UNIVERSIDAD MIGUEL HERNANDEZ DE ELCHE
INSTITUTO DE BIOLOGIA MOLECULAR Y CELULAR

INTERACTION BETWEEN CONJUGATED POLYELECTROLYTES
AND BIOLOGICAL SYSTEMS: CHARACTERIZATION AND

BIOTECHNOLOGICAL APPLICATIONS

DOCTORAL THESIS
ZEHRA KAHVECI

DIRECTOR
C. REYES MATEO MARTINEZ

ELCHE, 2016

D. Antonio V. Ferrer Montiel, Catedrático de Bioquímica y Biología Molecular y
Director del Instituto de Biología Molecular y Celular de la Universidad Miguel
Hernández de Elche, DA SU CONFORMIDAD a la lectura de la Tesis Doctoral titulada:
“Interaction between Conjugated Polyelectrolytes and Biological Systems:
Characterization and Biotechnological Applications” presentada por Dña. Zehra
Kahveci.
Para que conste y surta los efectos oportunos, firma el presente certificado en Elche,
a 4 de Octubre de 2016.

Fdo.: Prof. Dr. Antonio V. Ferrer Montiel

Dña C. Reyes Mateo Martinez, Profesora Titular de la Universidad Miguel Hernández
de Elche, CERTIFICA: que la Tesis Doctoral titulada “Interaction between Conjugated
Polyelectrolytes and Biological Systems: Characterization and Biotechnological
Applications” presentada por Dña. Zehra Kahveci, ha sido realizada bajo su dirección
en el Instituto de Biología Molecular y Celular de la Universidad Miguel Hernández de
Elche.
Para que conste y surta los efectos oportunos, firma el presente certificado en Elche,
a 4 de Octubre de 2016.

Fdo.: Prof. Dra. C. Reyes Mateo Martinez

To my parents
To my brother

Acknowledgments
I started my thesis ambitious and thirsty of knowledge and today I am finishing it even
more passionate than anyone would expect. I am grateful to people who were with
me all these years, when I was away from my family and roots. They all made me feel
at home and make these years bearable.
All these have begun with my parents, Rabia and Huseyin, they have made this dream
come through. If it were not for them, I wouldn’t be here now. They gave me
everything. Their support let me get to this end. They didn’t complain even a day to
not make me feel uncomfortable. Also, I am so fortunate to have such a caring
brother, Muzaffer, for thinking of me in every step of his life and being there for me
anytime I needed him. I feel so proud and thankful to have such a supporting and
loving family.
To my other biggest support and director of my thesis, Reyes Mateo, for giving me
this unforgettable opportunity to be a part of her laboratory and family for all these
years. She guided me professionally and personally. I am honored to be her student
and to be taught by her.
To my dear Mª Jose, who was there for me anytime I needed her with an unlimited
tolerance and patience. She thought me that kindness and good is still existing in this
world. I am blessed to know such a nice person.

IX

To the only man in a women jungle, Ricardo, whom I would like to appreciate his
existence for all these years with his patience and good humor with me.
To my colleague, my friend, my sister, Rebeca, I am so thankful to have her since the
beginning at a close distance. Excited or nervous, upset or content, we had our
moments in our conjoint laboratories. I will miss having someone so close. She and
David gave me the warmth of a home in Elche.
To the people at the second floor of IBMC, whom I appreciated having by my side
during every hour and day of the week. Rocio, Felipe, and Amalia, who were there
for me to share their friendship and knowledge.
To professors in our institute, and more particularly, Javier, Jesus, and Jose Luis for
their professional and moral support. Once again, I would like to thank Jose Luis for
his valuable help with the English corrections.
To people who helped me with paper works and bureaucracy, especially, Elisa, Javier
and May, you have made my life agreeable.
To the people out of the institute, my friends, that I am grateful to have their support.
My lovely girl, Lucia and her family, who was there with me since the beginning. My
wild girl, Marina, who gives me the joy of being alive. And my dear friend, Charlotte,
from a long distance she was with me in every step of this journey. Also, feeling
blessed to know Clara, Ines, Maria, and my little men Martin and Jose Antonio,
during these years. I feel lucky to be surrounded by such good people.
I thank you all for being a part of my life.

X

“Hayatta en hakiki mürşit, ilimdir.”
“One true mentor in life is science.”
Mustafa Kemal Atatürk

XI

Prefacio
El presente trabajo doctoral se ha desarrollado en el Instituto de Biología Molecular
y Celular de la Universidad Miguel Hernández de Elche, bajo la dirección de la
profesora C. Reyes Mateo Martinez y con el apoyo de los proyectos del Ministerio de
Economía y Competitividad MAT-2011-23007 y MAT-2014-53282-R.
Siguiendo la normativa interna de la Universidad Miguel Hernández, la memoria
correspondiente a la Tesis Doctoral titulada “Interaction between Conjugated
Polyelectrolytes and Biological Systems: Characterization and Biotechnological
Applications”, ha sido redactada en lengua inglesa con apartados seleccionados en
lengua española y se ha elaborado de acuerdo a la normativa de la Universidad
Miguel Hernández de Elche para la “Presentación de tesis doctorales con un conjunto
de publicaciones”. La Tesis se ha organizado en los siguientes capítulos:
‒

Resumen de la Tesis redactada en lengua inglesa y lengua española

‒

Introducción general

‒

Objetivos

‒

Materiales y métodos

‒

Resumen y discusión global de los resultados obtenidos

‒

Conclusiones redactadas en lengua inglesa y lengua española

‒

Referencias

‒

Anexo de las publicaciones

XIII

Abbreviations
ALP

Alkaline phosphatase

AQS

9,10 anthraquinone-2,6-disulfonic acid

Bodipy

BODIPY 500/510 C4,C9

CD

Circular dichroism

CF

5 (6)-Carboxyfluorescein

CPs

Conjugated polymers

CPEs

Conjugated polyelectrolytes

DLS

Dynamic light scattering

DNA

Deoxyribonucleic acid

DPH

1,6-diphenyl- 1,3,5-hexatriene

DSC

Differential scanning calorimetry

E. coli

Escherichia coli

FRET

Förster resonance energy transfer

GUVs

Giant unilamellar vesicles

HaCat cell

Immortalised human keratinocyte cell

HeLa cell

Henrietta Lacks' 'Immortal' cell

HSA

Human serum albumin

HTMA-PFP

Poly-{[9,9-bis(6′-N,N,N-trimethylammonium)
hexyl]-fluorene-phenylene} bromide

HTMA-PFNT

Copoly-{[9,9-bis(6′-N,N,Ntrimethylammonium)hexyl]-2,7-(fluorene)-alt-1,4(naphtho[2,3c]-1,2,5-thiadiazole)} bromide

