigment in 

the array, the electronic energy is next transferred via homoenergy transfer among the 

supramolecular assembly of chromophores, exploiting an energy gradient, to the reaction center 

where charge separation occurs.1-6 Significant efforts are being made to emulate nature’s design 

toward capturing solar energy by assembling artificial light-harvesting antennas coupled to a target 

chromophore or trap.7-9 Paramount to a successful outcome is the ability to control the orientation 

and distance between light-harvesting chromophores as well as between these chromophores and 

the trap/energy acceptor to maximize energy transfer.4, 10 One approach is to link donor and 

acceptor chromophores together via covalent bonds. Although this strategy allows for precise 

control over position to be achieved, synthetic complexity poses limits on the scalability as well 

as on the number of energy-harvesting donors that can be feasibly incorporated.10-15 Self-assembly 

has been proposed as an alternative approach that avoids synthetic complexity while at the same 
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time increases the flexibility of the design by bringing components together in a modular 

fashion.16-30 In self-assembled systems, several challenges must be met: (i) the self-assembly 

strategy must be able to bring the light-harvesting components within close proximity; (ii) the 

components should preferably be brought together in such a way that their relative orientations 

maximize energy transfer; and (iii) energy losses due to self-quenching should be minimized. 

Here we report a self-assembled light-harvesting antenna based on a lipid membrane 

scaffold. The choice of a lipid membrane to compartmentalize and direct the self-assembly of the 

light-harvesting components was based on a number of advantages that it provides. The lipid 

molecules themselves self-assemble to form predictable and well-defined structures with long-

range order. The innate organization of the lipid bilayer may also be potentially exploited as a 

means to bring donors and acceptors into close proximity and direct their relative orientation to 

favor energy transfer. In addition, the presence of a membrane environment opens up the 

possibility of interfacing synthetic chromophores with naturally occurring reaction center or 

photostabilizing molecules such as carotenoids to fabricate functionally compatible hybrid light-

harvesting complexes. 

3.3 Results and discussion 

3.3.1 Design of the light harvesting antenna 

A conjugated polyelectrolyte with a poly(phenylene ethynylene) backbone and carboxylate 

side chains with an average chain length of seven polymer repeat units (PRUs) was chosen as the 

light-harvesting material (PPE-CO2-7, see Figure 3.1).31 This choice was inspired by previous 

observations in our group and by others that conjugated polyelectrolytes, including PPE-CO2-7, 

will spontaneously embed within the membrane of zwitterionic (DOPC) or positively charged 

(DOTAP) liposomes due to a combination of favorable hydrophobic and electrostatic 

interactions.32-38 Although PPE-CO2-7 has a strong tendency to form aggregates in aqueous 

solution, the emission spectrum of the membrane embedded polymer was characteristic of single 

PPE chains (λmax absorbance/emission = 400/443 nm), revealing that the polymer–lipid 

interactions are stronger than the polymer–polymer interactions.39 We relied upon the solvation 

environment of the membrane to ensure that the PPE-CO2-7 polymers were uniformly distributed. 

The favorable electrostatic and hydrophobic interactions between the polyanion and the positively 
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charged membrane provided a most suitable “solvent” preventing the polymers from aggregating. 

The membrane thus allows for the assembly of polymers within close enough proximity for many 

donors to be packed within the capture area of a single acceptor molecule while avoiding losses 

due to self-quenching. In addition, the close proximity of the polymer chains was anticipated to 

facilitate efficient energy migration via through space energy transfer among adjacent polymer 

chains (homo-FRET). Efficient energy migration could in theory enhance the performance of the 

light-harvesting system by spatially extending the effective capture area of the acceptor. 

 

Figure 3.1. Chemical structures of the conjugated polyelectrolyte PPE-CO2-7, the lipophilic 

acceptor DiI, and the lipid DOTAP utilized in this study. Shown is a not-to-scale diagram with a 

lipid slab to illustrate the dimensions of the various elements in the system. We note that the 

hydrophobic backbone of the polymer is most likely intercalating the lipid bilayer with the charged 

side-chains facing the water–lipid interface. 

To demonstrate that the membrane-embedded polymers functioned as a light-harvesting 

antenna, the energy transfer between the polymers and a membrane-bound trap/energy acceptor, 

the lipophilic dye DiI (3H-indolium, 2-[3-(1,3-dihydro-3,3-dimethyl-1-octadecyl-2H-indol-2-

ylidene)-1-propenyl]-3,3-dimethyl-1-octadecyl-perchlorate (λmax absorbance/emission = 550/585 

nm), was studied (see Figure 3.1). The large superposition of the PPE-CO2-7 emission spectrum 

(in its deaggregated form in the membrane) with the absorption spectrum of DiI, together with the 

large molar extinction coefficients characterizing both chromophores (ε = 196,000 and 148,000 

M–1cm–1 for PPE-CO2-7 and DiI, respectively) provided for efficient light capture with a suitable 
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energy landscape for dipole–dipole coupling and energy transfer from PPE-CO2-7 to DiI (see 

Figure 3.7). Favorable electrostatic and hydrophobic interactions between the membrane and the 

CPE drive the initial membrane-polymer association, but other factors, particularly the intrinsic 

curvature of the chosen lipids, are critically important in determining the final self-assembled 

structure. Here, the polymers presumably rest along the bilayer surface according to previous 

studies,40 as has been shown with DiI,41 rather than across the bilayer, an arrangement that may 

favor efficient coupling of the donor and acceptor transition dipoles. As a consequence of the light 

harvesting by PPE-CO2-7, the effective molar absorption coefficient of DiI was increased by ca. 

18-fold. The PPE-CO2 antenna not only enhanced the DiI capture radii spatially but also spectrally 

extends its effective absorption to the blue region of the solar spectrum, where PPE-CO2-7 absorbs. 

3.3.2. Incorporation of PPE-CO2-7 into DOTAP liposomes 

In order to assess the ability of the membrane to accommodate PPE-CO2-7, we conducted 

titrations with increasing amounts of polymer added to solutions containing liposomes of the 

cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) 200 nm in diameter and 

prepared in an aqueous solution. Freezing the sample on dry ice and thawing it in a water bath at 

room temperature was found to increase the amount of deaggregated polymer incorporated in the 

membrane. The emission intensity attributed to deaggregated polymer chains (λmax = 443 nm) was 

observed to increase linearly with increasing polymer concentration up to a polymer repeat unit 

(PRU):lipid ratio of 0.14 (representing 7181 polymers per liposome) (Figure 3.2). PRU:lipid ratios 

were calculated based on estimations of the lipid concentration after extrusion. The PRU:lipid ratio 

is nominally 0.10 if losses during liposome extrusion are not accounted for. Based on this polymer 

loading, a polymer–polymer spacing of ca. 1 nm and an effective surface coverage of 43% were 

calculated, assuming that the polymers form a monolayer (i.e., do not stack) within the membrane 

(see section 3.7.4 for details). Above this ratio, the growth of a new emission band characteristic 

of the polymer aggregates in water (λmax = 530 nm) was observed, indicating that the membrane 

was saturated with polymer and that the excess existed as aggregates in solution. 
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Figure 3.2. Incorporation of PPE-CO2-7 into DOTAP liposomes. (A) Diagram showing the 

excitation of PPE-CO2-7 polymers embedded within a lipid membrane at low and high polymer 

loadings (left and right, respectively). At high polymer loadings, there is the possibility that 

excitons may migrate via homo-FRET (blue arrows). (B) Emission spectra of PPE-CO2-7 loaded 

into 20 pM 200 nm diameter DOTAP liposomes at varying PRU:lipid ratios obtained upon 

excitation at 390 nm. The concentration of PPE-CO2-7 was varied, while the lipid concentration 

was held constant. Spectra plotted are the average of three spectra obtained from experiments 

carried out in triplicate. (C) Integrated intensity of the emission spectra shown in panel B plotted 
versus the number of polymer repeat units per lipid. 

Remarkably, the PPE-CO2-7 polymers could be loaded into the membrane at a high density 

(the average center-to-center separation between polymer chains was estimated to be ca. 1.9 nm 

at a PRU:lipid ratio of 0.14, see section 3.7.4) with minimal self-quenching of the emission 

intensity. In this sense, the polymer-based antenna effectively mimics naturally occurring light-

harvesting antennas, where center-to-center chromophore separations of 0.6–2.5 nm are also 

achieved without self-quenching.4 Equally remarkably, the linear correlation between the polymer 

loading and the emission intensity showed that this level of packing may by achieved without 

additional losses due to self-quenching, a result that makes the PPE-CO2-7 saturated membrane an 

excellent candidate for a light-harvesting antenna. The presence of even small amounts of 

defective, nonemitting sites in conjugated polymer materials can lead to large losses in devices 

because of rapid energy transfer to these sites.42-43 The fact that losses are not observed speaks to 

the apparent absence of defects in the PPE-CO2-7 polymers utilized here (the emission quantum 

yield for PPE-CO2-7 within the membranes was estimated to be similar to that reported in 

methanol, ca. 0.64).31 The rigidity of the relatively short, rod-like negatively charged polymers 
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together with the scaffolding provided by the cationic lipid may impart the polymer-membrane 

self-assembled structures desirable spectroscopic and mechanical properties enabling efficient 

chain packing, ultimately yielding an efficient light-harvesting antenna. 

3.3.3 Cryo-TEM imaging of lipid bilayers containing embedded PPE-CO2-7 

Cryogenic transmission electron microscopy (cryo-TEM) was next performed in order to 

gain an understanding of the lipid/polymer structures at the molecular level. Equal volumes of 

aqueous solutions of PPE-CO2-7 (1.4 mM in terms of PRUs) and freshly prepared liposomes (10 

mM lipid, ca. 28 nM liposomes) were mixed together to yield a sample with a PRU:lipid ratio of 

0.14, representing a membrane saturated with polymer (vide supra). Samples were then vitrified 

immediately following mixing and imaged using cryo-TEM (see also Figure 3.8 for negative 

stained TEM control images). The structures observed were predominately spherical and 

unilamellar (Figure 3.3A), with an average diameter of 130 ± 50 nm (N = 162). Images obtained 

at higher magnification revealed that the membrane retained a bilayer structure with the lipid head 

groups of the inner and outer membrane leaflets clearly visible after polymer insertion (Figure 

3.3B). Figure 3.3C shows a zoomed in portion of Figure 3.3B to more clearly visualize the two 

layers of the bilayer. The thickness of the lipid bilayer was ca. 4 nm, consistent with other reports 

of lipid membranes imaged by cryo-TEM,33, 44 showing that even large amounts of embedded 

polymer does not lead to substantial thickening of the membrane. 
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Figure 3.3. Cryo-TEM images of vitrified aqueous solutions of DOTAP liposomes containing 

PPE-CO2-7. (A) Low-magnification image showing a selection of representative liposomes. (B) 

High-magnification image where the head groups of the inner and outer membrane leaflets of the 

bilayer are visible. (C) Expansion of the area enclosed by the dashed white square superimposed 

on panel B to aid in visualizing the bilayer.  The liposome concentration was 28 pM and the 

polymer concentration was 0.14 PRU:lipid. 

3.3.4 Absorption amplification of DiI 

The performance of the PPE-CO2-7 antenna was subsequently evaluated by determining 

the amount of energy transferred from the antenna to the lipophilic acceptor/trap chromophore DiI. 

The experiments were conducted by exciting solutions of DOTAP liposomes 200 nm in diameter 

and containing on average 614 DiI and 614 PPE-CO2-7 molecules at 390 nm, near the absorbance 

maximum of the polymer. The average DiI loading employed, equivalent to a 1.7 × 10–3 DiI:lipid 

mole ratio, was selected to ensure a large separation (ca. 16 nm, see section 3.7.5 for details) 

between adjacent DiI molecules within the liposome bilayer, precluding homoenergy transfer 

between DiI molecules from taking place. In turn, the polymer loading was chosen such that the 

average edge-to-edge separation between DiI and PPE-CO2-7 was 5 nm, (see section 3.7.5 for 

details), which is equal to the Forster radius (R0) estimated for a single PPE-CO2-7/DiI 

donor/acceptor pair such that at least some extent of energy transfer from the polymer to DiI is 

expected. Consistent with energy transfer from the PPE-CO2-7 antenna to DiI, we observed 

efficient sensitization of DiI emission (λmax = 580 nm) by photoexcited PPE-CO2-7 when both 

were present in the membrane of DOTAP liposomes. This was evidenced by the appearance of a 

new peak in the excitation spectrum whose shape and position corresponded to the PPE-CO2-7 

absorption spectrum and whose intensity was related to the extent to which sensitation takes place 

(Figure 3.4A). A 45% quenching of the PPE-CO2-7 emission intensity in the presence of DiI 
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compared to a sample containing the same amount of polymer but no DiI was observed, also 

consistent with FRET (Figure 3.4B). Control experiments with liposomes containing DiI but no 

polymer showed no DiI emission upon excitation at 390 nm (i.e.; direct excitation of DiI was 

negligible), see Figure 3.4B). 

 

Figure 3.4. Energy transfer from PPE-CO2-7 to DiI. (A) Absorbance spectrum of a sample of 390 

pM 200 nm diameter DOTAP liposomes containing 614 PPE-CO2-7 polymers per liposome (black 

squares) and excitation spectrum obtained by monitoring DiI emission at 600 nm of a sample 

containing 20 pM liposomes and also containing 614 polymers per liposome (red circles). The 

spectra were first normalized by the DiI absorption/excitation peak at 550 nm and were then 

normalized by the value of the PPE-CO2-7 absorbance at 400 nm in order to more clearly show 

what fraction of the energy absorbed was ultimately transferred to DiI. (B) Emission spectrum of 

20 pM 200 nm diameter DOTAP liposomes containing 614 PPE-CO2-7 polymers per liposome 

(black squares), both 614 PPE-CO2-7 and 614 DiI molecules per liposome (red circles), or 614 DiI 

per liposome (blue triangles). PPE-CO2-7 was excited at 390 nm. Scattering from the liposomes 

has been subtracted from all spectra, and the contribution of PPE-CO2-7 emission has also been 

subtracted from the excitation spectrum (see sections 3.7.6 and 3.7.7 and Figures 3.9 and 3.10 for 

details). 

The absorption amplification of DiI in the presence of PPE-CO2-7 (defined as the ratio of 

the area of the PPE-CO2-7 excitation peak to the area of the DiI excitation peak) provided an 

additional quantitative measure of the antenna performance (Figure 3.4).17, 24 In order to find the 

absorption amplification of DiI, increasing amounts of polymer were added to liposome samples 

containing a constant amount of DiI (614 DiI/liposome). The excitation spectra of the samples 

were next acquired by monitoring the DiI emission at 600 nm. Following spectral deconvolution 

(see section 3.7.7 and Figure 3.10 for details), the peak-area ratio of the peaks observed at 550 nm 

(corresponding to the direct excitation of DiI) and at 400 nm (attributed to the sensitization of DiI 

upon PPE-CO2-7 excitation) yielded a value for the absorption amplification. This value allowed 

us to quantify the energy transfer from the antenna to the acceptor/trap at various loadings of PPE-
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CO2-7. The contribution of polymer emission at the monitoring wavelength of 600 nm was 

subtracted from the excitation spectra such that the polymer excitation peak only represented 

energy that was transferred to DiI (see section 3.7.7 and Figure 3.10 for details). Importantly, 

control experiments showed that the fluorescence quantum yield of DiI was unchanged in the 

presence of PPE-CO2-7 (Figure 3.11), justifying use of the sensitized DiI emission as a means to 

quantify the amount of energy transferred from the polymer and collected by DiI. 

The absorption amplification of DiI increased as a function of polymer loading (Figure 

3.5B), indicating that DiI collected more energy from PPE-CO2-7 at higher polymer loadings. 

Specifically, at low PPE-CO2-7 loadings, when homo-FRET between adjacent polymer chains is 

expected to be negligible, DiI may only collect energy from its nearest neighbor (Figure 3.5A). 

Assuming a single donor partner located at an optimal distance, the absorption amplification would 

be expected to reach a maximum value determined by the area of the PPE-CO2-7 excitation peak 

divided by the DiI excitation peak in units of molar absorptivity (M–1cm–1). This ratio was found 

to be equal to 2.4 (this upper bound limit would be encountered for a 100% energy transfer 

condition, see Figure 3.12). At the highest polymer loading (7181 polymers per liposome, see 

section 3.7.3 for calculation of this value), the area of the PPE-CO2-7 excitation peak was 12.5 ± 

0.4-fold larger than the area of the DiI excitation peak, well exceeding the value of 2.4-fold 

expected for one polymer and highlighting the fact that DiI was collecting energy from multiple 

polymer chains (Figure 3.5B). To show that DiI and PPE-CO2-7 do not preassociate or form a 

static complex within the membrane, a sample containing 50 DiI and 50 PPE-CO2–7 polymers per 

liposome was prepared. At this low loading, the average distance between the donor and the 

acceptor would be ca. 22 nm, and therefore no energy transfer is expected if the components are 

well-dispersed within the membrane. Indeed, negligible FRET was observed (see Figure 3.13), 

leading to the conclusion that the polymer and the acceptor do not have a strong tendency to 

preassociate. 
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Figure 3.5. Absorption amplification of DiI. (A) Diagram showing energy transfer from PPE-

CO2-7 embedded within a lipid membrane to DiI at low and high polymer loadings (left and right 

diagrams, respectively). At low polymer loadings, DiI may only collect energy from its nearest 

neighboring polymer, whereas at high polymer loadings, the high density of donors allows DiI to 

collect energy harvested from multiple polymers either through direct energy transfer or through 

homotransfer followed by direct transfer. (B) Excitation spectra of 20 pM 200 nm DOTAP 

liposomes containing 614 DiI per liposome and varying amounts of PPE-CO2-7. The spectra are 

obtained by monitoring DiI emission at 600 nm. The contribution of PPE-CO2-7 emission at 600 

nm has been subtracted from the spectra (see section 3.7.7 and Figure 3.10 for details). The spectra 

are normalized to a value of 1 at the DiI excitation maximum of 550 nm in order to more clearly 

show the absorption amplification factor. (C) Absorption amplification of DiI versus polymer:DiI 

ratio. The amount of polymer is varied, while the amount of DiI is held constant at 614 DiI per 

liposome. Spectra plotted are the average of three spectra obtained from experiments carried out 

in triplicate. 