LOD

Limit of detection

LUVs

Unilamellar large vesicles

NPs

Nanoparticles

PF

Polyfluorenes

PNP

P-nitrophenol

PNPP

P-nitrophenyl phosphate

TEOS

Tetraethyl orthosilicate

XV

Index
Acknowledgments

IX

Prefacio

XIII

Abbreviations

XV

Index

XVII

1.

ABSTRACT/ RESUMEN

1

2.

INTRODUCTION

7

2.1.

Conjugated Polyelectrolytes (CPEs)

2.1.1.

9

Polyfluorenes

11

2.2.

CPEs as Fluorescent Markers

13

2.3.

CPEs in Biosensing

16

2.4.

Solubilization and Stabilization of CPEs

22

2.5.

The Cationic Polyfluorene HTMA-PFP

25

3.

OBJECTIVES

29

4.

MATERIALS AND METHODS

33

4.1.

Materials

35

4.1.1.

Lipids

35

4.1.2.

Proteins

36

4.1.3.

Conjugated Polyelectrolytes

37

4.1.4.

Fluorescent Probes and Quenchers

38

XVII

4.1.5.

4.2.

Other Reactives

39

Instrumentation

39

4.2.1.

Absorption and Steady-State Fluorescence Measurements

39

4.2.2.

Optical and Electronic Microscopy Measurements

39

4.2.3.

Dynamic Light Scattering (DLS)

40

4.2.4.

Circular Dichroism (CD)

41

4.2.5.

Diﬀerential Scanning Calorimetry (DSC)

41

4.3.

Methodology

4.3.1.

42

Lipid Systems

42

4.3.1.1.

Description

42

4.3.1.2.

Preparation

47

4.3.2.

Fluorescence Methodologies

49

4.3.3.

Sol-gel Immobilization

55

5.

4.3.3.1.

Description

55

4.3.3.2.

Preparation

56

OVERALL RESULTS AND DISCUSSION

59

5.1.

HTMA-PFP and HTMA-PFNT in Buffer

61

5.2.

CPEs as Fluorescent Membrane Markers

64

5.2.1.

HTMA-PFP in Model Membranes

64

5.2.1.1.

HTMA-PFP in Anionic Lipid Membranes

64

5.2.1.2.

HTMA-PFP in Zwitterionic Lipid Membranes

67

5.2.1.3.

Selectivity of HTMA-PFP against Anionic and Zwitterionic Membranes

69

5.2.2.

HTMA-PFNT in Model Membranes

5.2.2.1.

71

HTMA-PFNT in Anionic and Zwitterionic Membranes

XVII

71

5.3.

CPEs for Selective Recognition and Imaging of Bacteria

73

5.3.1.

HTMA-PFP and HTMA-PFNT in Bacterial and Mammalian Model Membranes

74

5.3.2.

Selective Imaging of Bacteria over Mammalian Cells

76

5.4.

CPE–based Nanostructures: Characterization and Biotechnological Applications

5.4.1.

77

Multifunctional Fluorescent Nanoparticles (NPs) as Bioimaging Tools and Drug Carriers 78

5.4.1.1.

Protein-CPE Nanostructures

78

5.4.1.2.

Lipid Vesicle-CPE Nanoparticles

81

5.4.2.

Fluorescent NPs in Biosensing

82

5.4.2.1.

Free ALP Biosensor

83

5.4.2.2.

Immobilized ALP Biosensor

84

6.

CONCLUSIONS/ CONCLUSIONES

87

7.

REFERENCES

97

8.

ANNEXES

113

Publication 8.1

115

Publication 8.2

129

Publication 8.3

155

Publication 8.4

179

Publication 8.5

197

XIX

1. ABSTRACT/ RESUMEN
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1. Abstract

Fluorescent conjugated polyelectrolytes (CPEs) display very interesting and useful
properties. They are polymers with π-conjugated backbones which show strong
absorption

and

high

efficiencies

in

both

photoluminescence

and

electroluminescence; further they contain ionic side groups to facilitate their water
solubilization. These properties have been used to study interactions with
biomolecules such as proteins and DNA, allowing to develop sensing platforms and
bioimaging tools. In the present Thesis, we characterized two cationic CPEs, with
different emission wavelength: blue-emitting HTMA-PFP and red-emitting HTMAPFNT, and we explored their potential use in biotechnological applications.
For biomedical applications such as bioimaging, the preliminary condition is the
dispersibility of CPEs in aqueous media. Therefore, in the first part of this Thesis, the
behaviour of HTMA-PFP and HTMA-PFNT in aqueous solutions was explored.
Afterwards, we investigated the interaction of these CPEs with anionic and
zwitterionic model membranes in order to use them as fluorescent markers. This
study showed that both types of CPEs have higher affinity and selectivity towards
anionic lipids, which are the dominant lipid component in bacterial membranes.
Taking into account these results, a study by mimicking the mammalian and bacterial
membranes with different lipid mixtures was performed and the interaction of these
CPEs with both model systems was explored. This study confirmed the selectivity of
CPEs, especially HTMA-PFNT, towards bacterial model membranes. Preliminary
experiments with living bacteria and mammalian cells supported these results,
showing that in samples containing both types of cells, HTMA-PFNT only images the
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bacterial cells. These results were a proof-of-concept of its use for selective
recognition and imaging of bacteria.
Moreover, we studied the ability of HTMA-PFP and HTMA-PFNT to form stable
fluorescent nanostructures, and we explored their potential applications. Firstly, we
investigated the interaction of HTMA-PFNT with two biological systems which are
known to be used as nanocarriers: human serum albumin and lipid vesicles. Results
showed the formation of red-emitting nanoparticles, preserving the biological
functionality. The ability of these nanoparticles to carry hydrophobic and polar
compounds was also checked, as well as, the capacity to be used as fluorescent
probes for bioimaging. Results supported the potential use of these novel structures
as multifunctional platforms for therapeutic and diagnostic purposes. Secondly, the
complexation of blue-emitting HTMA-PFP with lipid vesicles was explored. The
obtained nanoparticles were characterized and coupled to the enzyme Alkaline
Phosphatase to develop a fluorescent biosensor for enzyme inhibitor determination.
The components of the biosensor (nanoparticles and enzyme) were immobilized in a
sol-gel matrix to facilitate its handling, allowing its reutilization. The biosensor was
optimized for the determination of phosphate ion, a competitive inhibitor of the
enzyme.
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1. Resumen