Assuming that orientation factors are not affected by the density of polymers in the 

membrane, a linear relationship between the energy transfer efficiency versus the number of 

donors is expected, since the average distance between the donor and the acceptor will remain 

constant regardless of how many polymers are added to the membrane (assuming that 

homotransfer between donors does not occur). In the case of homotransfer, however, the effective 

DiI-polymer separation will decrease because excitations from more distant polymer chains will 

have a pathway to migrate closer to the DiI trap, leading the plot in Figure 3.5C to be superlinear 

as opposed to linear. Since a linear and not a superlinear plot were obtained, this suggests that 

homotransfer does not compete effectively with other decay pathways (e.g.; energy transfer to DiI 

or radiative decay) in this system. 
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3.3.5. Optimization of the light harvesting antenna 

Conditions that would maximize the performance of the light-harvesting antenna were next 

sought. In real photosynthetic systems, the antenna size per reaction center depends on the 

available light, and evolution dictates a perfect balance to ensure maximum light harvesting at 

minimum trap/reaction center cost, given the pressures of the environment.45-46 Here, to maximize 

the amount of light harvested, the highest load of antennas possible before saturation of the 

membrane, obtained at 0.14 PRU:lipid (vide supra), was used. The loading of the energy acceptor 

DiI was next optimized. The optimal DiI loading represents a compromise between loading DiI at 

the highest possible density and thus ensuring that all of the energy harvested by the antenna 

reaches the traps versus reducing the DiI density to maximize the energy collected by each trap 

individually (Figure 3.6A). The former extreme favors energy collection with the associated 

penalty of increasing traps, whereas the latter minimizes the number of traps to the detriment of 

energy collection. 
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Figure 3.6. Optimization of the light harvesting antenna. (A) Cartoon illustrating the energy 

collecting area associated with each individual DiI molecule assuming that there exists a large 

density of PPE-CO2-7 antennas. At low DiI acceptor surface densities, a fraction of the light 

harvested by the polymer may not reach the acceptor. In turn at high acceptor surface densities, 

individual DiI molecules compete with each other for excitons from PPE-CO2-7 (illustrated by the 

overlapping of the dashed lines). (B) Absorption amplification of DiI as a function of membrane 

area per DiI in the membrane of 200 nm diameter DOTAP liposomes containing 0.14 PRU:lipid 

PPE-CO2-7. (C) Fraction of PPE-CO2-7 emission that is quenched by DiI as a function of 

membrane area per DiI in the membrane of 200 nm DOTAP liposomes containing 0.14 PRU:lipid 

PPE-CO2-7. The plots in panels B and C were obtained by averaging the results obtained from 

experiments performed in triplicate. Error bars are the standard deviation of the mean values. (D) 

Diagram showing energy migration within the PPE-CO2-7 antenna toward the electron acceptor 

PCBM. The left-most polymer is initially excited, and the blue arrows represent the energy transfer 
via FRET between polymers. The black arrow represents the photoinduced electron transfer from 

the excited polymer to a PCBM molecule within close proximity. (E) Stern–Volmer plot of the 

quenching of PPE-CO2-7 emission by PCBM in the membrane of 200 nm DOTAP liposomes 

containing 0.14 PRU:lipid and 0–0.0004 PCBM:lipid. The data points are the average of 7–10 

replicates with the error bars showing the standard deviation. 
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Experimentally, the absorption amplification of DiI was used to quantify the energy 

collected per acceptor/trap. DOTAP liposomes were prepared with DiI loadings ranging from 50 

to 10,000 chromophores per liposome. The excitation spectrum of each sample was acquired, and 

the absorption amplification of DiI was determined in each case. Each DiI was associated with an 

antenna centered on a circle whose capture area is defined by the total surface area of the liposome 

(4πr2) divided by the total number of DiI per liposome. As the area per DiI in the membrane 

increased, the absorption amplification of DiI initially increased Figure 3.6B. This is consistent 

with the idea that each individual DiI encounters reduced competition from neighboring DiI 

molecules for polymer excitons as their density decreases. The upward trend in the absorption 

amplification eventually plateaued at low DiI surface density values, yielding a maximum 

absorption amplification value of ca. 18. Based on the plateau observed in the plot in Figure 3.6B, 

the capture area of DiI was estimated to be ca. 600 nm2, which corresponds to a capture radius of 

ca. 14 nm. The number of polymers within the capture area was then estimated from the surface 

density of polymers within the membrane to obtain a value of ca. 34 polymers per DiI (600 nm2 × 

7181 polymers/(4π × 100 nm2)), corresponding to ca. 238 PRUs. The overall energy transfer 

efficiency within the capture area was then interpolated from Figure 3.6C to be ca. 30%. By 

comparison, naturally occurring light-harvesting antennas typically incorporate ca. 200 

chromophores and achieve quantum efficiencies of 50–90%.4, 47 

The fraction of energy absorbed by the antenna that is ultimately transferred to the acceptor 

is also an important consideration when evaluating the overall performance of a light-harvesting 

system. To determine the transfer efficiency, we calculated the fraction of PPE-CO2-7 emission 

that was quenched by energy transfer at each DiI loading. The emission spectrum of each sample 

was obtained by exciting PPE-CO2-7 at 390 nm. The spectra were compared to a control sample 

containing the same amount of PPE-CO2-7 but no DiI in order to determine the quenching of the 

donor emission. As expected, as the number of acceptors in the membrane increased, the polymer 

emission quenching also increased (Figure 3.6C). At DiI loadings exceeding 2500 DiI per 

liposome (corresponding to DiI-DiI separations ≤8 nm and areas of ≤50 nm2 per DiI), more than 

85% of the energy harvested by PPE-CO2-7 was transferred to DiI, although as one may observe 

from Figure 3.6B, the absorption amplification of each individual DiI at these loadings is relatively 

small at <5-fold, since the acceptors must share the energy harvested by the polymers between 

themselves. 
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3.3.6. The role of homotransfer in the light harvesting antenna 

To probe the extent of homotransfer in the antenna, we utilized an electron acceptor, the 

fullerene derivative phenyl-C61-butryic acid methyl ester (PCBM), closely resembling a fullerene 

derivative shown to quench the emission of the polymer PPE-SO3 via photoinduced electron 

transfer.48 Given the large solubility of C60 and related compounds within lipid bilayers49 and their 

suitable redox properties, PCBM provides for an ideal electron acceptor to probe energy migration 

within the membrane embedded antenna. Here, PCBM acts as a reaction center where charge 

separation occurs effectively transducing the electronic energy harvested by the antenna into 

chemical energy. 

Given the short distance range (few angstroms) characterizing electron transfer, PCBM 

was anticipated to quench its nearest neighbor, ca. 0–2 polymers, unless energy migration through 

the antenna was effectively taking place thus amplifying the number of PPE-CO2-7 polymers 

quenched (Figure 3.6D). To quantify the extent of quenching, liposomes were prepared containing 

0.14 PRU:lipid and incorporating PCBM at PCBM:lipid molar ratios of 1:7200, 1:4800, and 

1:2400, low enough to prevent PCBM aggregation.50-51 The emission of the polymer was quenched 

as a function of increasing PCBM concentration within the membrane (Figure 3.14). The Stern–

Volmer plot of the emission quenching was linear, rendering a KSV value of 5.3 polymers quenched 

per PCBM molecule (Figure 3.6E). While this result indicates that homotransfer between the 

polymers of the antenna does occur, it also shows that excitons generated more than two polymers 

away are unlikely to reach the fullerene reaction center. 

3.4 Conclusion 

We have reported a biomimetic artificial light-harvesting system based on the self-

assembly of light-harvesting conjugated polyelectrolytes embedded within lipid membranes. The 

PPE-CO2-7 polymers can be loaded into the membrane of DOTAP liposomes at a high density 

(estimated at less than 2 nm center-to-center average separation distance) with minimal energy 

losses due to self-quenching. While amplified absorption, a marker of through space energy 

transfer, was observed for the membrane embedded energy acceptor DiI, our results pointed to a 

dominant contribution of direct PPE-DiI energy transfer, where homotransfer between polymers 

acting as relay units could not be clearly discerned. Quenching studies with electron acceptors 
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ultimately illustrated that homotransfer takes place in the system albeit only though a relatively 

short distance range. The dominance of direct energy transfer from PPE-CO2-7 to DiI over 

homotransfer between polymers in this system provides knowledge that may help in improving 

the performance of this or similar systems in the future. Our current efforts are focused on 

characterizing the orientation of the polymers within the membrane and elucidating the factors that 

control their self-assembly. Understanding the orientation will enable one to engineer the 

nanoscale assembly toward improving the efficiency of the FRET processes occurring in the 

membrane. In addition, the incorporation of CPEs within membranes offers great flexibility in 

design, as the polymer structure may be readily modified to optimize the charge, length, and 

transition energy of the polymer.52-53 More broadly, the demonstration of lipid membranes as a 

platform for assembling an artificial light-harvesting antenna opens the possibility of interfacing 

synthetic conjugated polyelectrolytes with reaction centers and photostabilizing molecules such as 

carotenoids, to fabricate functionally compatible hybrid light-harvesting complexes. 
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3.6 Experimental section 

3.61 Materials 

Poly(phenylene ethynylene) carboxylate PPE-CO2-7 (PDI = 1.7) was synthesized as previously 

described.31 Concentrated polymer solutions in water were diluted in Hyclone HyPure molecular 

biology-grade water purchased from Fisher. DiI was purchased from Invitrogen (Burlington, ON, 

Canada). DOTAP was acquired from Avanti Polar Lipids (Alabaster, AL). HPLC grade 

chloroform was purchased from EMD chemicals (Gibbstown, NJ). PCBM was purchased from 

American Dye Source, Inc. (Baie d’Urfé, Quebec, Canada). All materials were used without 

further purification. 

3.62 Liposome preparation 

DOTAP lipid powder was dissolved in chloroform. Aliquots of DiI dissolved in methanol or 

PCBM dissolved in chloroform were added to the lipid solution when specified. The solvent was 

evaporated by a stream of argon, and the resulting thin lipid film was placed under vacuum for a 

minimum of 30 min to remove any remaining solvent. Dry lipid films were then hydrated in water. 

The samples were subjected to 10 freeze–thaw–sonication cycles (5 min in dry ice/5 min 

sonication in a water bath at 40°–50 °C) to increase the unilamellarity of the sample. Except for 

samples containing PCBM, the liposomes were then extruded through a 200 nm polycarbonate 

membrane using a mini-extruder from Avanti Polar Lipids, Inc. The final lipid concentration was 

1.4 × 10–2 M after extrusion, determined by measuring the absorbance of DiI. 

3.63 Absorption and emission spectroscopy 

Steady-state fluorescence spectroscopy was carried out using a Photon Technology International 

(PTI) Quanta Master fluorimeter. Absorption spectra were recorded using a Hitachi U2800 UV–

vis spectrophotometer. For all steady-state absorption and emission experiments, air equilibrated 

solutions were placed in 1 × 1 cm quartz cuvettes. For samples containing PPE-CO2, aliquots of 

polymer aqueous solution were added to Eppendorf tubes containing DOTAP liposomes and 

mixed. The samples were then placed on dry ice until completely frozen (ca. 10 min) and then 

completely thawed in a water bath at room temperature (ca. 10 min) before acquiring the spectrum. 
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The additional freeze/thaw step was found to increase the amount of deaggregated polymers 

incorporated within the lipid membrane. 

3.64 Transmission Electron Microscopy 

Five μL of the sample suspension was deposited onto a 200-mesh Cu TEM grid with carbon 

support film immediately after negative glow discharge. After approximately 1–3 min, the excess 

solution was blotted with filter paper. This was followed by application of a 5 μL drop of a 2% 

solution of uranyl acetate (UA; SPI Supplies, West Chester, PA). After 1 min, the excess UA was 

removed with filter paper. After air drying at room temperature, the sample was imaged in an FEI 

Tecnai 12 BioTwin 120 kV TEM (FEI Company, Hillsboro, OR) equipped with an AMT XR80C 

CCD Camera System (Advanced Microscopy Techniques, Woburn, MA). 

3.65 Cryogenic electron microscopy 

Three μL of the sample suspension was pipetted onto a C-Flat 2/2 TEM grid (Protochips, Inc., 

Morrisville, NC) after positive glow discharge. Excess liquid was blotted with filter paper, and the 

sample was flash frozen in the hydrated state by plunging into a bath of liquid ethane using the 

FEI Vitrobot Mark IV Grid Plunging System (FEI Company, Hillsboro, OR). The sample grids 

were stored at liquid nitrogen temperature and then imaged using the FEI Titan Krios 300 kV cryo-

STEM (FEI Company, Hillsboro, OR) equipped with a Falcon 2 Direct Detection Device (DDD; 

FEI Company) at magnifications of 22,500× (pixel size 3.66A), 37,000× (pixel size 2.24A), 

59,000× (pixel size 1.41 A), and 75,000× (pixel size 1.09 A) (defocus level ranging from −1.0 to 

−4.0 μm) under low dose conditions. 
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3.7 Supporting information 

3.7.1 Spectral overlap of PPE-CO2-7 emission spectrum and DiI absorption spectrum and 

calculation of the Förster radius 

The Förster radius was calculated by applying the Förster equation: 

 𝑅0
6 =

9𝑙𝑛10

128𝜋5𝑁𝐴

𝜅2𝑄𝐷

𝑛4
𝐽 

Where R0 is the Forster radius, NA is Avogadro’s number, 2 is the dipole orientation factor, QD is 

the fluorescence quantum yield of the donor, n is the refractive index of the medium, and J is the 

overlap integral.  

The overlap integral is defined by the following expression: 

𝐽 = ∫ 𝑓𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆 

Where fD(λ) is the donor emission spectrum plotted versus wavelength and normalized to an area 

of 1 and εA(λ) is the acceptor absorption spectrum plotted versus wavelength.  The spectra were 

multiplied by a factor of λ4 and then numerically integrated using a spreadsheet.  A value of n = 

1.4 was used for the refractive index of the DOTAP membrane.  A value of 0.64, reported by by 

Zhao et al. for the fluorescence quantum yield of PPE-CO2-7 in methanol,31 was used for QD.  This 

choice was justified by considering that the emission profile of the polymer embedded in the 

DOTAP membrane is similar to that of the polymer in methanol, indicating that the two solvent 

environments are similar.  A value of 2/3 for the dipole orientation factor is often assumed, which 

corresponds to molecules that are isotropically orientated within the fluorescence lifetime as a 

result of free rotation.  Free rotation within the membrane environment is unlikely, particularly for 

the large polymer molecules, but given the lack of information regarding the relative orientations 

of the donor and acceptor, a value of 2/3 was nevertheless used to estimate R0 at a value of 5 nm. 
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Figure 3.7.  Spectral overlap of PPE-CO2-7 and DiI. Normalized emission spectrum of PPE-

CO2-7 (red circles) and normalized absorption spectrum of DiI (black squares) in DOTAP 

liposomes showing the spectral overlap. The wavelength of excitation was 390 nm. 

3.7.2 Negative stained TEM images of DOTAP liposomes containing PPE-CO2-7

Figure 3.8. Negative stained TEM images of DOTAP liposomes containing PPE-CO2-7. A) Image 

obtained at lower magnification.  B) Image obtained at higher magnification. Samples contain 28 

nM 200 nm diameter DOTAP liposomes and 0.14 PRU:lipid PPE-CO2-7 prepared in aqueous 

solution and were negative stained with uranyl acetate.  Samples were negative stained with uranyl 

acetate. 
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3.7.3 Conversion between polymer concentrations expressed as PRU:lipid and 

polymers/liposome 

Throughout the paper, polymer concentrations were frequently stated as a polymer repeat 

unit to lipid ratio.  Converting these values into a number of polymers per liposome is straight 

forward.  The number of lipids per liposome can be calculated by dividing the surface area of the 

liposome (4πr2) by the surface area of one lipid head group (0.7 nm2), and then multiplying by 2 

to account for the fact that there are two leaflets in the lipid bilayer to give a value of 359,040 

lipids per 200 nm diameter DOTAP liposome.  The following equation is then used to convert 

between the two concentration expressions: 

𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑠/𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 =
𝑙𝑖𝑝𝑖𝑑𝑠/𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ∗ 𝑃𝑅𝑈/𝑙𝑖𝑝𝑖𝑑

7 𝑃𝑅𝑈/𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 

3.7.4 Calculation of the average separation distance between donors and acceptors in the 

membrane 

The average distance between PPE-CO2-7 polymers embedded within the DOTAP 

membrane was calculated by estimating the area occupied by the polymer chains relative to the 

area of the membrane.  Using the formula for the surface area of a sphere, surface area = 4πr2, the 

surface area of one liposome was calculated to be 125,664 nm2.  At the highest polymer loading 

studied, 0.14 PRU:lipid, the number of polymer chains per liposome was 7181 (see previous 

section 3.7.3).  Assuming that the polymers are assembled in a single layer within the membrane, 

the membrane area per polymer would be the surface area of the liposome divided by the number 

of polymers present, 125,664 nm2/7181 = 17.5 nm2.  The dimensions of one polymer repeat unit 

(PRU) were estimated to be 1.2 x 0.9 nm using ChemBio3D Ultra version 12.0.2.1076 

(CambridgeSoft).  The dimensions of one polymer (7 PRUs) are then given by 0.9 nm x (1.2 nm*7) 

= 0.9 nm x 8.4 nm.  To find the distance between polymers, each polymer was placed inside a box 

with an area equal to 17.5 nm2.  Imagining that the two boxes are touching each other side by side, 

the distance between polymers will be equal to the distance between the edge of the polymer and 

the edge of the box multiplied by two.     Adding a value of x to each side of the polymer dimensions 

and setting the product equal to the area of the box results in the following quadratic equation: (0.9 

nm+2x)*(8.4 nm+2x) = 17.5 nm2.  Solving for x gives a value of 0.49 nm.  Since the polymer 
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separation is equal to 2x, this means that the average edge-edge separation is  ca. 1 nm and the 

average center-to-center separation is 1.9 nm  under saturation conditions. 

The calculation for DiI-DiI spacing is considerably less complex than the calculation for 

the polymer-polymer spacing, since one can neglect the dimensions of the much smaller DiI 

molecule when making the calculation.  In this case, the DiI spacing is calculated by dividing the 

surface area of the liposome by the number of DiI to obtain the area per DiI.  Taking the square 

root of the area per DiI and multiplying this value by 2 gives the average center-to-center distance 

between two DiI molecules in the bilayer (assuming that the bilayer is 2 dimensional). 

3.7.5 Determination of the required loading of PPE-CO2-7 and DiI such that the average 

edge-to-edge separation within the membrane is equal to the Förster radius 

The Förster radius for energy transfer between a single PPE-CO2-7/DiI donor/acceptor pair 

was estimated to be 5.0 nm.  The dimensions of a box that would enclose one DiI and one PPE-

CO2-7 polymer within an average distance of 5.0 nm were then calculated.  The total surface area 

of the liposome was then divided by the area of the box in order to determine the number of donors 

and acceptors that needed to be loaded into the liposome to satisfy this condition.  The dimensions 

of one PPE-CO2-7 PRU were estimated to be 1.2 x 0.9 nm.  A 7-mer then has dimensions of 0.9 x 

8.4 nm.  Adding 5.0 nm on each side of the polymer gives a box of area = (0.9 nm + 5.0 nm + 5.0 

nm)*(8.4 nm + 5.0 nm + 5.0 nm) = 200 nm2.  The surface area of a 200 nm liposome was calculated 

using the formula for the surface area of a sphere: surface area = 4πr2 = 4π(100nm)2 = 125,664 

nm2.  The number of donors and acceptors per liposome is then equal to 125,664 nm2/200 nm2  

614 per liposome.   

3.7.6 Subtraction of scattering from emission and excitation spectra 

The light scattered by the liposomes was subtracted from the spectra by acquiring an emission of 

an excitation spectrum containing liposomes only under identical conditions, and then subtracting 

it from the polymer-containing sample as illustrated in Figure 3.9. 
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Figure 3.9.  Subtraction of scattering from emission and excitation spectra. A) Emission spectrum 

of 20 pM 200 nm diameter liposomes containing 614 PPE-CO2-7 polymers per liposome (black 

squares), 0 PPE-CO2-7 polymers per liposome (red circles), and the spectrum obtained by 

subtracting the latter from the former (blue triangles).  The excitation wavelength was 390 nm.  B) 

Excitation spectrum of 20 pM 200 nm diameter liposomes containing 614 PPE-CO2-7 polymers 

per liposome (black squares), 0 PPE-CO2-7 polymers per liposome (red circles), and the spectrum 

obtained by subtracting the latter from the former (blue triangles).  The monitoring wavelength 

was 600 nm. 

3.7.7 Correction of the excitation spectra to account for PPE-CO2-7 emission 

Since PPE-CO2-7 and DiI both emit at 600 nm, the following procedure was used to 

deconvolute the contribution of the PPE-CO2-7 emission from the sensitized DiI emission.  To do 

this, the excitation spectrum of a control sample containing an identical amount of polymer but no 

DiI was acquired to find how large the contribution due to polymer emission.  The PPE-CO2-7 

excitation peak in this spectrum is larger than the polymer contribution in the sample containing 

DiI would be, however, since DiI will partially quench the emission of the polymer.  To determine 

the quenching factor, the emission spectrum of a sample containing polymer only was compared 

to the emission spectrum of a sample containing polymer and DiI.  The polymer was found to be 

quenched by a factor of 0.55 (Figure 3.10A).  The excitation spectrum of the control sample was 

then multiplied by this factor and subtracted from the sample containing DiI to yield the excitation 

spectrum containing the contribution of sensitized DiI emission to the polymer excitation peak 

only (Figure 3.10B). 
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Figure 3.10.  Correction of the excitation spectra to account for PPE-CO2-7 emission. A) Emission 

spectra of liposomes containing 614 PPE-CO2-7 polymers per liposome (black squares) or 614 

PPE-CO2-7 polymers and 614 DiI molecules per liposome (red circles).  The spectrum of 

liposomes containing polymer but not DiI was multiplied by a factor of 0.63 (blue triangles) such 

that the polymer emission matched the polymer emission in the sample containing DiI (red circles).  

B) Excitation spectra of sample containing 614 PPE-CO2-7 polymers and 614 DiI per liposome 

before correction (black squares), a sample containing 614 PPE-CO2-7 polymers but no DiI 

multiplied by the quenching factor of 0.55 determined in Figure 3.10A (red circles), and the 

spectrum obtained after subtraction of the polymer-only sample (blue triangles).  All samples 

contain 20 pM 200 nm diameter DOTAP liposomes.  The excitation wavelength for the emission 

spectra shown in 3.10A was 390 nm.  The monitoring wavelength for the excitation spectra shown 

in Figure 3.10B was 600 nm. 

3.7.8 Effect of PPE-CO2-7 on the emission profile and quantum yield of DiI 

The emission spectrum of DiI in liposomes containing PPE-CO2-7 at a low polymer 

loading (0.010 PRU:lipid) and a high polymer loading (0.10 PRU:lipid) was acquired and 

compared to the emission spectrum of DiI in a control sample containing no polymer (Figure 3.11).  

At the low polymer loading, no shift in the emission profile was observed relative to the emission 

profile of DiI in liposomes containing no polymer.  At a high polymer loading, the ratio between 

the vibronic peaks changed to favour the more red-shifted peak.  The spectra were integrated and 

the percent difference between the integrated intensities was less than 3%, indicating that although 

the presence of the polymer may affect the emission profile of DiI, it does not drastically affect its 

fluorescence quantum yield. 
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Figure 3.11.  Effect of PPE-CO2-7 on the emission profile and quantum yield of DiI. Emission 

spectra of 20 pM 200 nm diameter DOTAP liposomes containing 614 DiI per liposome and PPE-

CO2-7 in a ratio of 0, 0.010, or 0.10 PRU:lipid.  DiI was excited at 520 nm. 

3.7.9 Determination of the maximum absorption amplification of DiI in a 1:1polymer:DiI 

ratio 

The absorption amplification of DiI upon sensitization by a single PPE-CO2-7 polymer will 

depend on the light harvesting ability of PPE-CO2-7 relative to DiI as well as the efficiency that 

the energy harvested is transferred.  Assuming a maximum transfer efficiency of 100%, the 

absorption amplification will be equal to the ratio of the PPE-CO2-7 excitation peak to the DiI 

excitation peak in units of molar absorptivity (Figure 3.12).  The ratio of these peaks was 

determined to be 2.4, representing the expected absorption amplification under the 100% energy 

transfer condition. 



133 
 

 

Figure 3.12.  Determination of the maximum absorption amplification of DiI. Excitation spectra 

of PPE-CO2-7 (black squares) and DiI (red circles) in units of molar absorptivity (M-1cm-1).  

Spectra were acquired by monitoring the emission intensity at 600 nm of aqueous solutions 

containing 20 pM DOTAP liposome 200 nm in diameter and 0.14 PRU:lipid PPE-CO2-7 or 5000 

DiI per liposome.  The spectra were then normalized such that the peak value equaled the molar 

absorptivity (196,000 M-1cm-1 per polymer containing 7 PRUs or 148,000 M-1cm-1 per DiI, 

respectively). 

3.7.10 FRET experiments to show that DiI and PPE-CO2-7 are not pre-associated within the 

membrane 

To show that DiI and PPE-CO2-7 do not pre-associate or form static complexes within the 

membrane, a sample containing 50 DiI and 50 PPE-CO2-7 polymers per liposome was prepared.  

At this low loading, the average distance between the donor and the acceptor would be ca. 22 nm 

and therefore no energy transfer is expected if the components are well-dispersed within the 

membrane.  The emission spectrum of PPE-CO2 was acquired and compared to a sample 

containing the same concentration of PPE-CO2-7 but no DiI (Figure 3.13A) The presence of energy 

transfer would be indicated by quenching of the donor emission and/or appearance of the acceptor 

emission peak, but here the two spectra are identical, consistent with an absence of FRET.  In 

addition, the excitation spectra obtained by monitoring DiI emission at 600 nm showed no PPE-

CO2-7 excitation peak (Figure 3.13B). 
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Figure 3.13.  Absence of energy transfer between dilute donors and acceptors. A)  Emission 

spectra of PPE-CO2-7 in 20 pM 200 nm diameter DOTAP liposomes in water upon excitation at 

390 nm.  B) Excitation spectra obtained from the same samples shown in Figure 3.13A.  Samples 

contain 50 PPE-CO2-7 polymers per liposome and either 0 or 50 DiI (black squares and red circles, 

respectively). 

3.7.11 Quenching of PPE-CO2-7 emission intensity by PCBM 

The emission spectrum of liposomes containing 0.14 PRU:lipid PPE-CO2-7 and 0.00014, 

0.00028, and 0.00042 PCBM:lipid (0, 50, 100, and 150 PCBM:liposome, respectively) was 

acquired.  The intensity of the polymer emission was decreased as the concentration of PCBM in 

the membrane increased (Figure 3.14). 

 

Figure 3.14. Quenching of PPE-CO2-7 emission intensity by PCBM. Emission spectra of 20 pM 

200 nm diameter DOTAP liposomes containing 0.14 PRU:lipid PPE-CO2-7 and varying amounts 

of the electron acceptor PCBM  The spectra plotted are the average of 7-10 replicated 

measurements.  The excitation wavelength was 390 nm. 
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4.0 Preface 

Chapter 2 successfully demonstrated a new methodology to study membrane dynamics at 

the single-particle level by observing their interaction with MPS-PPV coated NPs using TIRFM.  

One of the future directions identified in this chapter was to explore the interaction of liposomes 

with surfaces coated with different CPEs (e.g., studying the relatively rigid and needle-like PPE-

CO2 would make an interesting comparison).  We found that the rapid photodegradation of the 

prepared PPE-CO2 coated NPs under the high excitation powers used in TIRFM experiments posed 

a significant hurdle, however, since the polymer photobleaches before the arrival of the liposomes 

and their interaction with the NPs could be recorded.  In response to this challenge, Chapter 4 

presents results toward improving the photostability of PPE-CO2 coated NPs under TIRFM 

imaging conditions.  The strategy employed was the addition of small molecule additives (triplet 

quenchers/antioxidants) to the imaging buffer and the removal of molecular oxygen using an 

enzymatic oxygen scavenging system.  While immediately applicable to the above-mentioned 

follow up study to Chapter 2, the antifading cocktails developed in Chapter 4 are also useful toward 

imaging PPE-CO2 in aqueous solution for other purposes. 
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4.1 Abstract 

Single molecule fluorescence (SMF) studies on conjugated polymers yield enhanced 

information on exciton dynamics and on the interplay between polymer conformation/morphology 

and photophysical behavior. SMF studies, however, demand good signal stability, excellent 

photostability, and high photon yields (a measure of both photostability and brightness) and thus 

the development of strategies to help CPs meet these requirements is a topic of great interest. Here, 

we evaluate the effect of several triplet quencher additives on the photostability of a 49-mer long 

poly(phenylene-ethynylene) conjugated polymer bearing carboxylate side groups (PPE-CO2-49) 

that is deposited onto 100 nm diameter SiO2 nanoparticles (NPs).  The additives tested include 

ascorbic acid (AA), β-mercaptoethanol (BME), Ni2+, trolox (TX), and a trolox/trolox quinone 

mixture (TX/TQ), used either with or without an enzymatic oxygen scavenging system (glucose 

oxidase/catalase, GODCAT). Total internal reflection fluorescence microscopy (TIRFM) studies 

enabled the determination of the effect of the additives on the rates of photobleaching, the initial 

intensity, and the total photon output for hundreds of conjugated polymer coated SiO2 

nanoparticles monitored in parallel.    Addition of the antioxidant/triplet quenchers AA and TX led 

to a 3-8-fold increase in the number of photons collected as well as an enhancement of the initial 

emission intensity, consistent with an increase in the duty cycle attributed to the quenching of 

triplet states.  Removal of oxygen led to an impressive 10-15-fold increase in the photostability 

relative to buffer, implicating ROS as an important agent in the photodegradation of PPE-CO2-49.  

Combining AA and TX with GODCAT had a deleterious rather than an additive effect, suggesting 

that an oxidizing agent is in fact necessary to rescue the polymer from reactive intermediates 

formed via reaction with AA/TX.  β-mercaptoethanol and Ni2+ were not found to have useful 

properties toward the photostabilization of PPE-CO2-49.  The results of this study provide suitable 

imaging conditions to conduct single molecule imaging experiments on conjugated 

polyelectrolytes. 

4.2 Introduction 

The power of single molecule spectroscopy (SMS) studies to unravel the relationship 

between polymer conformation, energy transfer, and emission at a molecular level both for 

conjugated polymers (CPs)1-3and for their water-soluble counterparts, conjugated polyelectrolytes 

(CPEs)4-7 is limited due to extensive photodegradation of these materials.  Photodegradation also 
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limits the practical use of composites of these materials as fluorescent markers in imaging 

experiments2, 8-13 and in applications where long-term photostability is paramount, such as solar 

cells.14-16  Photodegradation of CPs/CPEs has been linked to singlet oxygen photosensitization and 

the formation of other reactive oxygen species (ROS) that may then react with the polymer 

backbone.17-19  The presence of photooxidized defects on the polymer backbone provides trap sites 

that quench the fluorescence of neighboring-tightly packed chains by energy20-22 or electron3, 23-26 

transfer. 

A number of strategies have been shown to be effective toward improving the 

photostability of CPs and CPEs. In the solid state, extended photostabilization has been achieved 

upon removal of molecular oxygen under high vacuum and sealing of the sample,3, 16, 27 as well as 

by incorporating  additives–in the form of triplet state quenchers and antioxidants–into polymer 

thin films.28  In microheterogeneous solution, coprecipitation of the above additives during the 

formation of polymer nanoparticles (NPs) has been successfully achieved, resulting in enhanced 

photostability.29  For CPEs present in aqueous solution, success has been met by borrowing 

protocols developed within the SMS biophysics community.5-7, 30  For example, the photostability 

of the CPE poly[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene] (MPS-PPV) deposited 

onto SiO2 NPs was improved by flowing an enzymatic oxygen scavenging system jointly with -

mercaptoethanol (BME).7  Flowing the antioxidants ascorbic acid (AA) and BME led to the repair 

of oxidized quenching sites, and BME was additionally shown to quench triplet states in a dynamic 

fashion resulting in brighter constructs (higher emission duty cycle). 

In this work, the effect of several small molecule additives and the removal of oxygen 

toward enhancing the photostability of a 49-mer long CPE bearing a poly(phenylene ethynylene) 

backbone and carboxylate side chains (PPE-CO2-49)31 was investigated at the single particle level.  

To facilitate the studies under the high intensity excitation conditions characteristic of single 

molecule work, the polymer was deposited on the surface of 100 nm diameter SiO2 NPs.  The NPs 

were previously aminosilanized to favor polymer adsorption via electrostatic interactions,30 

ultimately rendering PPE-CO2-49 coated SiO2 NPs.  The number of photons emitted by the PPE-

CO2-49-coated NPs under laser excitation in a total internal reflection fluorescence microscope 

(TIRFM) setup was then determined in buffered solution containing either 1 or 10 mM AA,32 143 

mM BME,33-35 0.1 M Ni2+,36-37 2 mM Trolox (TX),33 or Trolox in combination with its oxidized 
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form, Trolox quinone (TQ) (1.86 mM TX, 0.14 mM TQ—7% TQ).38  Molecular oxygen was 

removed by using an enzymatic oxygen scavenging system consisting of glucose oxidase and 

catalase (GODCAT) in a buffered glucose solution.39 

The effect of the additives as well as the presence or absence of molecular oxygen on the 

initial emission intensity and the total number of photons emitted by the PPE-CO2-49 coated NPs 

is discussed in the context of both chemical and physical processes.  Overall, we found that 

addition of AA or TX improved the photostability of PPE-CO2-49 by a factor of 3-8-fold compared 

to buffer, presumably by quenching triplet states with the effect of reducing the rate of 

photodegradation through this pathway.  Removal of oxygen using the GODCAT scavenging 

system led to a 15-fold increase in photostability, although using GODCAT in combination with 

AA or TX was found to have a deleterious, rather than an additive effect.  Addition of TQ to the 

GODCAT/TX mixture led to a recovery of the photostability, suggesting that in the absence of 

oxygen another oxidizing agent is required to mitigate photobleaching, possibly by quenching 

radical intermediates formed by reaction of the polymer triplet state with AA or TX.  Finally, BME 

and Ni2+ were not found to have any useful properties in the context of the photostablization of 

PPE-CO2-49 under the imaging conditions reported here.  Altogether our work provides protocols 

that are useful for SMF studies of conjugated polyelectrolytes bearing a PPE backbone and 

provides insight into their mechanistic underpinning. 

4.3 Results and discussion 

4.3.1 Preparation and characterization of PPE-CO2-49 coated NPs 

To immobilize the CPE in a manner convenient for extended single molecule TIRFM 

imaging studies, the PPE-CO2-49 polymer was adsorbed onto the surface of 100 nm diameter SiO2 

NPs.  The as-purchased SiO2 NPs was first modified by reaction with an aminosilane to render the 

surface positively charged, allowing the deposition of PPE-CO2-49 via electrostatic interactions.4, 

7, 30  Dynamic light scattering (DLS) and zeta potential measurements confirmed that the size 

distribution of the NPs was unchanged and that the expected surface charge reversal (negative to 

positive) was observed following modification (Figure 4.1A and 4.1B, respectively).  The 

SiO2NH3
+ NPs were then added to an excess of aqueous PPE-CO2-49, incubated, and purified by 
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repeated centrifugation/washing steps to remove excess polymer.  Here, an increase in the particle 

size by DLS was noted (Figure 4.1 A) and was attributed to polymer bridging between NPs. 

Absorbance measurements of the supernatants obtained after each subsequent washing step 

confirmed that the adsorbed polymer was retained by the particles (Figure 4.7).  The amount of 

polymer adsorbed was next quantified using UV-Vis absorption spectroscopy, where the scattering 

from a sample containing an equal concentration of uncoated SiO2NH3
+ NPs was used as a blank.  

The resulting spectrum resembled that of an aqueous solution of “free” polymer (Figure 4.1C). 

Absorption spectra further enabled the quantification of the percentage of the NP surface coated 

by polymer, yielding a value of ca. 62% and corresponding to an average of ca. 450 polymers per 

NP (see Supporting Information for details).  The emission profile of adsorbed PPE-CO2-49 was 

similar to that of free polymer, although a 57% reduction of the fluorescence quantum yield was 

observed (Figure 4.1D).  The emission quenching upon adsorption was attributed to increased 

homoenergy transfer to trap sites facilitated by the high density of polymers on the NP support.4, 

30 

 

Figure 4.1.  Characterization of PPE-CO2-49 coated NPs. (A) Particle size distributions obtained 

by DLS measurements on SiO2 NPs in water brought to pH 10 with sodium hydroxide (NaOH) 

(black squares), SiO2NH3
+ NPs in water brought to pH 5 with hydrochloric acid (HCl) (red circles), 

and PPE-CO2-49 coated SiO2NH3
+ NPs in pH 5 water (blue triangles).  (B) Zeta potential results 

for SiO2 NPs in water brought to pH 10 with NaOH and SiO2NH3
+ and PPE-CO2-49 coated 
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SiO2NH3
+ NPs in water brought to pH 5 with HCl.  The values plotted are the mean result of ten 

runs collected with three cycles per run.  (C) UV-Vis absorption spectra of 0.055 nM PPE-CO2-

49 coated SiO2NH3
+ NPs (black squares), 0.055 nM SiO2NH3

+ NPs (red circles), 2 µM PPE-CO2-

49 (blue triangles), and the spectrum obtained by subtracting the spectrum of uncoated NPs from 

that of the coated NPs, which represents the absorption of adsorbed PPE-CO2-49 (purple inverted 

triangles).  All samples were in water brought to pH 5 with HCl.  (D)  Normalized emission spectra 

of 2 µM PPE-CO2-49 (blue triangles) and 0.055 nM SiO2NH3
+ NPs coated with 1.2 uM PPE-CO2-

49 (black squares).  All samples were in water brought to pH 5 with HCl.  The excitation 

wavelength was 390 nm. 