Los polielectrolitos conjugados fluorescentes (CPEs) presentan propiedades muy
interesantes. Se trata de polímeros que poseen esqueletos con enlaces π-conjugados
y que muestran altos coeficientes de extinción y un elevado rendimiento cuántico de
fluorescencia. Además, poseen cadenas laterales que contienen grupos cargados
para facilitar su solubilidad en medios acuosos. Estas propiedades pueden ser
utilizadas para estudiar interacciones con biomoléculas, tales como proteínas y ADN,
con objeto de desarrollar plataformas sensoriales y nuevas herramientas de
bioimagen. En la presente Tesis se han caracterizado dos CPEs catiónicos que emiten
en diferentes regiones espectrales: HTMA-PFP, con emisión en el azul, y HTMA-PFNT,
que emite en el rojo. Además se han explorado sus posibles aplicaciones en el campo
de la biotecnología.
En aplicaciones biomédicas, como es la bioimagen, un requisito indispensable es la
solubilidad del CPE en medio acuoso. Por ello, en la primera parte de esta Tesis se ha
explorado el comportamiento de los dos polímeros, HTMA-PFP y HTMA-PFNT, en
disolución acuosa. A continuación, se ha investigado la interacción de los CPEs con
modelos de membrana formados por lípidos aniónicos y zwitteriónicos, con objeto
de evaluar la capacidad de utilizar estos polielectrolitos como marcadores
fluorescentes de membrana. Este estudio demostró que ambos compuestos
presentan una mayor afinidad y selectividad hacia lípidos aniónicos, que son el
componente mayoritario de las membranas bacterianas. Teniendo en cuenta este
resultado, se llevó a cabo un estudio en el que se modelizaron membranas de
mamífero y bacteriana con diferentes mezclas lipídicas y se exploró cómo
interaccionan HTMA-PFP y HTMA-PFNT con estos sistemas. Dicho estudio confirmó
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la preferencia de los CPEs, especialmente HTMA-PFNT, por los modelos bacterianos.
Experimentos preliminares realizados con bacterias y células de mamífero
soportaron estos resultados, mostrando que en muestras donde coexisten ambos
tipos de células, HTMA-PFNT únicamente marca las células bacterianas. Este
experimento evidencia la posible utilización de HTMA-PFNT como una herramienta
para el diagnóstico y bioimagen de contaminación bacteriana.
Además, se ha estudiado la capacidad de ambos polielectrolitos para formar
nanoestructuras fluorescentes estables en medio acuoso y se han explorado sus
aplicaciones. Por un lado, se investigó la interacción de HTMA-PFNT con dos sistemas
biológicos utilizados frecuentemente como nanotransportadores: la proteína HSA y
vesículas liposomales. Así, se obtuvieron nanopartículas que emiten en el rojo y que
preservan las propiedades funcionales de los sistemas biológicos que las componen.
Estas nanopartículas multifuncionales fueron capaces de transportar compuestos
polares e hidrofóbicos y han podido ser utilizadas como sondas fluorescentes en
bioimagen. Por otro lado, también se han obtenido nanopartículas fluorescentes que
emiten en el azul, a través de la interacción del polielectrolito HTMA-PFP y vesículas
liposomales aniónicas. Estas nanopartículas han sido caracterizadas en detalle y
acopladas a la enzima fosfatasa alcalina, con objeto de desarrollar un biosensor para
la determinación de inhibidores de esta enzima. Los componentes del biosensor
(nanopartículas y enzimas) se han inmovilizado en una matriz sol-gel, para facilitar su
manipulación y permitir su reutilización. El biosensor ha sido optimizado para la
determinación de ion fosfato, un inhibidor competitivo de la enzima.
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2. Introduction

2.1. Conjugated Polyelectrolytes (CPEs)
In 2000, The Nobel Prize in Chemistry was awarded to Alan J. Heeger, Alan G.
MacDiarmid and Hideki Shirakawa for their discovery about polyacetylenes that can
be made conductive almost like metals by “doping” with iodine vapour (Figure 2.1)
[1,2]. Although polyacetylenes are not fluorescent polymers, this was the first step
towards the development of the electroluminescent conjugated polymers (CPs) [3].
As any other organic polymer, CPs are carbon-based macromolecules which are
composed of repeating monomer units forming a chain, the backbone of the polymer
[4]. However, the difference in how bonding takes place among the carbon atoms of
the backbone is what it makes CPs unique. Unlike traditional saturated polymers such
as polyethylene or polypropylene, CPs have an alternating sequence of single and
double bonds along the backbone of the polymer chain, a π-conjugated system where
electrons are effectively delocalized over the conjugation length of the polymer [57]. It is precisely this alternating bond sequence that enables CPs to exhibit their
unique optical and electronic properties. When a CP is illuminated at an appropriate
wavelength, it can lead to the excitation of an electron to a higher energy level. This
creates a bound electron-hole-pair on the polymer backbone named exciton. Also,
electron delocalization facilitates rapid intra- and inter-chain exciton migration,
conferring collective optical responses and amplified signals when compared to
conventional fluorophores [8,9]. As a consequence, CPs show strong absorption and
high efficiencies in both photoluminescence and electroluminescence and exhibit
large Stokes shifts [10,11]. Due to these properties, they have received significant
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attention over the last years as versatile active components in luminescent
optoelectronic devices and fluorescent sensory materials [10-16]. Figure 2.1 shows
some examples of CPs’ backbone structures [17], including polyacetylene (PA),
poly(para-phenylene) (PPP) [18], poly(para-phenylene vinylene) (PPV) [14],
poly(para-phenylene ethynylene) (PPE) [19], polythiophene (PT) [20], polypyrrole
(PPy) [7], polyaniline (PANI) [21] and polyfluorene (PF) [22].

Figure 2.1. Molecular structures of typical conjugated polymers [17].

One of the difficulties in working with CPs is their low solubility, especially in water,
which reduces luminescence yields due to the formation of large visible aggregates
that precipitate from the solution. This severely limits their biological and
environmental applications [23]. Consequently, many efforts are being made in this
direction to develop strategies to improve the poor aqueous solubility of these
macromolecules [24,25]. A common strategy employed to increase aqueous
solubility of CPs is based on the enhancement of the macromolecule polarity by
appending hydrophilic side chains on the main chain of polymer [26-36]. Most of
water-soluble conjugated polymers, named conjugated polyelectrolytes (CPEs),
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possess pendant polar groups like carbohydrates or charged moieties such as
carboxylate, sulfonate, phosphonate and ammonium. These ionic side-chains
facilitate polymer solubilisation, and favour electrostatic interactions with species
that contain opposite charge, which is of great interest in biological and
environmental applications [17,23,37-44].

2.1.1. Polyfluorenes
Among the CPs, those involving fluorene-based systems (Figure 2.1), named
polyfluorenes (PF), offer the advantage of high fluorescence quantum yields and
photostability, blue emission (suitable for energy transfer experiments), excellent
thermal stability and high chemical stability against oxidants, as well as good
synthetic accessibility [41,45]. Polyfluorenes are the most outstanding conjugated
polymers because of their use in a variety of polymer optoelectronic devices, such as
light-emitting diodes (LEDs), organic photovoltaic devices (OPVs), field-effect
transistors (FETs), chemical and biosensors, lasers, memories, and light-emitting
electrochemical cells (LECs) [46-48]. Polyfluorene-based CPEs consist of a rigid
hydrophobic polyfluorene backbone with flexible charged side chains and have
unique properties such as facile substitution at the fluorene C9 position and good
chemical and thermal stability [22]. It is possible to increase the processability of
these CPEs by incorporating different ionic side-chain groups and by modifying the
main chain by adding some other groups. Addition of ionic side-chain groups
increases the solubility in polar solvents and water [49,50]. Besides, the modification
of the main chain, by functionalization of the 2,7-positions of fluorene, induces
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changes in photophysical properties of the fluorene backbone [43,51-54]. Normally,
ﬂuorene-based CPEs emit blue light, but researchers in the area are making
signiﬁcant eﬀorts to shift the color to longer wavelengths. Color can be usually tuned
by copolymerizing the ﬂuorene monomers with other low-band-gap monomers or by
incorporating monomers capable to conjugate with the ﬂuorene ring to extend the
conjugation length into the chain [55]. With these strategies, polyﬂuorenes emitting
in the green and yellow region of visible spectrum have been successfully synthesized
[56]. Synthesis of probes emitting in the red region is at present of great interest for
in vivo ﬂuorescence imaging studies because of minimum photodamage to biological
samples, deep tissue penetration, and minimum interference from background
autoﬂuorescence by biomolecules in the living systems. However, despite the large
amount of polyfluorenes and, in general, CPEs synthesized, bright red-emitters
remain rare [57,58]. This is because the most widely used strategy to obtain these
CPEs is the introduction of donor−acceptor structures in the aroma c backbone,
which increases the hydrophobic character of the polymer, favouring aggregation in
aqueous media and therefore reducing the ﬂuorescence quantum yield. For example,
Huang et al. have recently synthesized a red emissive polyﬂuorene with very low
cytotoxicity and excellent photostability that is employed for cell imaging, but it is
found to aggregate in the aqueous environment of cell culture medium because of
the relatively hydrophobic chain structure [59]. Several strategies are being carried
out to increase the quantum yield of these red-probes, such as the incorporation of
bulky pendants into the backbone or side chain to avoid compact aggregation, or the
introduction of small amounts of narrow-band gap moieties as energy acceptors into
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the backbone to facilitate intra- and interchain energy transfer in the aggregate state
[57,60].

2.2. CPEs as Fluorescent Markers
The design and development of new ﬂuorescent markers having high sensitivity
to image cellular and physiological processes is of great interest in applications such
as clinical diagnosis, identiﬁcation of cancer cells, detection of pathogenic bacterial
strains, immunoﬂuorescent techniques, catalytic pathway monitoring, and drug
delivery monitoring through membrane or cytoplasm [61-63]. Ideal membrane
markers should be highly fluorescent, water-soluble, biocompatible, photostable,
with maximum spatial resolution, and minimal perturbation to biological systems and
composed of two structural components: a group with affinity for the membrane
surface and a reporter group [23]. Most of the existing membrane fluorescent
markers (generally small organic fluorophores and fluorescent proteins) exhibit
interesting properties. For instance they can adapt to different experimental
conditions and possess tunable optical properties. However, these fluorescent
materials also show important limitations such as photobleaching, self-quenching,
and chemical decomposition, which restrict their applications [64,65]. The most
widely known alternative to overcome these restrictions is to use semiconductorbased quantum dots (QDs), but the potential cytotoxicity risk associated with their
heavy metal components, for instance cadmium, remains a major concern for the use
of these nanoparticles in biological studies [66,67]. Recently, a new class of
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fluorescent carbon nanomaterials, i.e. carbon quantum dots (CQDs), has been
developed (Figure 2.2) [68]. These materials, which have been used for bacterial
detection, possess the attractive properties showed by QDs with the added
advantage of being biocompatible as well [69]. However, complex processes of
passivation and anchoring of recognition molecules using expensive and, in
occasions, toxic coupling agents, are currently indispensable in the functionalization
of CQDs for selective targeting [70]. In addition, long incubation times are required
before cell visualization when these materials are used [68]. Therefore, the
improvement of synthesis methods for the biofunctionalization and development of
new fluorescent markers continues to be a significant challenge. More recently,
conjugated polyelectrolytes appear as alternative to ﬂuorescent markers used in
bioimaging as they overcome most of the limitations associated with these
ﬂuorescent materials, such as the photobleaching of organic dyes and ﬂuorescent
proteins or the cytotoxicity of quantum dots [37,41,71,72].