4.3.2 TIRFM Imaging 

To establish the antifading properties of the various cocktails at the single molecule/particle 

level, TIRFM imaging studies were next conducted with the PPE-CO2-49 coated NPs adsorbed 

onto the surface of an aminosilanized glass coverslip (Fig. 4.2A).  Hundreds of NPs were 

simultaneously excited with the evanescent wave produced from the 405 nm output of a continuous 

wave (CW) laser with the emission collected every 30-200 ms (as stated) using an electron 

multiplying charged coupled device (EMCCD).  Two laser powers, either 0.1 mW or 4.4 mW, 

were utilized in our work to determine whether either optical saturation, or decreased photon yields 

due to accelerated photodegradation via two photon processes were occurring under higher 

radiance conditions.   

The emission intensity versus time trajectories, the initial intensity (defined as the intensity 

of the first frame normalized by the exposure time, vide infra), and the total photon count, were 

subsequently determined for each PPE-CO2-49 coated NP from the background-subtracted TIRFM 

movies, see Figure 4.2B, 4.2C and 4.2D, respectively (see also Figure 4.8, 4.9, and 4.10 for 

additional data under a range of conditions).  While the temporal evolution provided insights on 

the energy transfer processes occurring between polymers, the initial intensity enabled us to 

determine the duty cycle of the particles.  In turn the total number of photons emitted by the 

particles provided a true measure of the antifading properties of the cocktails.  The total number 

of photons is a parameter that is maximized when the survival time and the intensity are both 

simultaneously maximized. Care must be taken in evaluating performance based on either survival 

time or intensity per unit time in isolation, as both parameters are interdependent, e.g., a lower 

excitation rate will result in a lower rate of photodegradation, but also in dimmer nanoparticles 

and thus no net gain in photon output overall. 
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Figure 4.2.  Overview of the strategy for determining the effect of additives on the photostability 

of PPE-CO2-49.  A) Diagram illustrating the experimental setup for evaluating the photostability 

of the PPE-CO2-49-coated NPs, including a representative background subtracted TIRFM image.  

B)  Representative (normalized) fluorescence versus time trajectory of a single NP in buffer 

extracted from analysis of a TIRFM movie.  C) and D) Histogram of the initial intensity–in 

photons/ms–and of the total number of photons, respectively, of NPs in buffer upon excitation at 

0.1 mW.  For representative trajectories, initial intensity histograms, and total photon histograms 

for all other conditions please see Figure 4.8, 4.9, and 4.10, respectively. 

4.3.3 Single particle intensity versus time trajectories 

The intensity versus time trajectories provide a visualization of how long individual PPE-

CO2-49 coated NPs can be monitored in a TIRFM experiment under a set of particular solution 

conditions and excitation power. Figures 4.3A and 4.3B display representative single particle 

trajectories acquired at 0.1 and 4.4 mW, respectively.  The mean trajectories obtained by averaging 

the intensity versus time trajectories of the individual NPs normalized by their initial intensity 

under all conditions are in turn plotted in Figure 4.4A and 4.4B for 4.4 and 0.1 mW excitation 

powers, respectively.  By inspection, the photobleaching trajectories of the NPs under 4.4 mW 

excitation follow an exponential decay for all conditions, and the timescale of photobleaching is 

an order of magnitude faster than it is at 0.1 mW, consistent with the 44-fold difference between 

the two excitation powers.  Five of the of the mean normalized trajectories of the NPs under 0.1 

mW excitation also show an exponential decay in intensity, but the remaining nine trajectories 

show a convolution of exponential growth and decay behaviors.   
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An intensity enhancement similar to what we observed at low excitation powers has been 

previously reported for PPE2 and PPV9 NPs under extended illumination in TIRFM setups.  The 

phenomenon has been rationalized in the context of homoenergy transfer occurring between 

distant segments of the same chain or between different chains packed together in a film.40-43  Here, 

energy migration within the material leads to the funneling of the excitation energy to low energy 

(red-emissive) or trap (non-emissive) sites.1, 44  The preferred diffusion of excitons to the trap sites 

renders these sites prone to degradation by photoinduced processes, effectively eliminating non-

emissive sinks and thus accounts for the initial fluorescence enhancement in advance of general 

photodamage to the polymer backbone (marked by intensity decay).  Alternatively, photobleaching 

of emissive polymer segments may also decrease the efficiency of energy migration to trap sites 

by effectively removing polymers in the energy transfer pathway, which would also result in an 

intensity enhancement.  Ultimately, both mechanisms would account for an initial increase in the 

fluorescence quantum yield over time upon illumination. 

 

Figure 4.3. Photobleaching kinetic models that describe the behavior of PPE-CO2-49 coated NPs 

under illumination in a TIRF setup. (A) and (B) Fluorescence intensity versus time trajectories of 

single representative PPE-CO2-49 coated NP acquired while flowing a buffered solution of 

GODCAT at 0.1 (A) and 4.4 mW excitation power (B).  Insets show the fitting of the trajectories 

to Equations 1 and 2, respectively.  The traces are normalized to an initial intensity of 1.  (C) Mean 

value of the Q parameter obtained by fitting the intensity versus time trajectories obtained under 
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the solution conditions noted to Equation 1.  The excitation power was 0.1 mW.  (D) Correlation 

plot between the g and d fitting parameters obtained by fitting intensity versus time trajectories to 

Equation 1 under the solution conditions noted.  Error bars are the standard deviations of the mean 

values.  The excitation power was 0.1 mW.  

To provide a better understanding of the temporal evolution of the intensity, a mathematical 

model was developed.  The model assumes that a heterogeneous sample of polymers exists on 

each nanoparticle, one being emissive (i.e., “pristine”) and the other being initially non-emissive 

due to the funneling of excitons to non-emissive trap sites. While the former would photobleach, 

the latter would regenerate pristine emissive chains upon photodegradation of trap sites.  The 

regenerated, pristine chains would then photodegrade with the same rate as the initially emissive 

polymer chains. 

The proposed model is presented mathematically in the form of Equation 1.  Here, I0 is the 

initial emission intensity of the NP (equal to 1 for a normalized trajectory, and corresponding to 

pristine chains); and d is the rate constant of pristine PPE-CO2-49 photobleaching, which was 

found to be adequately approximated by a monoexponential decay function.  Also here in the 

second term Q is the relative number of non-emissive chains funneling to trap sites/quenchers, g 

is the rate constant for trap site/quencher disappearance (and also for the regeneration of pristine 

chains).  The individual intensity versus time trajectories were fit to Equation 1 and the mean 

fitting parameters and R2 values are reported in Table 4.1. 

With the exception of 10 mM AA, all of the fits generated values of Q that were identical 

within experimental error (Figure 4.3C).  This result was consistent with the relative number of 

non-emissive trap sites, related to the Q parameter, being intrinsic to the NPs and independent of 

the solution conditions.  A positive correlation was also observed between the decay parameters g 

and d (Figure 4.3D).  Since photobleaching of emissive polymers may reduce the efficiency of 

energy migration, effectively decreasing Q, it follows logically that a faster decay (larger d) will 

also mean a faster recovery (larger g) under this model.  The positive correlation may also explain 

why significant emission enhancements were not observed in TIRFM movies acquired at 4.4 mW 

excitation power (see Figure 4.4A).  As the rate of decay increases, the peak of the enhancement 

is predicted to occur at shorter and shorter times, eventually rendering the enhancement peak 

unresolvable within the time resolution of the TIRFM experiment. 
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𝐼 = 𝐼0𝑒−𝑑𝑡 + (
𝑔𝑄

𝑑−𝑔
) [𝑒−𝑔𝑡 − 𝑒−𝑑𝑡]       (1) 

In the cases where an emission enhancement was not observed, the individual trajectories 

could be satisfactory fit under all solution conditions tested to Equation 2, a biexponential decay 

function where k1 and k2 are the rate constants of decay, and A1 and A2 represent their relative 

weights, respectively.   See Figure 4.3B for a representative trace and Table 4.2 for a summary of 

the mean fitting parameters and the R2 values.  The multiexponential nature of the photobleaching 

was attributed to the fact that many polymers are adsorbed onto each NP where it is plausible that 

there are multiple microenvironments with different access to O2, etc.  In addition, a distribution 

of photobleaching rates is expected since the dimensions of the NP scaffold are on the order of the 

exponential decay of the evanescent field with increasing distance from the surface.  For example, 

at a distance of 100 nm from the surface, the evanescent field produced from a 405 nm laser beam 

at the glass/water interface will have decayed to ca. 75% of its initial intensity, which means that 

individual polymers are exposed to a continuum of different excitation powers depending on their 

location on the NP scaffold.   

𝐼 = 𝐴1𝑒−𝑘1𝑡 + 𝐴2𝑒−𝑘2𝑡         (2) 

4.3.4 Effect of additives on the initial intensity of PPE-CO2-49 coated NPs 

The effect of additives on the initial intensity of the PPE-CO2-49 coated NPs was next 

addressed.  Changes in the initial intensity for different solution conditions illustrate how additives 

may be impacting alternative deactivation pathways from the singlet excited state manifold, 

effectively changing the emission quantum yield of the polymer, a parameter that will affect the 

intensity recorded in both bulk and single particle measurements via TIRFM.  Under the high 

excitation power conditions characteristic of single molecule studies, the initial intensity also 

reflects on the duty cycle of the fluorophore in addition to its quantum yield.  Transitions to 

relatively long-lived dark states such as the excited triplet state or radical ions formed upon 

reaction of the photoexcited fluorophore with either electron donors or acceptors can drastically 

reduce the rate of photon output by interrupting the rapid cycling between the S0 ground state and 

the S1 excited state and thus the emission of photons.  This effect is more noticeable at higher 

excitation powers, where the cycling between S0 and S1 is faster and residence in a non-emissive 

state provides a relatively larger impact on the emission output.  Additives that can shorten the 
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lifetime of dark states by quenching triplets or radicals are expected to increase the duty cycle 

resulting in an enhancement of the initial intensity. 

Four mechanisms may be considered by which the additives may enhance or quench the 

initial intensity of PPE-CO2-49 as recorded in a TIRFM experiment.  Firstly, additives employed 

to quench undesired triplet excited states may also quench the singlet excited state at high 

concentrations, leading to a reduction of the emission intensity. Secondly, the fluorescence 

quantum yield of CPEs, including PPE-CO2-49, is well-known to be linked to the extent of intra 

and intermolecular aggregation between chains, parameters that are in turn sensitive to the nature 

of the solvating environment and thus the additives employed.31, 45  Additives that promote the 

aggregation (deaggregation) of the polymer chains may thus cause a decrease (increase) in the 

initial intensity, respectively.5, 44, 46-49  Thirdly, additives may act to restore emission intensity by 

“repairing” trap sites, i.e. by chemical reaction with oxidative defects effectively removing these 

quenching sites from the polymer backbone and ultimately reducing the chances of energy 

dissipation via non-emissive pathways from the singlet manifold.7, 50-51   

The role of mechanisms 1-3 were examined by conducting experiments at the ensemble 

level, where the additives showed either no effect or only a modest effect (< 50% change) on the 

intensity of PPE-CO2-49 (see section 4.7.8. and Figure 4.11).  In order to examine the fourth 

mechanism, additive-induced changes in the duty cycle of the PPE-CO2-49 coated NPs, we 

initially sought to compare the change in intensity of the individual NPs before and after flowing 

the additive following the method previously reported by us.7  The poor photostability of PPE-

CO2-49 in buffer however placed a severe limitation on this type of experimentation (i.e the 

polymer photobleached before the effect of the new additive could be observed).   

The effect of the additives on the duty cycle was ultimately determined by comparing the 

mean values for the initial intensity obtained under each condition.  Panels 4C and 4D illustrate 

the mean values calculated for NPs excited by both 4.4 and 0.1 mW excitation powers, 

respectively.  In all cases, a large distribution of intensity values was observed, which was 

attributed to polydispersity in the underlying SiO2 support and therefore on the amount of polymer 

adsorbed (vide infra).  The degree of polydispersity is similar for all samples, however, implying 

that trends observed in the mean values likely still reflect the impact of the additives on the duty 

cycle.   
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Upon inspection of Figure 4.4C and 4.4D that the positive effect of additives in the initial 

intensity is more pronounced at higher excitation powers, as a general trend.  This observation is 

consistent with the expectation that changes in the duty cycle are more noticeable at higher 

excitation rates as the fluorophore approaches optical saturation.  Addition of AA (both 1 mM and 

10 mM), TX, and TX/TQ enhanced the initial intensity compared to buffer by ca. 3-fold upon 4.4 

mW excitation, suggesting that these additives can effectively compete with oxygen to quench 

PPE-CO2-49 triplet states (Figure 4.4C).  Under 0.1 mW excitation, however, no effect on the 

initial intensity was observed while flowing AA, while the addition of TX and TX/TQ caused a 

modest enhancement of ca. 1.5-fold compared to buffer (Figure 4.4D).  Under both excitation 

powers, BME and Ni2+ had no effect on the initial intensity versus buffer, suggesting that these 

additives are not efficient quenchers of the PPE-CO2-49 triplet state (Figure 4.4C and Figure 4.4D).   

Upon introducing GODCAT and under 4.4 mW excitation power, the initial intensity was 

increased compared to buffer, Ni2+, and BME (Figure 4.4C).  This result was somewhat surprising 

since removing oxygen, an efficient triplet quencher, would be expected to result in a decrease in 

the duty cycle (and also, but not relevant to the initial intensity, in a slower photodegradation 

arising from 1O2 production).  An alternative explanation for the increase is that rapid 

photobleaching under high power in the presence of oxygen within the first acquisition frame leads 

to a systematic underestimation of the initial intensity.  The fact that the addition of GODCAT 

under 0.1 mW excitation power had a negligible effect on the initial intensity supports this picture, 

since the rate of photobleaching is slower by approximately an order of magnitude (Figure 4.4D). 
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Figure 4.4.  Effect of the additives on the mean intensity versus time trajectories and the initial 

intensities of the PPE-CO2-49 coated NPs.  (A) and (B) Mean initial intensity of PPE-CO2-49 

coated NPs obtained under each solution condition with 4.4 mW and 0.1 mW excitation, 

respectively.  The error bars represent the standard deviation in the mean intensity.  (C) and (D) 

Mean traces obtained from the average of fluorescence intensity versus time trajectories of PPE-

CO2-49 coated NPs normalized to an initial intensity of 1.  Buffered solutions containing different 

additives were flowed through the imaging chamber while the NPs were excited with a 405 nm 

laser at an output power of 4.4 mW and 0.1 mW, respectively. 

Notably, throughout the various experimental conditions explored a broad distribution on 

the values of initial intensity was observed, which was paralleled by an equally broad distribution 
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of the values of total photons collected per NP before photobleaching.  The broad distributions 

recorded in each case were attributed to the size distribution of the underlying SiO2NH3
+ NP 

support.  As shown in Figure 1A, the hydrodynamic diameter, (and therefore the radius), of the 

particles had a relatively large distribution of its own.  This large distribution is amplified when 

the surface area of the particles, proportional to the square of the radius, is considered.  It comes 

thus as no surprise that a large distribution was observed for quantities related to the NP surface 

area, such as the amount of polymer adsorbed, and in turn the initial emission and total photon 

count. 

The large distribution of initial intensity and total photon count values, combined with the 

multiexponential photobleaching kinetics recorded for each NP, provided an unusual challenge 

toward quantifying the photostability of PPE-CO2-49.  To ensure that there were no effects on 

photostability associated to nanoparticle size/amount of polymer adsorbed, we established that a 

linear correlation existed between the initial intensity versus the total number of photons collected 

per particle (Figure 4.5).  Such an outcome validated that the photobleaching kinetics were not 

affected by the NP size as otherwise initially brighter (larger) NP would yield proportionally 

different number of total photons that initially dimer (smaller) NP, where a deviation from linearity 

would implicate a size effect on kinetics.  It follows that the distribution in the photon output can 

be decoupled from the distribution in the NP initial intensity to reflect the variation in 

photobleaching kinetics only.  To retrieve the distribution in the photobleaching kinetics, each 

trajectory was thus first normalized by its initial intensity and next integrated.  The variation in the 

integrated areas of the normalized trajectories thus reflected the distribution of photobleaching 

rates.  The relative error (standard deviation/mean) of this distribution was then multiplied by the 

mean of the total photons collected in order to obtain a distribution of photon output/NP under 

each condition that is devoid of particle size influence (see error bars in Figure 4.6). 
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Figure 4.5.  Correlation plots of the initial intensity versus the total photon output of the PPE-

CO2-coated NPs.  The plotted values were obtained from individual intensity versus time 

trajectories extracted from TIRFM movies acquired while flowing different additives in either 

buffer or a buffered solution containing GODCAT oxygen scavenger under an excitation power 

of either 4.4 or 0.1 mW.  (A) Buffer, 4.4 mW. (B) GODCAT, 4.4 mW. (C) Buffer, 0.1 mW. (D) 

GODCAT, 0.1 mW. 

4.3.5 Effect of additives on the total photon count (photostablity) of PPE-CO2-49 coated NPs 

The ultimate indicator of photostability is the total number of photons emitted before 

photobleaching.  To facilitate comparison between the different conditions, the mean total photon 

output –and photon output relative to NPs in buffer only—was plotted for each solution condition 

under 4.4 and 0.1 mW excitation power in Figure 4.6A and 4.6B, respectively.  The effect of each 

additive on the total photon output is discussed individually below. 
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Figure 4.6.  (A) and (B) Mean total photons collected from PPE-CO2-49 coated NPs while flowing 

buffered solutions containing different additives.  The right y-axis shows the number of photons 

collected relative to the NPs in buffer (i.e., in the absence of any photostabilizing additives).  The 

NPs were excited with a 405 nm laser at an output power of 4.4 and 0.1 mW, respectively.  Error 

bars represent an estimate of the distribution that takes into account the effect of the variation in 

the number of polymers adsorbed per NP (vide supra). 

Consistent with oxygen being a key player in the photobleaching pathway of the PPE-CO2-

49 coated NP, removing oxygen using the GODCAT oxygen scavenging system led to an 

increased photon output of 14-fold and 10-fold compared to buffer under 4.4 and 0.1 mW power, 

respectively, (Figure 4.6).   