Figure 2.2. A. Illustration of the assay used to label the bacteria with amphiphilic
carbon dots; B. Multicolour ﬂuorescence microscopy images of E. coli recorded at
different excitation/emission pairs in blue, green, magenta and red. Scale bar
corresponds to 5 μm [68].

In general, CPEs are biocompatibles and biodegradables, and have easily amenable
side chains for bioconjugation. In addition, their photophysical properties can be
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feasibly customized through backbone and side-chain modifications. Conjugated with
appropriate recognition elements, CPEs can be used as tracers, which can selectively
accumulate in speciﬁc regions of the organism (tumors, inﬂamed areas, etc.) without
risking cellular viability [23,41,58,73,74]. For instance, Zhu and colleagues have
developed a new positively charged ﬂuorescent conjugated polymer (PPV-1) for the
detection of cell apoptosis [75]. The combination of the Oligo(ethylene glycol) side
chains and half percentage of positively charges imparts PPV-1 the outstanding ability
to differentiate apoptotic cells from normal cells (Figure 2.3).

Figure 2.3. Microscopy images obtained for the detection of apoptosis in a simple,
fluorescent label-free way by using PPV-1 [75].

Many drugs, nanoparticles, and ﬂuorescent dyes used in cellular imaging ﬁrst interact
with cells through their membrane. Interaction at a molecular level, of an
extracellular particle with the plasma membrane needs to be understood to evaluate
its potential activity. In this regard, the use of model lipid membrane systems that
imitate the complexity of natural cell membranes are useful to study the interaction
of such compounds in a controlled manner for predicting their interactions with real
cell membranes as well as in the development of biotechnological applications. When
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CPEs are directly added to cells for imaging analyses, they initially interact with their
plasma membrane; therefore, a detailed knowing of how these polyelectrolytes
insert into the membrane at a molecular level should be helpful to understand their
activity, improving and expanding their applications, especially in bioimaging.
To date, very few works have been carried out aiming to this goal. The Whitten group
studied the interaction of a series of antimicrobial CPEs with diﬀerent model
membranes to gain insight into the mechanism of their biocidal activity [76-78]. Ngo
and Cosa characterized the interaction of lipid vesicles with a negatively charged CPE
in order to obtain well characterized lipid/polymer complexes, with potential
applications as sensing systems [79,80]. Given the objective of these works, the
polymer concentration used in most of the experiments was relatively high. However,
the use of CPEs as probes for bioimaging and detection of membrane processes
requires minimal perturbation of the sample being studied, and requieres lower
polymer concentrations. In consequence, the interaction of small concentrations of
CPEs with model lipid membranes, which imitate the complexity of natural cell
membranes, would be explored in order to evaluate the potential use of these
polyelectrolytes as fluorescent membrane markers.

2.3. CPEs in Biosensing
Over the past several years, the use of CPEs as sensors and biosensors has been the
subject of considerable research interest. Numerous sensor systems based on these
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polyelectrolytes have been developed for various analytes, including metal ions,
biomolecules, proteins, enzymes and nucleic acids [17,39,81-94].
In general, CPEs-based sensing systems work either in “turn-on” or “turn-off” modes
[95]. In the “turn-on” mode, initially the fluorescence of the polyelectrolyte is low
and the addition of the analyte recovers its fluorescence. In contrast, in the turn-off
mode, the CPE is fluorescent and upon addition of the analyte, its fluorescence
decreases (Figure 2.4).

Figure 2.4. Illustration of the “turn-on” and “turn-off” mechanism of CPE-based
sensors for protease activity [95].

Most of the CPEs-based sensors use the fluorescence quenching of the
polyelectrolyte as a tool to quantify the presence of the analyte and use one of the
following quenching mechanisms: photoinduced electron transfer (PET), Förster
Energy Transfer (FRET) and conformational change (including analyte-induced
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aggregation quenching mechanism). Fluorescence quenching can be described as any
decrease in fluorescence intensity of the fluorophore which may occur by a variety
of process, including photobleaching, photo-oxidation, inner-filter effect or energy
transfer [96]. The fluorescence quenching occurs mainly as either static or dynamic
interaction mechanism, where the excited fluorophore returns to its ground state
without emission of a photon. In static quenching, a non-fluorescent complex is
formed between the quencher and fluorophore, and consequently, the quencher
changes the absorption process as a perturbation of the spectrum. After excitation,
the complex returns to its ground state immediately through non-radiative
processes. On the other hand, dynamic quenching demands molecular contact
between the quencher and excited fluorophore, and is limited by diffusion. The
lifetime of the excited fluorophore is dependent on the quencher concentration. The
dynamic quenching can only be observed as decrease in the intensity of the emission
spectrum.
Quenching is described by the Stern-Volmer equation [96]:
I0
I

=1+ K SV [Q]

[2.1]

where I0 and I stand, respectively, for the steady-state ﬂuorescence intensities in the
absence and in presence of quencher, and [Q] is the quencher concentration. The
significance of KSV depends on the nature of the quenching process: it may represent
the association constant for complex formation or the rate of dynamic quenching (KSV
= kqτ0), where kq is the bimolecular rate constant of the quenching process, and τ0
is the lifetime of the fluorophore. Dynamic or static quenching can be distinguished
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by their unlike dependence on temperature and by the variations induced in the
fluorescence lifetime or in the absorption spectrum of the fluorophore. For dynamic
quenching, kq may be as high as 1010 M−1s−1 [97]. If kq is greater than this value, it
usually indicates static dynamic quenching via a complexation between the
fluorophore and the quencher.
Due to the delocalized π-electrons, CPEs facilitate energy transfer over the
polyelectrolyte chain and have special fluorescence quenching possibilities. Their
repeating units turn them into long series of receptor sites which under right
conditions can enhance a sensor signal (Figure 2.5). The association of an analyte to
the receptor sites can totally quench the fluorescence emission, which is an
advantage over small molecule based sensors, where only the interacting molecule
is quenched. This phenomenon has been described by Swager and Zhou in 1995 as
amplified fluorescence quenching [98,99].