The additives BME and Ni2+ did not lead to an increase in the photon output compared to 

either buffer or to GODCAT.  In fact, BME led to a decrease of 0.35 and 0.06-fold compared to 

buffer under 4.4 and 0.1 mW excitation intensity, respectively (Figure 4.5).  BME also had a 

negative effect when mixed with GODCAT, decreasing its effectiveness from 14 to 2.2-fold under 

4.4 mW excitation, and from 10-fold to 0.6-fold under 0.1 mW excitation (Figure 4.6).  Although 

the reason for its negative impact is unclear, BME was excluded as a useful additive for TIRFM 

imaging of PPE-CO2 based on these results.   
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Ni2+ under the conditions employed was found to be quench the excited singlet state by 

70% and by 63% in buffer and in GODCAT, respectively (Figure 4.11).  Here, the quenching is 

likely facilitated by static binding of the Ni2+ cation to the CO2
- groups of the polymer, similar to 

what has been previously reported for Ni2+ binding to DNA37, 52 or negatively charged lipid 

membranes.37  Given the evidence that Ni2+ quenches the singlet excited state, it would also be 

expected to quench the longer-lived triplet state if the process is energetically favorable.  However, 

no improvement was observed upon removing the competing triplet quencher oxygen.  In fact, 

Ni2+ caused a decrease in the photon output of 0.6 and 0.5-fold compared to buffer under 4.4 mW 

and 0.1 mW excitation power, respectively, and a decrease from 14-fold in GODCAT to 10-fold 

in NiCl2/GODCAT under 4.4 mW illumination, although no corresponding change was observed 

under 0.1 mW illumination (Figure 4.6).  Ultimately, it was concluded that Ni2+ is not a promising 

additive for TIRFM imaging of PPE-CO2.   

In the case of ascorbic acid, employed at 1 mm concentration, the total photon output was 

improved by a factor of 3.3 and 5.6-fold upon excitation with 4.4 and 0.1 mW power, respectively 

(Figure 4.6).  At this concentration, AA did not affect the fluorescence quantum yield of PPE-CO2-

49 at the ensemble level (Figure S5E), suggesting that it is unable to intercept the short-lived 

singlet excited state.  1 mM AA may, however, compete with O2 to quench the longer-lived triplet 

states, and it may further intercept any singlet oxygen formed. Both processes ultimately result in 

a reduction in the amount of singlet oxygen present and a corresponding improvement in the 

photostability.  Increasing the concentration of AA to 10 mM resulted in a further increase in the 

photon output, to 7.2 and 7.3-fold under 4.4 and 0.1 mW excitation power, respectively (Figure 

4.6).  In contrast to what was observed with 1 mM AA, the ensemble emission intensity was 

quenched 75% in 10 mM AA (Figure 4.11E), indicating that it is able to intercept excited singlet 

states at this concentration.  By the same token, however, the efficiency of triplet quenching is also 

expected to increase, and in this case the improved photostability and increased duty cycle amply 

compensated for the reduced fluorescence quantum yield under TIRFM imaging conditions. 

Interestingly, the effect of adding AA to GODCAT was deleterious rather than additive, 

with the mean photon output falling from 14-fold in GODCAT to 4-fold in 1 mM AA/GODCAT 

and to 2-fold in 10 mM AA/GODCAT under 4.4 mW excitation power (Figure 4.6A).  Under 0.1 

mW excitation power the same trend was observed, with the mean photon output falling from 10-
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fold in GODCAT to 4.4-fold in 1 mM AA/GODCAT and to 1.3-fold in 10 mM AA/GODCAT. 

(Figure 4.6B).  This result may be rationalized by considering that AA is a reducing agent that has 

been previously shown to quench fluorophore triplet states by producing reactive radical anion 

intermediates,32 possibly opening up a new pathway for polymer degradation.  It is plausible that 

removal of O2, an efficient scavenger for radical anions, would increase the population of radical 

anions and thus the probability of photoinduced degradation of PPE-CO2-49.  From the overall 

decrease in photon output and the proposed mechanism, one may conclude that the negative impact 

of photoinduced degradation through radical anion intermediates overpowers the benefit gained 

by reducing the production of ROS.  In order to overcome this problem and also to prevent long 

off states/instability in the signal intensity, AA is usually used in conjunction with a 

complementary oxidizing agents, such as methyl viologen (MV2+), that efficiently scavenges 

radical anions and regenerates the chromophore ground state.32  Unfortunately, MV2+ is also a 

highly efficient static quencher of PPE-CO2 fluorescence,53 thus making it incompatible with 

fluorescence imaging studies on these materials.  Finding a suitable substitute for MV2+ may render 

AA a useful photostabilizing additive in GODCAT as well as in buffer. 

Similar results to AA were achieved with TX.  The total photon output was improved by a 

factor of 3.2 and 7.2-fold when 2 mM TX was dissolved in air equilibrated buffer under 4.4 and 

0.1 mW excitation power, respectively (Figure 4.6).  The ensemble fluorescence spectrum showed 

no quenching (Figure 4.11E), leading to the conclusion that TX was not intercepting singlet excited 

states at this concentration.  Also similarly to AA, the effect of mixing TX with GODCAT was 

deleterious, leading to a drop in photon output from 14-fold in GODCAT to 3.1-fold in 

TX/GODCAT under 4.4 mW excitation power, and from 10-fold in GODCAT to 4.6-fold in 

TX/GODCAT under 0.1 mW (Figure 4.6).  TX, like AA, has been reported to quench triplet states 

following photoinduced reduction and generation of radical anion intermediates,38 opening the 

possibility for photoinduced degradation through this reactive intermediate.  Combining TX with 

its oxidized form, TQ, in a 93:7 mole ratio in a GODCAT containing solution led to a slight 

improvement in its performance, from 3.1-fold to 5.7-fold under 4.4 mW excitation, and to a 

remarkable improvement of 4.6-fold to 13.4-fold under 0.1 mW excitation.  This result is 

consistent with TQ reducing radical anions.  The fact that a larger improvement was observed 

under 0.1 mW as opposed to 4.4 mW excitation may suggest that the photoinduced degradation 

pathway involves light absorption by the radical anion intermediate. 
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4.4 Conclusion 

Several different solution additives have been screened for their ability to improve the 

photostability of PPE-CO2-49 in aqueous solution under SM imaging conditions.  In the absence 

of any additives, > 90% of the emission intensity signal from PPE-CO2-49 adsorbed onto 100 nm 

diameter SiO2 NPs was lost after just one second of illumination under 4.4 mW laser power in a 

TIRFM, highlighting the need to improve its photostability before commencing further SMS 

studies.  In summary, addition of the antioxidant/triplet quenchers AA and TX led to a 3-8-fold 

increase in the number of photons collected as well as an enhancement of the initial emission 

intensity, consistent with an increase in the duty cycle attributed to the quenching of triplet states.  

Removal of oxygen using GODCAT led to an impressive 10-15-fold increase in the photostability 

relative to buffer, implicating ROS as an important agent in the photodegradation of PPE-CO2-49.  

Combining AA and TX with GODCAT had a deleterious rather than an additive effect, suggesting 

that an oxidizing agent is in fact necessary to rescue the polymer from reactive intermediates 

formed via reaction with AA/TX.  Addition of 15% TQ to the TX/GODCAT mixture restored the 

photostability, supporting the necessity of an oxidizing agent to complete the reduction/oxidation 

(ROX) scheme.  Although β-mercaptoethanol and Ni2+ were also investigated, unfortunately they 

were not found to have useful properties toward the photostabilization of PPE-CO2-49. 

The highest photon output achieved in this study was 1.9 x107 per NP, obtained in the 

presence of TX/TQ and GODCAT under 0.1 mW excitation power (see Figure 4.6B).  Considering 

that there are on average 450 PPE-CO2-49 polymers adsorbed per NP (see Supporting Information 

for details), this works out to ca. 4.2 x104 photons per polymer detected before photobleaching.  

This value places PPE-CO2-49 within the lower range of commonly used organic single molecule 

fluorophores, where photon outputs between 1x104-1x106 are typically reported in TIRF setups.32, 

36, 54-55  We are optimistic that further optimization of the solution conditions (e.g., by examining 

different concentrations, TX/TQ ratios, and identifying a suitible redox partner to compliment AA) 

will lead to even larger improvements in PPE-CO2-49 photostability.  Overall, however, we 

believe that the results reported here provide a solid starting point such that researchers may begin 

to take full advantage of powerful SMF imaging techniques in the pursuit of understanding 

complex CPE photophysics or toward the application of these materials in other advanced 

microscopy assays. 
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4.6 Experimental section 

4.6.1 Materials 

Poly(phenylene ethynylene) carboxylate PPE-CO2-49 (PDI = 2.3) was synthesized as 

previously described.31  Concentrated polymer solutions in water were diluted in Hyclone HyPure 

molecular biology-grade water purchased from Fisher.  Molecular biology grade solutions of 1 M 

HEPES (pH 7.3) and 5 M NaCl, hydrogen peroxide (30% solution), HPLC grade acetone, ascorbic 

acid, and concentrated HCl were purchased from Fisher.  Vectabond was purchased from Vector 

Laboratories.  Concentrated sulfuric acid was purchased from ACP Chemicals.  100 nm diameter 

SiO2 colloidal solution (5.4% w/v) was purchased from Polysciences, Inc.  3-aminopropyl 

trimethoxysilane, 2-mercaptoethanol, glucose oxidase, catalase, nickel(II) chloride hexahydrate, 

glucose, and 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) was purchased 

from Sigma Aldrich.  All materials were used without further purification. 

4.6.2 Preparation of aminosilanized SiO2 NPs 

The surface of 100 nm diameter SiO2 NPs was aminosilanized to aid in the deposition of 

PPE-CO2-49 via electrostatic interactions.  A 200 µL aliquot of as-purchased SiO2 suspension 

(5.4% w/v) (pH 10) was added to an Eppendorf tube.  3-aminopropyl trimethoxysilane (1 µL) was 

then added and mixed with vortexing.  The reaction mixture was incubated for 5 mins and 3 M 

HCl (8 µL) was added to protonate the amines and quench the reaction.  The SiO2-NH3
+ NPs were 

diluted 5-fold (total volume = 1.2 mL) and precipitated by centrifugation at 16060g for 5 mins.  1 

mL of the supernatant was removed and replaced by an equal volume of water.  The particles were 

resuspended using vortexing/sonication to break up the pellet and the washing cycle was repeated 

until the pH of the supernatant was ca. 5.5 (typically 3 cycles were required).  After the final 

washing, the NPs were resuspended in 200 µL of water to a final concentration of 65 nM in terms 

of the number of NPs. 
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4.6.3 Adsorption of PPE-CO2-49 onto SiO2NH3
+ NPs 

SiO2NH3
+ NPs (65 nM, 6 µL) were diluted in water adjusted to pH 5 using HCl (351 µL) 

in an Eppendorf tube.  In a second tube, PPE-CO2-49 (2.2 mM, 17 µL) was also diluted in water 

at pH 5 (368 µL).  The polymer solution was added to the NP solution all at once and then vortexed 

briefly.  The mixture was incubated for ca. 30 mins and then centrifuged at 16060g for 5 mins to 

precipitate the NPs.  0.6 mL of the supernatant was removed, taking care not to disturb the NPs, 

and replaced with an equal volume of water.  The NPs were resuspended using 

vortexing/sonication.  The centrifugation/washing step was repeated until the supernatant showed 

no trace of polymer by UV-vis absorption measurements (typically 5+ washing cycles were 

required).  Assuming no losses, the final concentration of PPE-CO2-49-coated NPs was 0.5 nM. 

4.6.4 Characterization of NPs 

Steady-state fluorescence spectroscopy was carried out using a Photon Technology 

International (PTI) Quanta Master fluorimeter. Absorption spectra were recorded using a Hitachi 

U2800 UV–vis spectrophotometer.  Dynamic light scattering measurements were performed using 

a Malvern Zetasizer Nano ZS with equipped with a 633 nm laser.  Samples were equilibrated at 

25 C for 5 mins before acquisition.  Zeta potential measurements were performed using a ZetaPlus 

 potential analyzer (Brookhaven Instruments Corp.).  The reported values are the average 

obtained from 5 runs consisting of 3 cycles. 

4.6.5 Preparation of additive solutions 

All solutions were prepared in a buffered solution containing 10 mM HEPEs and 150 mM 

NaCl, unless otherwise noted.  NiCl2*6H2O was dissolved in deionized water (ca. 1 M) and diluted 

to 0.1 mM in buffer.  BME (14.3 M, neat) was diluted to 143 mM in buffer.  AA was dissolved in 

buffer (ca. 1 M) and diluted to 10 mM and 1 mM in buffer.  TX was dissolved in DMSO (200 

mM) and then diluted to 2 mM in buffer.  TQ was generated by exposure of a TX solution to UV 

light (270 nm).  The amount of TQ relative to TX was determined to be 7% by UV-Vis 

spectroscopy following the protocol of Cordes et al.38  GODCAT scavenger was prepared by 

diluting a 30% (w/v) stock solution of D-glucose to 3% (w/v) in buffer.  To this, stock solutions 

of glucose oxidase and catalase were added to obtain a final concentration of 165 and 1600 

units/mL, respectively.  All stock solutions were prepared fresh, with the exception of glucose, 
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glucose oxidase, and catalase, which could be stored for several months at 4 C.  The final volume 

of all solutions was 0.5 mL. 

4.6.6 TIRFM imaging 

Glass coverslips were cleaned and functionalized with amine groups in preparation for 

imaging the PPE-CO2-49 coated SiO2 NPs.  Coverslips were immersed in piranha solution (1 part 

30% hydrogen peroxide and 2 parts concentrated sulfuric acid) and left to soak for ca. 1 hour in a 

glass jar.  The piranha solution was poured off and the coverslips were rinsed at least three times 

with deionized water and then sonicated for 10 mins.  The water was poured off and the coverslips 

were rinsed three times with acetone, taking care to rinse all moisture off the sides of the jar and 

the lid, followed by another 10 mins of sonication.  The coverslips were then immersed in 25 mL 

of acetone and 0.50 mL of Vectabond was added dropwise.  The mixture was agitated gently and 

incubated for 5 minutes. The acetone/Vectabond mixture was poured out and the reaction was 

quenched by rinsing with 2x25 mL of water.  Prior to imaging, the coverslips were dried under a 

stream of nitrogen.  A predrilled polycarbonate film (Grace Biolabs) with an adhesive side was 

assembled on top of the coverslips to form a sample chamber (volume = ca. 10 µL).  Silicone ports 

were glued on top of the predrilled holes of the chamber with double-sided tape such that solutions 

containing the additives could be flowed through the chamber. 

Electrostatic interactions between the positively charged glass surface and the negatively 

charged PPE-CO2-49-coated NPs facilitated their adsorption on the surface of the coverslips for 

imaging.  Approximately 20 µL of a 50 pM solution of NPs in buffer were injected into the imaging 

chamber and incubated for ca. 1 min.  The chamber was washed with at least 5x20 µL of buffer to 

remove unadsorbed NPs.  Additional aliquots of NPs were added as needed until a satisfactory 

surface density was achieved.  The NPs were then imaged while flowing buffered solutions 

containing additives, where noted, using a syringe pump at a rate of 2 µL/min. 

Fluorescence imaging was carried out using an inverted Nikon Eclipse Ti microscope 

equipped with the Perfect Focus System (PFS).  The microscope implemented an objective-type 

TIRF configuration with a Nikon TIRF illuminator and an oil immersion objective (CFI SR Apo 

TIRF 100× Oil Immersion Objective Lens, numerical aperture (NA) 1.49).  The excitation source 

was the 405 nm output of an Agilent MLC400B Monolithic Laser Combiner.  Laser powers of 0.1 
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mW to4.4 mW were measured out of the objective.  The laser beam was passed through a 

multiband cleanup filter (ZET405/488/561/647x, Chroma Technology) and coupled into the 

microscope objective using a multiband beam splitter (ZT405/488r/561/640rpc, Chroma 

Technology).  Images were recorded onto a 512x512 pixel region of a back-illuminated electron-

multiplying charge-coupled device (EMCCD) camera (iXon X3 DU-897-CS0-#BV, Andor 

Technology).  Data analysis was performed using a home-built analysis routine written in Matlab 

based on the algorithms developed by the Ha group.56 
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4.7 Supporting information 

4.7.1 Purification of PPE-CO2-49 coated NPs to remove unadsorbed polymer 

The PPE-CO2-49 coated NPs were prepared by adding aminosilanzed NPs (SiO2NH3
+) to 

an aqueous solution containing an amount of polymer in excess of what is required to passivate 

the surface.  The PPE-CO2-49 coated NPs were precipitated by centrifugation and 80% of the 

supernatant containing the excess, unadsorbed polymer was removed and replaced by an equal 

volume of water.  Only 80% of the total volume was removed at a time to avoid disturbing the NP 

pellet.  The UV-Vis absorption of the supernatants decreased after each centrifugation/washing 

step (Figure S1A).  The expected absorbance of the supernatants was predicted based on a 5-fold 

dilution of the previous supernatant after each washing step and was compared to the actual 

absorbance measured (Figure S1B).  The experimental values matched the expected values, 

indicating that the initially adsorbed polymer was not being removed from the NPs in subsequent 

washing cycles. 

 

Figure 4.7.  Purification of PPE-CO2-49 coated NPs. (A) UV-Vis absorption spectrum of the initial 

solution of PPE-CO2-49 (50 µM) used to coat the NPs (black squares) and of the supernatants 

removed after centrifugation (S1-S6).  The “Initial” and “S1” solutions were diluted to achieve an 

appropriate concentration for measurement and then these spectra were multiplied by the dilution 

factor to give the spectra plotted here.  (B)  The absorbance value of each supernatant at the PPE-

CO2-49 absorption maximum of 435 nm (black squares) is compared to the expected value based 

strictly on dilution of the remaining unadsorbed polymer after each washing step (red circles). 

  



164 
 

4.7.2 Calculation of the surface coverage of PPE-CO2-49 on the NPs 

To estimate the surface area of the NPs covered by PPE-CO2-49, the number of PRUs per 

NP was determined from UV-Vis absorption measurements.  The polymer absorbance of the first 

supernatant was lower than that of the initial coating solution by a factor of 0.77, indicating that 

the missing 23% was adsorbed onto the surface of the NPs (Figure S1A).  Given that the 

concentration of the initial coating solution was 5.0x10-5 M, this works out to a concentration of 

5.0x10-5 M*0.23 = 1.15x10-5 M PPE-CO2-49 PRUs adsorbed on the NPs.  The surface area of one 

PRU was estimated to be 1.2 x 0.9 nm = 1.08 nm2 using ChemBio3D Ultra version 12.0.2.1076 

(CambridgeSoft).  The total surface area of the polymer was then calculated to be 1.15x10-5 

M*1.08 nm2*NA = 7.74x1018 nm2/L.  In turn, the concentration of NPs was 5.26x10-10 M and the 

average surface area of an NP was calculated from the formula for the surface area of a sphere, 

4πr2, where the average value of r was estimated to be 55 nm based on dynamic light scattering 

data (Figure 1A).  The total surface area of the NPs was then calculated to be 5.26x10-10 

M*3.80x104 nm2*NA = 1.25x1019 nm2/L.  The percentage of the NP surface covered by PPE-CO2-

49 is equal to the surface area of the polymer divided by the surface area of the NPs: (7.74x1018 

nm2/L/1.25x1019 nm2/L)*100 = 62%.  We also note that this works out to an average of 1.15x10-5 

M PPE-CO2-49 PRUs/5.26x10-10 M NPs = 21,900 PRUs per NP, or ca. 450 polymers where n = 

49. 
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4.7.3 Representative fluorescence intensity versus time trajectories of PPE-CO2-49 coated 

NPs 

 

Figure 4.8.  Fluorescence intensity versus time trajectories of representative NPs extracted from 

TIRFM movies acquired while flowing different additives in either buffer or a buffered solution 

containing GODCAT oxygen scavenger under an excitation power of either 4.4 or 0.1 mW.  The 

trajectories are normalized to an initial intensity of 1.  (A) Buffer, 4.4 mW. (B) GODCAT, 4.4 

mW. (C) Buffer, 0.1 mW. (D) GODCAT, 4.4 mW. 
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4.7.4 Histograms of the initial intensity of PPE-CO2-49 coated NPs 

Figure 4.9.  Histograms of the initial intensity of NPs in photons/ms extracted from TIRFM 

movies acquired while flowing different additives in either buffer or a buffered solution containing 

GODCAT oxygen scavenger under an excitation power of either 4.4 or 0.1 mW.  Histograms are 

normalized to an area of 1.  (A) Buffer, 4.4 mW. (B) GODCAT, 4.4 mW. (C) Buffer, 0.1 mW. (D) 

GODCAT, 4.4 mW. 
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4.7.5 Histograms of the total photon output of PPE-CO2-49 coated NPs 

 

Figure 4.10.  Histograms of the total photon output of NPs extracted from TIRFM movies acquired 

while flowing different additives in either buffer or a buffered solution containing GODCAT 

oxygen scavenger under an excitation power of either 4.4 or 0.1 mW.  Histograms are normalized 

to an area of 1.  (A) Buffer, 4.4 mW. (B) GODCAT, 4.4 mW. (C) Buffer, 0.1 mW. (D) GODCAT, 

4.4 mW. 



168 
 

4.7.6. Mean fitting parameters and R2 values obtained by fitting normalized intensity versus 

time trajectories to Equation 4.1 

Table 4.1.  Mean fitting parameters and R2 value obtained by fitting fluorescence intensity versus 

time trajectories to Equation 4.1.  Entries shaded in blue were acquired while flowing buffered 

solutions and the indicated additive.  Entries shaded in cyan were acquired while flowing buffered 

solutions containing GODCAT oxygen scavenger and, where indicated, the additive(s).  The 

excitation power was 0.1 mW for all samples. 

Sample Q d G R2 

10 mM AA 3±2 0.04±0.01 1.0±0.4 0.983±0.009 

TX 0.8±0.2 0.06±0.03 1.2±0.8 0.95±0.05 

1 mM AA GODCAT 1.1±0.3 0.10±0.02 1.2±0.4 0.989±0.008 

10 mM AA GODCAT 1.0±0.7 0.21±0.08 1.1±0.7 0.98±0.02 

BME GODCAT 0.7±0.2 0.23±0.07 2.4±0.7 0.96±0.03 

GODCAT 0.7±0.2 0.019±0.007 0.5±0.4 0.93±0.06 

NiCl2 GODCAT 1.1±0.3 0.021±0.005 0.3±0.1 0.97±0.03 

TX GODCAT 1.1±0.3 0.11±0.02 1.4±0.5 0.989±0.006 

TX/TQ GODCAT 1.1±0.3 0.029±0.007 0.5±0.2 0.98±0.02 
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4.7.7. Mean fitting parameters and R2 values obtained by fitting normalized intensity versus 

time trajectories to Equation 4.2 

Table 4.2.  Mean fitting parameters and R2 value obtained by fitting fluorescence intensity versus 

time trajectories to Equation 4.2.  Entries shaded in blue were acquired while flowing buffered 

solutions and the indicated additive(s) at an excitation power of 0.1 mW.  Entries shaded in red 

were acquired while flowing buffered solutions and, where indicated, the additive(s) at an 

excitation power of 4.4 mW.  Entries shaded in orange were acquired while flowing buffered 

solutions containing GODCAT oxygen scavenger and, where indicated, the additive(s).  The 

excitation power was 4.4 mW. 

Sample A1 A2 k1 k2 R2 

0.1 mW 

1 mM AA 0.30±0.08 0.66±0.08   0.01±0.02   0.2±5 0.99±0.03 

BME 0.28±0.09 0.76±0.09   0.19±0.09   2.1±0.5 0.98±0.02 

Buffer 0.31±0.05 0.55±0.05 0.026±0.006   0.3±0.2 0.99±0.02 

NiCl2 0.36±0.06 0.55±0.06 0.046±0.007   0.5±0.2 0.98±0.01 

TX/TQ -- -- -- -- -- 

4.4 mW 

1 mM AA 0.24±0.06 0.73±0.06     0.6±0.1      4±1 0.995±0.003 

10 mM AA   0.5±0.01   0.6±0.1   0.37±0.06   1.9±0.8 0.996±0.002 

BME 0.24±0.06 0.75±0.07     1.1±0.3    15±6 0.989±0.007 

Buffer 0.33±0.08      9±4     0.8±0.3 0.64±0.08 0.99±0.02 

NiCl2 0.27±0.07 0.70±0.07     0.9±0.2    11±4 0.988±0.007 

TX   0.1±0.1   1.0±0.2     0.8±0.6      3±2 0.99±0.02 

TX/TQ 0.20±0.06 0.79±0.06     1.4±0.3      9±4 0.997±0.002 

4.4 mW 

1 mM AA GODCAT 0.24±0.06 0.82±0.08     0.7±0.1   2.9±0.6 0.998±0.002 

10 mM AA GODCAT   0.2±0.2   1.0±0.2     1.1±0.4      4±1 0.99±0.01 

BME GODCAT   0.2±0.2   0.8±0.1     0.8±0.9      6±6 0.98±0.09 

GODCAT 0.25±0.06 0.80±0.07   0.12±0.04   0.8±0.2 0.99±0.03 

NiCl2 GODCAT 0.26±0.06 0.83±0.08   0.22±0.04   1.1±0.5 0.996±0.002 

TX GODCAT 0.22±0.07 0.79±0.08     1.0±0.3      4±1 0.998±0.007 

TX/TQ GODCAT 0.20±0.08 0.86±0.09   0.41±0.09   1.6±0.4 0.998±0.002 
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4.7.8. Effect of the additives on the ensemble UV-Vis absorption and emission spectra of PPE-

CO2-49 

The UV-Vis absorption spectrum of 1.6 µM PPE-CO2-49 in buffer was acquired and 

compared to the spectrum in GODCAT (Figure S5A).  The spectrum in GODCAT was noticeably 

different in both shape and absorbance.  The absorbance spectrum of GODCAT solution was also 

acquired (absorbance in the UV region was anticipated due to the presence of amino acids in the 

enzymes glucose oxidase and catalase) (Figure S5A).  The curve obtained by summation of the 

spectrum of GODCAT and the spectrum of PPE-CO2-49 in buffer coincided with the spectrum of 

PPE-CO2-49 in GODCAT, indicating that this spectrum is a convolution of its components, not 

that the components of GODCAT scavenger were influencing the absorptive properties of the 

polymer.  Similarly, the other additives were not found to affect the absorptivity of PPE-CO2-49 

in either buffer or in GODCAT (Figure S5B and S5C, respectively).   

The effect of the additives on the fluorescence quantum yield of PPE-CO2-49 was also 

investigated by comparing its emission profile and intensity in each solution condition.  GODCAT 

alone showed a weak fluorescence signal, but even after considering its contribution, the emission 

intensity of PPE-CO2-49 was still enhanced by a factor of 1.2-fold in GODCAT compared to buffer 

(Figure S5D).  As for the other additives, TX and 1 mM AA did not affect the fluorescence 

quantum yield, BME caused a slight enhancement, and NiCl2 and 10 mM caused fluorescence 

quenching.  These results were consistent in both buffer and in GODCAT (Figure S5E and S5F, 

respectively).  
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Figure 4.11. Effect of the additives on the ensemble UV-Vis absorption and emission spectra of 

PPE-CO2-49.  (A) UV-Vis absorption spectra of 1.6 µM PPE-CO2-49 in buffer or GODCAT (black 

squares and red circles, respectively), GODCAT (blue triangles), and the spectrum obtained by 

summation of the spectrum of 1.6 µM PPE-CO2-49 in buffer and the spectrum of GODCAT 

(purple inverted triangles).  (B) and (C) UV-Vis absorption spectra of 1.6 µM PPE-CO2-49 in a 

buffered solution or a buffered solution containing GODCAT oxygen scavenger, respectively 

(black squares) as well as containing either 1 mM AA (red circles), 143 mM BME (blue triangles), 

0.1 mM NiCl2 (purple inverted triangles) or 2 mM TX (green diamonds).  (D), (E), and (F) 

Emission spectrum of the samples whose UV-Vis absorption spectra is shown in (A), (B) and (C), 

respectively.  The excitation wavelength was 390 nm.  Spectra are corrected for background and 

photomultiplier tube sensitivity. 
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Chapter 5: Additives for enhanced photostability of a poly(phenylene 

ethynylene)-based conjugated polyelectrolyte in lipid membranes 

Author Contributions: Christina F. Calver and Briony A. Lago performed experiments.  

Christina F. Calver analyzed data and co-wrote the paper.  Prof. Kirk S. Schanze provided the 

PPE-CO2-49 polymer.  Prof. G. Cosa designed the project, guided the interpretation of data, and 

co‐wrote the paper. 
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5.0 Preface 

The previous chapter reported the use of different additives (triplet quenchers/oxygen 

scavenging system) toward improving the photostability of the CPE PPE-CO2-49 in aqueous 

solution under SMF imaging conditions.  From this study, several antifading cocktails for 

performing SMF experiments on PPE-CO2-49 were identified.  Encouraged by these results, 

Chapter 5 reports a similar study on the use of different additives toward improving the 

photostability of PPE-CO2-49 embedded in liposome membranes.  This study was motivated, in 

part, by our desire to extend our study on the membrane-assembled light harvesting antenna 

reported in Chapter 3 by imaging supported lipid bilayers containing embedded conjugated 

polyelectrolyte.  Such an experiment, however, required that the brightness/photostability of the 

membrane-embedded PPE-CO2 be improved.  Although much of the methodology used in Chapter 

5 mirrors that used in Chapter 4, subtle distinctions arose when considering the two different 

systems, particularly in the selection of appropriate additives to match the solubility of the aqueous 

versus membrane environment. 
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5.1 Abstract 

The high excitation powers required to observe single molecules often results in 

undesirable photophysical behaviour (blinking, photobleaching) that inhibits studies using single 

molecule fluorescence (SMF) techniques.  In response to this challenge, here we report several 

antifading cocktails designed to improve the photostability, when embedded within lipid 

membranes, of a 49-mer long poly(phenylene-ethynylene) conjugated polyelectrolyte bearing 

carboxylate side groups (PPE-CO2-49).  Total internal reflection fluorescence microscopy 

(TIRFM) studies were conducted to monitor the emission intensity of ten/hundreds of surface-

immobilized PPE-CO2-49-containing liposomes in parallel. The effect of adding the hydrophobic 

triplet quenchers β-mercaptoethanol (BME), cyclooctatetraene (COT), and α-tocopherol (TOC) to 

the imaging buffer as well as the effect of oxygen removal on the photostability of the PPE-CO2-

49-containing liposomes was then determined.  The best result was achieved with TOC (1:100 

lipid) used in combination with the oxygen scavenger glucose oxidase, where an increase in the 

photon output between 20-40-fold was observed, providing for an increased opportunity to observe 

the behaviour of membrane-embedded PPE-CO2 over time at the single chain level. 

5.2 Introduction 

The last years have seen a surge in the use of conjugated polyelectrolytes (CPEs) to 

interrogate lipid membrane systems and on the exploitation of CPE-lipid membrane composites. 

We may cite for the former case the use of CPEs to probe membrane phase transitions1-2, fusion,3-

4 and deformation in contact with surfaces5 and for the latter case applications in light harvesting,6 

microbial fuel cells,7-10 antimicrobial agents,11-13 and biosensors.14-16 

While the use of CPEs and conjugated polymers in association with lipid membranes is 

becoming more prevalent in biological and material fluorescence imaging studies,5, 14, 17-21 several 

limitations must be overcome to facilitate their adoption as fluorescent markers and to make them 

more suitable for study using these techniques.  These limitations are related to the 

photophysical/photochemical behaviour of CPEs (e.g., blinking, photobleaching) under the high 

excitation rates demanded by single molecule experiments.22-24 
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Here we report on our efforts to enhance the photostability of a 49-mer long 

poly(phenylene-ethynylene) conjugated polymer bearing carboxylate side groups (PPE-CO2-49) 

when embedded within lipid bilayers of 200 nm liposomes prepared from the positively charged 

lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP).  This work builds upon widely used 

methodologies used to enhance the photostability of fluorescent dyes in single molecule studies.  

These methods are based on the removal of molecular oxygen and the addition of small molecule 

triplet quenchers/antioxidant to the imaging buffer.  We have previously encountered success with 

these strategies, having shown that a selection of additives including ascorbic acid (AA), trolox 

(TX), and an enzymatic oxygen scavenging system consisting of glucose oxidase (GOX) and 

catalase in a 3% (w/v) glucose solution are effective in improving the photostability of PPE-CO2-

49 adsorbed on SiO2 nanoparticles in aqueous solution.  In this chapter, the choice of additives 

was adapted to consider the fact that the CPEs are embedded within the lipid membrane, and 

therefore lipophilic additives, rather than their water-soluble counterparts, were selected to ensure 

close proximity, when needed, of additive and the CPE. 

Given the hydrophobic nature of the DOTAP lipid membrane, the small polar organic 

molecule β-mercaptoethanol (BME), long-used as a photostabilizing agent for fluorescence 

imaging,25-27 was included in this study.  As a replacement for the water-soluble antioxidant TX, 

we selected α-tocopherol (TOC). TOC and TX share the same redox-sensitive moiety, but TOC is 

more hydrophobic due to its long hydrocarbon tail.  Both TX and BME have been previously 

reported to quench triplet states by a reduction/oxidation (ROX) mechanism,28-29 where the radical 

anion intermediate formed via reaction with the excited triplet state is either returned to the ground 

state via reaction with an oxidizing agent28 or via geminate recombination with the reducing agent 

within the solvent cage of the initially formed radical pair, respectively.29  Similar processes are 

expected to take place within the membrane if the membrane-embedded CPE and the additives 

encounter each other.  The additive AA, which operates in a similar manner to TX and BME and 

was shown to be effective in extending the lifetime of PPE-CO2-49 in aqueous solution (see 

Chapter 4),30 was excluded, however, since as a highly charged molecule it is unable to penetrate 

the lipid membrane to participate in electron transfer reactions with the CPE.  For the same reason 

Ni2+, a triplet quencher that acts via energy transfer31 (a physical rather than a chemical process), 

was also excluded from the present study.  As an alternative, cyclooctatetraene (COT) was selected 

for study based on reports of its ability to efficiently quench fluorophore triplet states24, 32-36 via 
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energy transfer (physical process)37 coupled with its ability to interact with lipid membranes.38.  

An enzymatic oxygen scavenging system39 consisting of glucose oxidase (GOX) and D(+) glucose 

was also used to determine the effect of removing oxygen on the photostability of PPE-CO2-49, 

both alone and in combination with the other three additives. 

5.3 Results and Discussion 

5.3.1 TIRFM imaging of PPE-CO2-49 embedded in DOTAP liposomes 

The PPE-CO2-49 containing liposomes were prepared by adding aliquots of PPE-CO2-49 

in aqueous solution to DOTAP liposomes containing 1% (mol/mol) biotinylated lipid in buffered 

solution.  The polymer was added to the liposomes instead of vice versa to prevent agglomeration 

and to achieve a more homogeneous sample.40  Addition of the full aliquot of CPE resulted in 

samples where the polymer was present at a mole ratio of 0.005 PRU:lipid, which corresponds to 

ca. 36 polymers per 200 nm diameter liposome (see section 5.6.2).  In preparation for TIRFM 

imaging, the polymer-containing liposomes were next immobilized via biotin/streptavidin 

interactions on polyethylene-glycol (PEG) coated surface-modified glass coverslips affixed with 

an imaging chamber.19  Tens/hundreds of liposomes containing PPE-CO2-49 were excited with the 

totally internally reflected output of a 405 nm continuous wave (CW) laser with the emission 

recorded every 30-200 ms (as stated) using an electron multiplying charged coupled device 

(EMCCD). Two laser powers, either 0.1 mW or 4.4 mW, were utilized in this work.  The additives 

BME (143 mM), COT (10 mM), and GOX (165 units/mL in 3% D-glucose w/v) were flowed 

through the imaging chamber in solution.  TOC was added to the lipid solution in a molar ratio of 

1:100 prior to formation of the dry lipid film that was later rehydrated to form liposomes.  We did 

not attempt to pre-incorporate BME or COT into the lipid film due to the high volatility of these 

reagents.  As a result, the amount of BME or COT that partitioned into the membrane from solution 

was not determined.  Following data acquisition, the fluorescence intensity versus time trajectories 

of the individual liposomes were extracted from the TIRF images using home-built MATLAB 

routines based on the algorithms developed by the Ha group.41  The trajectories were then subjected 

to further analysis to determine the initial intensity (defined as the number of photons per ms 

detected per liposome in the first frame) and the total number of photons emitted per liposome. 
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5.3.2 Colocalization of PPE-CO2-49 with the membrane marker DiD 

To confirm that PPE-CO2-49 was associated with the DOTAP liposomes under the TIRFM 

imaging conditions, the liposomes were labeled with the lipophilic membrane marker 1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD) and images were obtained 

by exciting DiD at 647 nm.  Colocalization studies were then conducted by comparing to the 

images obtained by exciting PPE-CO2-49 at 405 nm in the same region (Figures 5.1A and B).  

Figure 5.1C shows a Pearson correlation plot between emission intensities in the red and green 

channel illustrating that i) CPE are localized within liposomes and ii) that the DiD emission, 

proportional to the surface area of the liposome and thus to the square of its radius, is also 

proportional to the PPE-CO2-49 emission indicating the CPE distributes homogeneously within 

the liposomes. 

 

Figure 5.1.  Colocalization of PPE-CO2-49 and the membrane marker DiD in DOTAP liposomes.  

(A) Image obtained by exciting the region at 405 nm to image PPE-CO2-49.  (B) Image obtained 

by exciting the region at 647 nm to image DiD.  Direct excitation either of PPE-CO2-49 at 647 nm 

or of DiD at 405 nm was negligible (data not shown).  (C) Pearson correlation plot of the initial 

intensity of PPE-CO2-49 versus DiD obtained from Figure 5.1A and 5.1B, respectively.  