Figure 2.5. Schematic representation of amplified fluorescence quenching [100].
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The amplified quenching, or superquenching, of CPEs upon binding to an opposite
charge molecule is frequently used in the design of CPEs-based sensors or biosensors
[11,17,101,102]. Whitten’s group was first to use this phenomenon for biosensing
purposes [103]. They demonstrated that the fluorescence of an anionic
polyelectrolyte MPS-PPV can be very efficiently quenched via photo-induced electron
transfer mechanism (PET) by the positively charged acceptor methyl viologen [MV2+]
(Figure 2.6). In this case, one [MV2+] molecule can quench 1000 repeat units,
approximately equivalent to one whole polymer chain. The detection of a proteinbinding event is done by using a biotinylated methyl viologen (B-MV). B-MV
quenched the emission of MPS-PPV although with lower efficiency than [MV2+].
However, upon addition of avidin, a reversal of the B-MV quenching is seen due to
the strong affinity between biotin and avidin.

Figure 2.6. Illustration of the detection of avidin using a conjugated polyelectrolyte
via superquenching mechanism [103].

Fluorescence can also be quenched due to Förster resonance energy transfer (FRET)
between the CPEs and fluorophore with absorption spectra overlapping the
polyelectrolyte emission spectrum. FRET is a well-known photophysical process
whereby a donor fluorophore, initially in its electronic excited state, may transfer
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energy to an acceptor fluorophore through nonradiative dipole–dipole coupling [96].
The strong distance-dependence of FRET makes it highly effective for its use in CPEbased biosensing. Changes in the distance between CPE and fluorophore can be easily
correlated with the recognition events and subsequently converted into measurable
fluorescence signals from both acceptor and donor emission intensities. Moreover,
CPEs are natural high-performance energy donors because of their efficient lightharvesting properties and high extinction coefficients, allowing an amplified
fluorescence of energy acceptors to yield high sensitivity with low signal-to-noise
ratio. In 2002, for the first time, CPE-based FRET assay was applied to a specific DNA
detection [13]. The assay was based on the electrostatic interaction occurring
between the fluorophore labelled DNA strand and the CPE. This CPE transfers its
energy to the fluorophore and detects the DNA strand with a simple and highly
sensitive way.
In a recent work, Senthilkumar et al. used the FRET phenomenon to develop a
fluorimetric assay for bilirubin detection [104]. Authors showed that the addition of
bilirubin results in the fluorescence quenching of a water soluble polyfluorene (PFPh-GlcA) emission with simultaneous appearance of bilirubin emission, exhibiting
visual emission color change from blue to light green. The polymer remains stable in
serum even under severe basic conditions and exhibits high selectivity with visual
sensitivity only towards free bilirubin in the presence of some other interferences
(Figure 2.7).
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Figure 2.7. Schematic diagram of the mechanism used for FRET-induced sensing of
bilirubin in human serum using PF-Ph-GlcA [104].

2.4. Solubilization and Stabilization of CPEs
As mentioned previously, in many CPEs-based applications, such as bioimaging and
biosensing, a preliminary requisite is the solubility of the polymer in aqueous media.
Although the incorporation of ionic side-chain groups contributes to water
solubilization, many of these polyelectrolytes still have a strong tendency to
aggregate. Many efforts are being addressed to develop strategies to overcome this
important drawback, applicable to different type of CPEs. A strategy can be disruption
of aggregates through the coupling with oppositely charged amphiphilic molecules,
such as surfactants, forming stable complexes which lead to a large increase of the
fluorescent quantum yields as well as to spectral changes [30,105-107]. In general,
the effect of the interaction of the CPE with the surfactant is as follows: first, the
surfactant induces the breaking of polymer aggregates, eliminating interchain
quenching which competes with emissive intrachain exciton relaxation that reduces

22

2. Introduction

the fluorescence quantum yield. Second, the surfactant induces changes to the
polymer coil conformation, modifying the effective electron delocalization length,
which leads to spectral shifts of the absorption and emission maxima (Figure 2.8)
[107].

Figure 2.8. a) The dynamics of photoluminescence (PL) of CPE upon addition of
surfactants. The PL level at stage (i) is for pure cationic conjugated polymer emission
in water, and (ii) is the point after the addition of surfactant. (iii) is the region that
slowly increases in PL with time. (b) Schematic diagram of the mechanism that
represents the predicted system constituents in the three stages [107].

Another strategy is to entrap the CPEs in porous materials. Recently, Evans et al. have
encapsulated CPEs in a silica matrix [108]. Within this matrix, CPEs are caged and
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retained in pores which protected them from aggregation being accessible to small
molecules diffusing into the matrix. With this methodology, they obtained
nanocomposites which have been used for solid-state sensors applications to detect
nitroaromatic explosives. An alternative strategy to decrease the polymer intrinsic
aggregation include encapsulating the hydrophobic backbone of the conjugated
polymer with suitable macrocycles, such as cyclodextrins. It has been reported that
the encapsulation of conjugated polymers by cyclodextrin derivatives prevents -
interactions between the polymer chains, increasing water solubility and photo and
electroluminescence efficiencies [24,109,110].
Finally, another strategy may be to disrupt aggregations through the coupling with
biological nanostructures with different functional properties [111-113]. The latter
alternative has the advantage of not only increasing the fluorescence signal and
stabilizing the polyelectrolyte in aqueous solution but also of obtaining nanoparticles
which combine the properties of both constituents. Lipids have good surfactant
properties, such as low toxicity and quick biodegradation, and they are also
commercially available in a high state of purity [114,115]. In contact with water and
under appropriate conditions, they can form cell-like structures known as liposomes,
capable of solubilizing a wide variety of nonpolar compounds [116,117]. The inclusion
of polymers (not the conjugated ones) in liposomes has been studied as a way to
increase the long-term stability of the liposomes, increasing their applications as
drug carriers [118]. However, the interaction of CPEs with liposomes as a way to
disrupt aggregations has not been practically explored. This alternative could lead to
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obtain multifunctional fluorescent nanoparticles that can be potentially used as drug
carriers and bioimaging probes.