Liposomes contained 0.05 PRU:lipid PPE-CO2-49 and 0.00003 DiD:lipid (ca. 10 DID molecules 

per 200 nm diameter liposome). 

5.3.3 Photostability of PPE-CO2-49 in liposomes compared to PPE-CO2-49 adsorbed on SiO2 

nanoparticles 

Before tackling the effect of the additives on the photostability of PPE-CO2-49, it is 

informative to compare the behavior of the polymer in liposomes versus the polymer adsorbed on 

100 nm SiO2 NPs in the absence of additives under TIRFM imaging conditions.  To compare the 
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emission intensity of the polymers in the different environments, the initial values of the intensity 

versus time trajectories were extracted from liposomes containing 0.005 PRU:lipid PPE-CO2-49 

and for PPE-CO2-49 coated NPs prepared as reported in Chapter 4.  The initial intensity was 

defined by first converting the signal of the first frame into the number of photons detected by the 

EMCCD camera.  This value was then normalized by the length of the frame in milliseconds to 

compare data acquired at different frame rates. Next, the mean number of photons detected per 

liposome/NP was calculated.  Finally, to account for the fact that the liposomes and the NPs contain 

different numbers of polymers on average (35 and 450, respectively; see sections 5.6.2 and 4.7.2), 

the mean number of photons detected was divided by the number of polymers to yield the initial 

intensity per polymer under both 4.4 mW and 0.1 mW excitation powers (Figure 5.2A and 5.2B, 

respectively).  Under both excitation powers, the polymers embedded in liposomes emitted more 

photons per ms than the same polymers when adsorbed on NPs.  This result is consistent with the 

smaller emission quantum yield of PPE-CO2-49 that is reported in an aqueous environment (Φ = 

0.1) compared to a membrane3 or polar organic (e.g. methanol)42 environment (Φ = 0.31).  

Although the absorption maximum of PPE-CO2-49 is red-shifted from 410 nm in membranes to a 

maximum of 437 nm in buffered aqueous solution,3 the higher molar absorptivity of the PPE-CO2-

49 in buffer42 compensates for the shift such that the excitation efficiency of the polymer at 405 

nm is approximately equivalent in both environments (Figure 5.3), so the difference in initial 

intensities is not due to this factor. 
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Figure 5.2. Behaviour of PPE-CO2-49 embedded in liposomes compared to PPE-CO2-49 adsorbed 

on NPs under TIRFM imaging.  (A) and (B) Mean initial intensity per polymer in liposomes and 

NPs under 4.4 mW and 0.1 W excitation power, respectively.  (C) and (D) Mean of the normalized 

intensity versus time trajectories obtained under 4.4 mW and 0.1 mW excitation power, 

respectively. 

 

Figure 5.3.  Molar absorptivity of PPE-CO2-49 in DOTAP liposomes and buffer.  Absorption 

spectra of solutions containing PPE-CO2-49 (1.5 μM in terms of PRU) with and without DOTAP 

were acquired and then normalized to the reported values of the molar absorptivity at λmax (4.6x104 

and 7.0x104 M-1cm-1 per PRU, respectively42). 

The behaviour of the intensity versus time trajectories for the PPE-CO2-49-containing 

liposomes and the PPE-CO2-49 coated NPs was similar, with both displaying exponential 

photobleaching under 4.4 and 0.1 mW excitation powers (Figure 5.2C and 5.2D, respectively).  

The intensity decay rate of the NPs was, however, slower than that of the liposomes, where fitting 

the trajectories to a biexponential decay function (Equation 5.1) resulted in time constants that 

were ca. 5-fold longer for the NPs than the liposomes.  Considering that the initial intensity of the 
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NPs was also quenched by ca. 5-fold relative to the liposomes (Figure 5.2A and 5.2B), we may 

conclude that there is not a substantial difference in the total number of photons emitted by PPE-

CO2-49 before photobleaching in the two environments.  Importantly, inspection of the trajectories 

reveals that photobleaching of the PPE-CO2-49-containing liposomes occurs within just 0.5 s 

under 4.4 mW excitation power, illustrating how the poor native photostability of PPE-CO2-49 

places a severe constraint on the timescale that these polymers can be observed under typical SMF 

imaging conditions, underscoring the need for improved photostability. 

𝐼 = 𝐴1𝑒
−

𝑡

𝜏1 + 𝐴2𝑒
−

𝑡

𝜏2 + 𝑦0         (1) 

5.3.4 Effect of the polymer concentration on the intensity versus time trajectories 

Anticipating that the possibility of energy transfer between PPE-CO2-49 polymers might 

affect the behaviour of the intensity versus time trajectories, liposomes containing different 

polymer loadings (0.005, 0.010, 0.025, 0.050, and 0.075 PRU:lipid), and thus different expected 

energy transfer efficiencies, increasing in the above order, were prepared and imaged in the TIRFM 

setup.  In the presence of GOX under 4.4 mW excitation power, the trajectories were characterized 

by an exponential decay in the emission intensity, where the rate of photobleaching was 

independent of the polymer loading (Figure 5.4A).  Under 0.1mW excitation, however, an initial 

enhancement in the trajectories was observed in addition to exponential photobleaching.  The size 

of the enhancement decreased as the polymer loading was decreased, with the enhancement being 

almost non-existent at 0.005 PRU:lipid (Figure 5.4B), suggesting that the phenomenon leading to 

the intensity enhancement is associated with the presence of energy transfer between polymers in 

the membrane (and is more critical with larger polymer loadings).  In Chapter 4, the intensity 

versus time trajectories of the PPE-CO2-49 coated NPs in the presence of numerous additives 

acquired under 0.1 mW excitation power were also characterized by an initial intensity 

enhancement followed by exponential photobleaching (Figure 4.4).  In the case of the NPs, we 

hypothesized that this signature enhancement behavior reflected the fact that the adsorbed 

polymers were present at a high density (ca. 62% estimated surface coverage, see section 4.7.2), 

which was expected to provide for efficient homotransfer between polymers.  Energy transfer was 

related to the observed intensity enhancement via a mechanism where the excitation energy is 

selectively funnelled to trap/quench sites.  The photo-induced destruction of these sites then results 

in an increase in the fluorescence quantum yield and a recovery of the emission intensity. 
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The observed trend where the intensity enhancement decreased with the density of 

polymers embedded in the membrane is consistent with the hypothesis we proposed to explain the 

behaviour of the NPs.  Here, a decreasing polymer density corresponding to a drop in the efficiency 

of energy transfer results in a reduction in the rate of trap site destruction/quantum yield recovery.  

To prevent convolution of the results by the effect of energy transfer, all further experiments were 

performed at the a low polymer density of 0.005 PRU:lipid, which corresponded to ca. 35 polymers 

per 200 nm diameter liposome (see section 5.6.2). 

 

Figure 5.4.  Mean, normalized intensity versus time trajectories of DOTAP liposomes containing 

different amounts of PPE-CO2-49.  The samples were excited with either the 4.4 mW (A) or the 

0.1 mW (B) output of a 405 nm laser while flowing a buffered solution containing GOX. 

5.3.5 Effect of the additives on the initial intensity 

The addition of additives to the imaging buffer may affect the intensity of PPE-CO2-49 by 

altering its fluorescence quantum yield or its excitation duty cycle.  To examine if these effects 

might be operating in this system, the initial intensity was extracted for each liposome and the 

mean value was then calculated for each condition (Figure 5.5).  The large error bars, representing 

the standard deviation of the mean initial intensity, were attributed to the size distribution of the 

liposomes and therefore the number of PPE-CO2-49 emitters present per liposome.  The addition 

of GOX resulted in a ca. 50% quenching of the initial intensity relative to buffer under both 4.4 

mW and 0.1 mW excitation power (Figure 5.5A and 5.5B, respectively).  One explanation for the 

decrease is that the removal of oxygen led to a decrease in the duty cycle of PPE-CO2-49.  This is 

a plausible mechanism given that molecular oxygen is an efficient triplet state quencher43-44 and 

therefore its removal is expected to increase the triplet state lifetime, thus decreasing the duty cycle 

of the fluorophore as it spends more time in the relatively long-lived triplet state.  Alternatively, it 

is possible that the decrease in the initial intensity was caused by GOX invoking a conformational 
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change in PPE-CO2-49 that decreased its fluorescence quantum yield.  It is plausible that GOX, 

which is negatively charged at neutral pH,45 would bind to the positively charged DOTAP 

membrane, but whether this interaction would influence the photophysical properties of embedded 

PPE-CO2-49 has not yet been determined. 

The effect of the other additives on the initial intensity of PPE-CO2-49 embedded in 

DOTAP liposomes was also examined.  The addition of COT was observed to quench the emission 

intensity of PPE-CO2-49 by ca. 3-4-fold under both 4.4 mW and 0.1 mW excitation (Figure 5.5A 

and 5.5B, respectively).  It is possible that the intensity drop is caused by quenching of the excited 

singlet state.46  If this were the case, then lowering the COT concentration may reduce quenching 

of the excited singlet state while still allowing for efficient quenching of the much longer-lived 

triplet state.  The addition of TOC, on the other hand, was observed to enhance the initial intensity 

ca. 2-fold compared to buffer under both excitation powers. This result is similar to that observed 

with PPE-CO2-49-coated NP in the presence of the water-soluble TOC analogue TX (see Chapter 

Four).  Our results thus indicate that TOC is quenching PPE-CO2-49 triplet states leading to an 

increase in the duty cycle and concomitant intensity enhancement.  BME, however, was not 

observed to have a significant effect on the initial intensity of PPE-CO2-49 embedded in DOTAP 

liposomes under either excitation power. 
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Figure 5.5.  Mean initial intensity of PPE-CO2-49 in DOTAP liposomes in the presence of 

different additives.  (A) Mean initial intensities under 4.4 mW 405 nm illumination.  (B)  Mean 

initial intensities under 0.1 mW 405 nm illumination.  The liposomes contained PPE-CO2-49 in a 

concentration of 0.005 PRU:lipid. 

5.3.6 Effect of the additives on the mean intensity versus time trajectories 

The intensity versus time trajectories were next examined to obtain information on the 

photobleaching kinetics and to assess the time window under which a fluorescence imaging 

experiment based on monitoring PPE-CO2-49 emission could be conducted.  The individual 

trajectories were extracted from the TIRFM movies and then normalized by their initial intensity 

to facilitate comparison across different solution additive conditions.  The mean normalized 

trajectories obtained under both 4.4 mW and 0.1 mW excitation powers are plotted in Figure 5.6A 

and 5.6B, respectively.  In the absence of any additives, the intensity versus time trajectories of 

PPE-CO2-49 displayed rapid exponential photobleaching behaviour under both excitation powers 

(Figure 5.6), similar to the results for the PPE-CO2-49 coated NPs in aqueous solution reported in 

Chapter 4 (Figure 4.6).  We also note here that the trajectories highlight the relatively poor 

photostability/short observation window of the polymer under these conditions.  By inspection of 

Figure 5.6, it is clear that many additives, both alone and in combination with GOX, led to a 
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dramatic increase in the lifetime as observed from the intensity versus time trajectories.  Lifetime 

increases were considered in combination with changes in the initial intensity to assess the overall 

photostability of the PPE-CO2-49-liposomes in section 5.2.6. below.   

Interestingly, we also observed that the trajectories obtained when the imaging buffer 

contained COT or GOX did not decay to zero, but instead decayed to a residual emission intensity 

equal to 10-25% of the initial intensity.  Even under extended illumination times of up to one hour, 

the signal from the particles remained constant and complete photobleaching was not observed 

(data not shown). 

To account for the fraction of CPE that remains unbleached several possibilities may be 

considered.  It is possible that PPE-CO2-49 undergoes transformation to produce a different 

emissive species (e.g. the photobleaching product is also emissive).  For example, it has been 

demonstrated that photooxidation of polyfluorenes leads to the formation of emissive keto 

defects.47-51  The presence of the defects is identified by observation of a signature red-shifted 

blue/green emission band in place of the pristine polymer’s blue emission band.  In the case of 

PPE-CO2-49, however, it is not immediately obvious what the structure of such an emissive defect 

might be or what role the lipid membrane and GOX and/or COT might have in favoring its 

formation.  Alternatively, it is possible that GOX/COT forms a complex with the membrane-

embedded PPE-CO2-49 polymers and effectively protects a fraction of them from damage by 1O2 

or other ROS.  Literature precedence supporting this hypothesis include a 2008 study by Dou et 

al., where they found that the photostability of a PPE polymer substituted with 3-

sulfanatopropyloxy groups (PPE-SO3) was enhanced by up to 12-fold in the presence of various 

surfactants.52  They attributed the enhancement to the surfactant’s ability to self-assemble around 

PPE-SO3 and limit the access of molecular oxygen to the polymer.52  More recently, Darwish et 

al. reported that the photostability of MPS-PPV was improved under TIRFM imaging conditions 

when complexed with polyvinylpyrrolidone (PVP)53  In addition to the protective barrier 

hypothesis put forward by Dou et al., the authors suggested that complexation with PVP might be 

reducing interchain collisions in solution, where such impact has recently been shown by Tian et 

al. to accelerate the rate of photochemical oxygen-induced chain scission by up to 20-fold.54 In 

our system, such a complex would likely involve the DOTAP lipid membrane, since no un-

bleachable residual was observed in the intensity versus time trajectories of the PPE-CO2-49-
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coated NPs in the presence of GOX in aqueous solution (see Chapter 4), or in other reports of 

GOX used to improve the photostability of CPs.55-57  We regard the protective barrier hypothesis 

as somewhat implausible, however, since it seems unlikely that any such physical barrier against 

ROS would be so effective that no trace of photobleaching would be observed even after extended 

(1 hour) exposure to 4.4 mW laser. 

 

Figure 5.6.  Mean, normalized intensity vs time trajectories of PPE-CO2-49 in DOTAP liposomes 

in the presence of different additives.  (A)  Mean trajectories obtained under 4.4 mW 405 nm 

illumination.  (B) Mean trajectories obtained under 0.1 mW 405 nm illumination.  Trajectories 

plotted are the average of several hundred trajectories first normalized by their initial intensity.  

The liposomes contained PPE-CO2-49 in a concentration of 0.005 PRU:lipid. 
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5.3.7 Comparison of the relative number of photons emitted under each condition 

To compare the overall effect of the additives on the photostability of the PPE-CO2-49-

containing liposomes the number of photons emitted before photobleaching was ultimately the 

parameter of choice.  In Chapter 4, the number of photons emitted by the PPE-CO2-49 coated NPs 

was determined by integrating the area under the individual intensity versus time trajectories and 

converting this value to the total number of photons detected.  The mean number of photons 

detected per NP was then computed and compared across the different solution conditions.  For 

work described in this chapter, since several of the trajectories from the liposomes containing 

embedded PPE-CO2-49 do not decay to a residual intensity of zero (see Figure 5.6 and section 

5.2.5), it was not possible to perform this type of analysis.  Instead, a parameter, n, proportional to 

the number of photons emitted under each condition, was estimated by determining the 

characteristic decay constant under each condition (τ) and then multiplying τ by the initial number 

of photons (I0) under the same condition (Equation 5.2).  Normalization by the number obtained 

in buffer provides a measure of the relative improvement in photostability conferred by each 

additive in the lower limit (i.e., not accounting for photons emitted by the unbleachable fraction) 

(Figure 5.6). To determine the decay constants, the mean normalized trajectories plotted in Figure 

5.6 were fit to a biexponential decay function (Equation 5.1) to obtain the characteristic short and 

long decay constants, τ1 and τ2.  The results of these fits are summarized in Table 5.1. 

𝑛 = 𝐼0𝜏              (2) 
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Table 5.1. Fitting parameters and R2 values obtained upon fitting the mean normalized intensity 

versus time trajectories to Equation 5.1. 

Sample A1 τ1 (s) A2 τ2 (s) y0 R2 

0.1 mW 

Buffer 0.66 1.50 0.28 7.60 0.040 0.999 

BME 0.67 0.60 0.22 30.0 0.076 0.993 

COT 0.40 2.12 0.44 10.3 0.121 0.999 

TOC 0.97 2.13 0.10 41.9 -0.028 0.999 

GOX 0.62 25.0 0.32 98.7 0.087 0.100 

BME GOX 0.312 4.97 0.58 39.3 0.107 0.100 

COT GOXr 0.43 14.2 0.28 49.8 0.246 0.999 

TOC GOX 0.61 57.2 0.46 190 0.060 0.100 

5.1 mW 

Buffer 0.59 0.023 0.37 0.14 0.035 0.100 

BME 0.54 0.073 0.42 0.33 0.047 0.100 

COT 0.57 0.125 0.21 1.31 0.214 0.999 

TOC 0.72 0.041 0.26 0.22 0.015 0.100 

GOX 0.49 0.239 0.37 1.56 0.116 0.997 

BME GOX 0.57 0.595 0.36 2.10 0.064 0.100 

COT GOXr 0.43 0.265 0.33 1.57 0.223 0.997 

TOC GOX 0.40 0.380 0.48 2.21 0.105 0.999 

 

Inspection of Figure 5.7 shows that the estimated number of photons emitted under each 

condition relative to buffer is similar whether τ1 or τ2 is used in the calculation of n.  Addition of 

GOX led to a ca. 5-8-fold increase in the number of photons emitted relative to buffer under both 

illumination powers (Figure 5.7), implicating oxygen in the photodegradation mechanism of PPE-

CO2-49 embedded in liposomes.  BME was observed to improve the photostability, albeit modestly 

(ca. 2-fold improvement under both excitation powers).  The margin of improvement increased to 

ca. 10-fold when BME was used in combination with GOX.  The addition of COT alone did not 

improve the photon output, but when used in combination with GOX a 2-5-fold increase was 

observed.   
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Addition of TOC led to a modest improvement in the photon output when used alone, but 

when it was combined with GOX the photostability compared to buffer improved by a large 

margin, estimated to be somewhere between 20-40-fold.  This result contrasts the deleterious effect 

on the PPE-CO2-49 coated NPs that was reported for the combination of the TOC analogue, 

Trolox, with oxygen scavenger in Chapter 4.  In this case, we proposed that oxygen was 

responsible for quenching the radical anion formed upon reaction of the CPE excited triplet state 

with Trolox. Removal of oxygen from the system by GOX left the polymer vulnerable to 

degradation pathways occurring through its radical anion intermediate, ultimately leading to a 

decrease in photon output.  Although no oxidizing agent was intentionally added to the TOC-

containing liposomes, it is possible that conversion of TOC to its oxidized form, alpha-tocopherol 

quinone, occurred during storage of the compound or preparation of the liposome samples, and 

that this species was responsible for completing the ROX cycle.  Alternatively, it is plausible that 

geminate recombination between the initial TOC and PPE-CO2-49 radical pair is responsible for 

quenching of the radical anion,29, 58-59 since diffusion from the solvent cage is expected to occur 

with a diffusion constant that is two orders of magnitude slower in a membrane as opposed to an 

aqueous environment.60 
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Figure 5.7.  Estimated number of photons emitted under each condition relative to buffer.  (A) 

Values obtained under 4.4 mW excitation at 405 nm.  (B) Values obtained under 0.1 mW excitation 

at 405 nm.  The values were obtained by multiplying the short and long time constants retrieved 

by fitting the mean normalized trajectories to a biexponential decay function by the mean initial 

intensity under the same condition, followed by normalization by the value calculated for buffer.  