2.5. The Cationic Polyfluorene HTMA-PFP
The polyelectrolyte poly{[9,9-bis(6'-N,N,N-trimethylammonium) hexyl] fluorenephenylene} bromide (HTMA-PFP) is a cationic

polyfluorene

consisting of an

hydrophobic backbone which incorporates a phenyl group on the ﬂuorene ring, and
alkyl side chains with cationic charged quaternary amines (Figure 2.9) [119,120]. Its
synthesis, described in Mallavia et al., is summarized as follows: firstly the neutral
polyfluorene poly-(9,9-bis(6’-bromohexyl)fluorenephenylene (P1) is obtained via
Suzuki coupling reaction using 1,4-phenyldiboronic acid and 2,7-dibromo-9,9-bis(6′bromohexyl)fluorine, with Pd(II) as a catalyst. Then, this polymer is treated with gasphase trimethylamine to obtain the corresponding cationic polyelectrolyte, as is
shown in Figure 2.9 [27].
HTMA-PFP shows interesting absorption and fluorescence properties which depend
on its conformational and aggregation state. It forms very tight aggregates of low
fluorescence intensity in pure water, with chains coming together and forming an
inner cylindrical core. Disruption of aggregates by interaction with surfactants leads
to an increase in the fluorescence signal and a blue-shift in the emission spectrum
[38,45,105]. HTMA-PFP is a good energy transfer donor for acceptors over a large
part of the visible spectrum because of its high fluorescent quantum yield and blue
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emission. Furthermore, it has also been shown to be an adequate energy acceptor
from tryptophan residues in peptides and proteins [121,122].

Figure 2.9. Schematic representation of the synthesis of HTMA-PFP.

Due to the cationic groups, HTMA-PFP has been reported to show high affinity by
anionic biomolecules such as DNA and human serum albumin (HSA) [38,121,123].
Interaction of the HTMA-PFP with single and double stranded DNA, varying both the
polymer and DNA molecular weights was studied by Monteserin et al. [123]. Results
showed that the DNA molar concentration can be easily estimated from the changes
in the physical properties of the polymer (absorption, emission, electrical
conductivity, viscosity) in an aqueous solution. Moreover, Martinez-Tome et al.
confirmed the interaction between HTMA-PFP and HSA in aqueous solution through
alterations in the absorption and fluorescence spectra of the polyelectrolyte and the
quenching of the intrinsic fluorescence of the protein, which is predominantly due to
static quenching and energy transfer mechanism between protein and polymer [121].
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Results suggest that polymer-protein complexes are formed with high affinity
because of a combination of electrostatic interaction between the cationic sidechains of HTMA-PFP and the negatively charged surface of the protein, as well as
hydrophobic interactions between the conjugated polymer backbone and the
hydrophobic patches of HSA. In addition, changes in the fluorescence properties were
associated to conformational changes of the protein, suggesting the use of HTMAPFP to monitor molecular processes.
Finally, HTMA-PFP is also an electron donor and this property can be used for sensing
applications. In a previous work, it was shown that p-nitrophenol (PNP), an electron
acceptor that absorbs at 400 nm in its anionic form, is able to quench the
fluorescence intensity of HTMA-PFP, presumably via a combination of PET and FRET
mechanisms [124,125]. Cao et al. used this behaviour to develop a fluorimetric assay
in buffer for the screening of α-glucosidase inhibitors, taking into account that this
enzyme catalyzes the hydrolysis of para-nitrophenyl-α-D-glucopyranoside to PNP
(Figure 2.10).

Figure 2.10. Illustration of the assay used to detect α-glucosidase inhibitors [124].

27

3. OBJECTIVES

29

3. Objectives

The main goal of this Thesis is focused on the characterization of two conjugated
polyelectrolytes, blue-emitting HTMA-PFP and red-emitting HTMA-PFNT, searching
their potential applications as fluorescent markers and sensing platforms. For this
end, the following specific objectives are proposed:

1. Study the solubility and stability of these CPEs in aqueous media that mimic
physiological conditions.
2. Analyse the interaction of HTMA-PFP and HTMA-PFNT with model lipid
membrane systems that imitate natural cell membranes.
3. Explore the ability of these CPEs to form fluorescent nanoparticles through their
interaction with proteins and lipid vesicles.
4. Evaluate possible biotechnological applications of HTMA-PFP, HTMA-PFNT and
CPEs-based nanoparticles.
4.1. CPEs as fluorescent membrane markers.
4.2. CPEs for selective recognition and imaging of bacteria.
4.3. CPEs-based nanoparticles in bioimaging, biosensing and as drug carriers.

31

4. MATERIALS AND METHODS

33

4. Materials and Methods

4.1. Materials

4.1.1. Lipids

Figure 4.1. Chemical structures of a) anionic, b) zwitterionic phospholipids and c)
cholesterol.

35

4. Materials and Methods

The synthetic phospholipids 1,2-Diacyl-sn-glycero-3-phospho-(1-rac-glycerol) (PG),
1,2-dioleoyl-sn-glycero-3- phospho-rac-(1-glycerol) sodium salt (DOPG), 1,2dimyristoyl-sn- glycero-3-phospho-rac-(1-glycerol) sodium salt (DMPG), 1,2-Dioleoylsn-glycero-3-phosphocholine (DOPC), 1,2-Dimyristoyl- sn-glycero-3-phosphocholine
(DMPC),

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC),

1,2-Dioleoyl-sn-

glycero-3-phosphoetanolamine (DOPE), Cholesterol (Chol) and Cardiolipin sodium
salt from bovine heart (CA) were from Sigma-Aldrich (Spain) and used as received
(Figure 4.1).

4.1.2. Proteins
The Human Serum Albumin (HSA) and Bovine Alkaline Phosphatase (ALP) were from
Sigma-Aldrich, and used without further purification (Figure 4.2).