The liposomes contained PPE-CO2-49 in a concentration of 0.005 PRU:lipid. 

5.4 Conclusion 

Several different solution additives including BME, COT, TOC, and GOX were screened 

for their ability to improve the photostability of PPE-CO2-49 embedded in DOTAP lipid 

membranes under TIRFM imaging conditions.  The best result was achieved with TOC (1:100 

lipid) used in combination with GOX, where an increase in the photon output between 20-40 fold 

was observed relative to buffer conditions, representing a substantial improvement.  We are 

hopeful that by applying the TOC/GOX photostabilization system individual PPE-CO2 polymers 

can be detected and observed over time in future TIRFM studies.  Remarkably, this study also led 

to the observation of an un-bleachable fraction accounting for 10-25% of the initial emission 

intensity in the presence of COT or GOX (alone and in combination with the other three additives).  
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Although the origin/identity of this fraction has not yet been determined, the discovery of an ultra-

photostable emissive conjugated polymer system could have a tremendous impact in the field of 

fluorescent imaging markers or any other application that requires a bright, stable fluorescent 

signal. 
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5.6 Experimental section 

5.6.1 Materials 

Poly(phenylene ethynylene) carboxylate PPE-CO2-49 (PDI = 2.3) was synthesized as 

previously described.42  Concentrated polymer solutions in water were diluted in Hyclone HyPure 

molecular biology-grade water purchased from Fisher.  DOTAP and 1,2-dipalmitoyl-sn-glycero-

3-phosphoethanolamine-N-(biotinyl) (bio-DPPE) were purchased from Avanti Polar Lipids 

(Alabaster, Alabama, USA).  Molecular biology grade solutions of 1 M HEPES (pH 7.3) and 5 M 

NaCl, hydrogen peroxide (30% solution), HPLC grade acetone, and concentrated HCl were 

purchased from Fisher.  Vectabond was purchased from Vector Laboratories (Burlington, ON, 

Canada).  Concentrated sulfuric acid was purchased from ACP Chemicals.  Glucose oxidase, D(+)-

glucose, cyclooctatetraene, α-tocopherol, and β-mercaptoethanol were purchased from Sigma 

Aldrich.  DiD was purchased from Invitrogen Canada (Burlington, ON).  Poly(ethylene glycol) 

succinimidyl valerate, MW 5000 (mPEG-SVA) and biotin-PEG-SVA were purchased from 

Laysan Bio Inc. (Arab, AL). Streptavidin protein was purchased from Life Technologies 

(Burlington, ON).  All materials were used without further purification. 

  



197 
 

5.6.2 Liposome preparation 

DOTAP and bio-DPPE lipid powder were dissolved in chloroform.  Aliquots of DiD 

dissolved in methanol or α-tocopherol (neat) were then added to the lipid solution when noted. The 

lipid solutions were mixed to a final molar ratio of 99% DOTAP and 1% bio-DPPE.  The solvent 

was evaporated by a stream of argon, and the resulting thin lipid film was placed under vacuum 

for a minimum of 30 min to remove any remaining solvent. Dry lipid films were then hydrated in 

a pH 7.3 buffer containing 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

and 150 mM NaCl. The samples were subjected to 10 freeze–thaw–sonication cycles (5 min in dry 

ice/5 min sonication in a water bath at 40°–50°C) to increase the unilamellarity of the sample. The 

liposomes were then extruded through a 200 nm polycarbonate membrane using a mini-extruder 

from Avanti Polar Lipids, Inc.  The liposomes were diluted to a lipid concentration of 100 μM and 

an aliquot of PPE-CO2-49 dissolved in water was added with vortexing to achieve a final 

concentration of 0.005 PRU:lipid.  Considering that a 200 nm DOTAP liposome is estimated to 

contain 359,040 lipids (see section 3.7.3), this concentration corresponds to ca. 1795 PRUs or 36 

PPE-CO2-49 polymers per liposome. 

5.6.3 Coverslip preparation 

A glass jar containing 8 glass coverslips was filled with a piranha solution (H2O2 (30% 

vol/vol) and 75% concentrated H2SO4) and left to soak for a minimum of one hour.  The solution 

was then poured off and the coverslips were washed multiple times with deionized water followed 

by 10 minutes of sonication.  The rinsing/sonication procedure was then repeated twice with dry 

acetone (high performance liquid chromatography (HPLC) grade).  The coverslips were then 

incubated in a 1% (v/v) solution of vectabond in acetone to allow the aminosilanization reaction 

to proceed.  After five minutes the reaction mixture was poured off and the coverslips were rinsed 

twice with water (molecular biology grade) and stored in the jar until further use. 

In order to prevent the non-specific adsorption of liposomes or proteins (e.g. glucose 

oxidase), the coverslips were further functionalized with a layer of poly(ethylene glycol).  

Specifically, the surface of the coverslips was incubated with a solution of poly(ethylene glycol) 

succinimidyl valerate, molecular weight (MW) 5000 (mPEG-SVA) and biotin-PEG-SVA in a 99:1 

ratio (w/w) in 0.1 M sodium bicarbonate.  After 3-4 hours, excess PEG solution was rinsed from 
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the surface with water and the coverslips were dried using a N2 stream.  An imaging chamber (ca. 

10 µl in volume) was constructed by applying a predrilled polycarbonate film with an adhesive 

side onto the coverslip.  Two silicone ports were then glued on top of the predrilled holes to allow 

the flow of solutions into and out of the chamber.  Prior to imaging, 10 μL of a 0.2 mg/mL 

streptavidin solution in buffer was injected into the imaging chamber and incubated for 5 mins.  

Excess streptavidin was washed away with 5x20 μL of buffer. 

5.6.4 TIRFM imaging 

Fluorescence imaging was carried out using an inverted Nikon Eclipse Ti microscope 

equipped with the Perfect Focus System (PFS) implementing an objective-type TIRF configuration 

with a Nikon TIRF illuminator and an oil immersion objective (CFI SR Apo TIRF 100× Oil 

Immersion Objective Lens, numerical aperture (NA) 1.49).  The excitation source was the 405 nm 

output of an Agilent MLC400B Monolithic Laser Combiner.  Laser powers of 0.1 mW-4.4 mW 

were measured out of the objective.  The laser beam was passed through a multiband cleanup filter 

(ZET405/488/561/647x, Chroma Technology) and coupled into the microscope objective using a 

multiband beam splitter (ZT405/488r/561/640rpc, Chroma Technology).  Images were recorded 

onto a 512x512 pixel region of a back-illuminated electron-multiplying charge-coupled device 

(EMCCD) camera (iXon X3 DU-897-CS0-#BV, Andor Technology).  Data analysis was 

performed using a home-built analysis routine written in Matlab based on the algorithms developed 

by the Ha group.41  Buffered solutions containing additives were flowed at a rate of 2 μL/min using 

a syringe pump at the following concentrations, where noted: 143 mM BME (1% v/v), 10 mM 

COT (prepare by dilution of 1 M COT in DMSO and corresponding to 1% DMSO (v/v) in the 

final solution), 165 units/mL glucose oxidase in 3% D(+) glucose (v/v).  TOC was pre-

incorporated into the liposomes at a concentration of 1:100 (TOC:lipid). 
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Chapter 6: Conclusions and Future Directions 

6.1 Contributions to original knowledge and suggestions for future work 

This thesis explores how lipid membranes can be used to tune the photophysical/energy 

transporting properties of conjugated polyelectrolytes (CPEs), with an emphasis on the crucial role 

that single molecule fluorescence (SMF) microscopy techniques play in the development of new 

applications based on these materials.  Key results include the development of a new methodology 

to study lipid membrane deformation, the assembly of a light harvesting antenna, and the 

identification of several antifading cocktails to improve the photostability of CPEs under SMF 

imaging conditions. 

Chapter 2 introduced a new methodology to detect changes in lipid membrane curvature in 

real-time.  Here, the drastic changes in emission quantum yield of the poly(phenylene vinylene) 

polyanion MPS-PPV that occur upon embedding within lipid membranes were exploited as sensor 

to record the real-time deformation of liposomes consisting of the cationic lipid DOTAP on the 

surface of MPS-PPV-coated silicon dioxide nanoparticles (NPs).  Using total internal reflection 

fluorescence microscopy (TIRFM), the docking and subsequent deformation of individual 

liposomes on hundreds of surface-immobilized NPs was observed in parallel.  Conformational 

changes in the conjugated polyelectrolyte as the membrane deformed along the surface curvature 

of the nanoparticle resulted in fluorescence intensity enhancements. These enhancements were 

proportional to the surface coverage by the lipid milieu, providing a means to read to which extent 

the membrane deformed and how rapidly it was doing so. 

By providing a means to determine the dynamics of membrane deformation in response to 

interaction with a polyelectrolyte scaffold, we anticipate that this study may be of broad interest 

to the field of cell biology, where it is well-accepted that the ability of the cell membrane to 

dynamically adjust its phase/topology is essential for numerous cellular processes.1-2  A parallel 

can be drawn between the charged biomolecule scaffolds used by nature to coax the cell membrane 

to adopt strained structures with unfavourable curvature,3-5 and the curved, charged scaffold 

provided by the CPE-coated NPs.  By playing the role of a scaffold that also doubles as a 

fluorescent sensor, CPE-coated NPs monitored by TIRFM could provide a unique platform to 

monitor the dynamics of membrane deformation while systematically varying physical factors 
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such as NP/membrane curvature and composition, as well as environmental factors like ionic 

strength. 

Another interesting direction would be to study the effect of changing the CPE structure 

on the dynamics of liposome deformation on the NPs.  We may expect the rigid and needle-like 

PPE-CO2 polymers to interact differently with the membrane than the more disordered MPS-PPV, 

for example, perhaps inducing greater strain in the membrane and accelerating rupture upon 

deformation to form supported lipid bilayers.  In Chapter 4, the methodology developed by our 

group to adsorb MPS-PPV onto surface-modified SiO2 NPs was easily adapted to produce PPE-

CO2-49 coated NPs; we are therefore confident that our method could also be used to produce 

monodisperse NPs coated with other CPEs, as desired.  Using a combination of cryogenic 

transmission electron microscopy and TIRFM, the structure and dynamics of the interaction 

between different CPE-coated NPs with lipid membranes can then be elucidated. 

The development of an NP coated with a cationic rather than an anionic CPE would be 

interesting in the context of studying cellular membranes, which have a net negative charge.6  In 

this case, we expect that the polycations would readily adsorb onto the surface of the unmodified 

SiO2 NPs owing to the negative charge of the deprotonated silanol groups at neutral pH.  The NPs 

could then be applied as a probe to study uptake by living cells.  Although fluorescent NPs have 

been previously used to study cellular uptake,7-10 we believe that monitoring the emission 

enhancement of the CPE-coated NPs may provide an additional dimension of information on the 

intimate interaction of the membrane with the NP during this process that is not accessible using 

other probes. 

Demonstrating the breadth of applications that may profit from the development of 

CPE/lipid interactions, Chapter 3 changes focus to explore these materials in the context of light 

harvesting.  Light harvesting systems must absorb large amounts of solar energy and also be able 

to efficiently funnel this energy to a target where it can be used to do work, e.g. drive chemical 

reactions, etc.  Here, the self-assembly of a conjugated polyanion with a poly(phenylene 

ethynylene) backbone (PPE-CO2-7) into lipid membranes composed of the cationic lipid DOTAP 

was reported as the basis for a light harvesting antenna. Remarkably, it was found that the 

membrane scaffold could accommodate the polyanions at a high density (ca. 1 nm edge-to-edge 

separation) without self-quenching, avoiding an important loss mechanism plaguing many other 
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light harvesting systems.  Light harvested by the polymers was then transferred to a model 

lipophilic energy acceptor (the cyanine dye DiI) whose effective molar absorption was enhanced 

by up to 18-fold due to the antenna effect. This value is on par with previously reported light 

harvesting antennas based on self-assembled supramolecular structures.11  Absorption 

amplification of DiI was found to be due primarily to direct energy transfer from polymers. The 

efficiency of homoenergy transfer among polymers was also probed by the membrane embedding 

fullerene derivative phenyl-C61-butryic acid methyl ester (PCBM) acting as an electron acceptor 

(quasi reaction center). PCBM quenched the emission of up to five polymers, consistent with a 

modest amount of homotransfer. 

Beyond demonstrating a new light harvesting antenna and reporting its performance, 

Chapter 3 highlights the advantages of lipid membranes as scaffolds for assembling the 

components of light harvesting systems in general.  Arguably, the most significant discovery of 

this study was that the lipid membrane can accommodate many polymer donors with minimal 

losses due to self-quenching.  This property was critical to the success of electronic energy 

harvesting achieved.  The physical properties that determine the dispersion of the CPEs within the 

membrane remain a topic of active research, however, where factors such as the lipid charge, lipid 

head group type, polymer chain length, and polymer sidechains all have all been recently shown 

to affect CPE/lipid structures.12-15  An interesting follow up study would be to assemble a series of 

different light harvesting antennas based on the methodology developed in Chapter 3, and then 

screen them for relationships between absorption amplification and factors like those mentioned 

above, providing a library of information to assist in the design of an improved light harvesting 

antenna. 

Although screening different combinations of CPEs and lipids would help to identify 

directions for further research, in order to rationally design an improved light harvesting antenna 

it is also necessary to gain a better understanding of the organization of CPEs within the lipid 

membrane at the molecular level.  Accessing this information is particularly important in the 

context of light harvesting, since the efficiency of energy transfer is linked to the relative 

orientation of donor and acceptors.  To tackle this problem, we propose fluorescence anisotropy 

studies on PPE-CO2 polymers embedded within supported lipid bilayers.  By performing these 

experiments, the orientation of single CPE emission dipoles relative to the surface (e.g., the plane 



202 
 

of the bilayer) could be determined.  The effect of the polymer chain length (7 versus 49 PRUs) 

on the possible orientations could be determined, where the 7-mer is expected to explore more 

orientations than the 49-mer since its smaller size may allow it to embed both perpendicular and 

parallel to the membrane plane.  SMF experiments in turn could reveal whether the polymers tend 

to associate within the membrane, forming “rafts” and whether their orientations tend to align with 

each other or not.  Altogether, this line of research would enable us to answer questions about the 

membrane’s ability to organize CPEs toward achieving efficient energy migration and ultimately 

the design of a high performance light harvesting antenna. 

In addition to the physical CPE/lipid interaction, the CPE photophysical properties are 

critical to the performance of the light harvesting antenna, since these determine the efficiency of 

homo-energy transfer and the spatial extent of exciton migration within the membrane.  For 

example, all other factors considered equal, we may hypothesize that the selection of a CPE with 

a longer excited state lifetime will increase the absorption amplification of the trap/reaction centre, 

since the excitons generated from more distant polymers in the membrane have a greater 

probability of reaching the trap/reaction centre before decaying via a competing process (e.g., 

emission).  Increasing the fluorescence quantum yield may also lead to improved performance by 

increasing the rate of energy transfer at each step.  In addition, increasing the molar absorptivity 

and/or broadening the absorption spectrum would increase the amount of energy that the antenna 

can capture.  Toward the latter point, the use of several different CPEs that have absorption spectra 

spanning the visible region could be an interesting strategy to improve the overall light harvesting 

potential of the antenna. 

Sophisticated SMF experiments such as those described in Chapter 2 and in the proposed 

experiments to extend the work of Chapter 3 demand that the emissive species under study possess 

excellent signal stability, brightness, and photostability.  In Chapters 4 and 5, we report our 

attempts to improve the photostability of PPE-CO2-49 under SMF imaging conditions in both 

aqueous and lipid membrane environments, respectively.  Working with PPE-CO2 adsorbed onto 

the surface of 100 nm diameter SiO2 nanoparticles in aqueous solution (Chapter 4) or embedded 

within the membrane of DOTAP liposomes (Chapter 5), TIRFM was used to monitor the emission 

intensity of hundreds of surface-immobilized nanoparticles/liposomes in parallel while flowing 

different solution additives (The water-soluble triplet quenchers/antioxidants ascorbic acid (AA), 
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β-mercaptoethanol (BME), Ni2+, trolox (TX), and trolox quinone (TQ) in the case of the PPE-CO2-

49-coated NPs and the more hydrophobic additives BME, cyclooctatetraene (COT) and α-

tocopherol (TOC) in the case of the PPE-CO2-49-containing liposomes.  The effect of oxygen 

removal using an enzymatic oxygen scavenging system based on glucose oxidase (GOX) was also 

determined in both cases.   

From these experiments, one of the major contributions was the identification of several 

antifading cocktails that improve the photostability of PPE-CO2-49.  For the NPs, the best results 

were obtained using AA and TX in buffer (up to 8-fold improvement) and with the oxygen 

scavenging system (up to 15-fold improvement).  For the liposomes, the most successful cocktail 

was TOC used in combination with GOX, where a 20-40-fold improvement was observed.  By 

achieving this level of improvement, the number of photons emitted by PPE-CO2-49 is brought on 

par with other commonly used fluorophores in SMF experiments, thus expanding the possibilities 

in terms of the type/timescale of SMF experimentation on CPEs that can feasibly be performed.  

Armed with this information, we are hopeful that other researchers will be able to readily adapt 

and optimize our findings toward their own specific imaging requirements.    

In addition to providing recipes for anti-fading cocktails, the analysis of the results in 

Chapters 4 and 5 also contributes toward developing a mechanistic understanding of the 

photophysics underpinning the action of the additives.  Here, the excited triplet state and oxygen 

were identified as being key players in the photodegradation of PPE-CO2.  The CPE radical anion 

formed via reaction of the excited triplet state with reducing agents such as AA, TX, and TOC was 

also implicated as an important intermediate in the photobleaching pathway.  Although the 

majority of the results could be rationalized in terms of the photophysics of these species, the 

identity/origin of the species contributing to the residual intensity (i.e., the “unbleachable 

fraction”) in the intensity versus time trajectories of the PPE-CO2-49-containing liposomes under 

several solution conditions remains unknown.  Uncovering the mechanism behind this 

phenomenon is an important challenge for future work, since the discovery of a CPE/lipid with 

unprecedented photostability could have a tremendous impact in the field of fluorescent imaging 

markers or any other application that requires a bright, stable fluorescent signal.  
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