Figure 4.2. Secondary structures of HSA (pI = 4.7, MW = 66.6 kDa) and ALP (EC
Number: 3.1.3.1, MW = 160 kDa, Optimum pH = 9.8).
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4.1.3. Conjugated Polyelectrolytes
The cationic CPEs HTMA-PFP (Mn[g/mol]=4170; Mw[g/mol]= 8340) and HTMA-PFNT
((Mn[g/mol]=4507; Mw[g/mol]= 8990), were obtained and characterized in our
laboratory. Briefly, stocks of the neutral polymers, poly[bis(6´-bromohexyl)fluorenephenylene] and copoly-{9,9-bis(6-bromohexyl)-2,7-fluorene-alt-1,4-(naphto[2,3c]1,2,5-thiadiazole)} were synthesized by Suzuki coupling reaction with Pd(II) as
catalyst and treated with gas-phase trimethylamine to obtain the corresponding
cationic CPEs HTMA-PFP and HTMA-PFNT, respectively [27,126,127]. Stock solutions
of HTMA-PFP and HTMA-PFNT were prepared in DMSO, with final concentrations of
3.65x10-4 M (in repeat units) and stored at -20°C before use (Figure 4.3).

Figure 4.3. Chemical structures of HTMA-PFP and HTMA-PFNT.
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4.1.4. Fluorescent Probes and Quenchers
The

fluorescent

probes

5-butyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene-3-

nonanoic acid (BODIPY 500/510 C4,C9) and 2-(4,4-difluoro-5-methyl-4-bora- 3a,4adiaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine
(BODIPY-PC) were from Molecular Probes (Eugene, OR, USA). Stock solutions (1 mM)
of these probes were prepared in ethanol and stored at −20 °C before use. The
Rhodamine 6G was from Sigma-Aldrich, and was used without further purification.
Fluorescent probes 5(6)-carboxyﬂuorescein (CF) and 1,6-diphenyl- 1,3,5-hexatriene
(DPH) and quenchers 9,10-anthraquinone-2,6-disulfonic acid (AQS) and pnitrophenol (PNP) were obtained from Sigma-Aldrich (Spain) and dissolved in
dimethyl sulfoxide (DMSO) (1.25 M), dimethylformamide (DMF) (1 mM), water (5
mM) and tris buffer 50 mM, pH 9 (5 mM), respectively, just before use (Figure 4.4).

Figure 4.4. Chemical structures of the fluorescent probes and quenchers used.
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4.1.5. Other Reactives
The p-nitrophenyl phosphate (PNPP) and Tetraethyl orthosilicate (TEOS) were from
Sigma-Aldrich (Spain) and used as received.
All other compounds were of analytical and spectroscopic reagent grade (UVASOL,
Merck). Sodium phosphate buﬀer (50 mM, 0.1 M NaCl, pH 7.3) and tris buffer (50
mM, pH 9.2) were prepared with Milli-Q water.

4.2. Instrumentation

4.2.1. Absorption and Steady-State Fluorescence Measurements
Absorption measurements were carried out using a UV-1603 spectrophotometer
(Shimadzu, Tokyo, Japan). QuantaMaster spectroﬂuorometer (PTI, Birmingham, NJ,
USA) interfaced with a Peltier cell was used for fluorescence spectra and ﬂuorescence
intensity measurements. The samples were placed in 10 mm × 10 mm path length
quartz cuvettes. Background intensities were always subtracted from the sample. All
ﬂuorescence spectra were corrected for variations in photomultiplier response over
wavelength. Steady-state ﬂuorescence anisotropy, ⟨r⟩, was obtained using GlanThompson polarizers.

4.2.2. Optical and Electronic Microscopy Measurements
Fluorescence microscopy images of giant unilamellar vesicles, mammalian cells and
bacteria were recorded using two different microscopes. First, a Nikon Eclipse
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TE2000-U inverted microscope equipped with a Nikon Digital Sight DS-1QM/H and
Nikon Digital Camera DXM1200 was used. UV excitation (340 nm ≤ λex ≤380 nm) and
blue emission (435 nm ≤ λem ≤485 nm) was ﬁltered using a DAPI ﬁlter cube. Data
acquisition was monitored successively by manual format and data processing with
NIS-Elements AR 2.30 software. And second, we used a Leica DMI 3000B inverted
microscope equipped with a Leica EL6000 compact light source and a Leica digital
camera DFC3000G. The imaging was performed by using a 63× objective with 0.7
magniﬁcation and DsRed ﬁlter (Ex BP 555/25, Em BP 620/ 60). Data acquisition was
monitored by manually formatting and processing with Leica Application Suite
AF6000 Module Systems.
Transmission electron microscopy (TEM) measurements were performed by using a
Jeol 1011 microscope (Jeol, Japan), operating at 80 kV. Samples were prepared by
placing a drop of the sample on to the 300-mesh copper grip coated with carbon ﬁlm,
and after staining with uranyl acetate and lead citrate, they were left to air-dry before
being placed under the microscope. Images were recorded with a Gatan Erlangshen
ES500W camera.

4.2.3. Dynamic Light Scattering (DLS)
The size of different nanostructures was explored by using DLS techniques with two
different equipment. First, we used a Malvern Zetasizer Nano-ZS instrument,
equipped with a monochromatic coherent 4mW Helium Neon laser (λ = 633 nm) as
light source, with a 173° scattering angle of lecture for size measurements. And
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second, we used a Brookhaven 90 Plus Nanoparticle Size Analyzer instrument,
equipped with a 35 mW red diode laser (λ = 640 nm) as light source, with a 90°
scattering angle. The buﬀer used for the samples was previously ﬁltered with a
cellulose acetate membrane ﬁlter with a 200 nm pore size. All measurements were
performed in disposable cuvettes, in triplicate.

4.2.4. Circular Dichroism (CD)
CD measurements of proteins were carried out with a Jasco spectropolarimeter,
model J-815 (JASCO, Easton, MD). Spectra were collected with a scan speed of 50 nm
per min, response time of 4 s, and a bandwidth of 1 nm. For each spectrum, 4 scans
were accumulated and averaged to improve the signal-to-noise ratio. Spectra were
recorded from 260 to 197 nm. 0.1 cm quartz cells (Hellma GmbH & Co) were used for
these studies. A baseline was taken under the same conditions as those used for the
sample and subtracted from each spectrum.

4.2.5. Diﬀerential Scanning Calorimetry (DSC)
DSC experiments for lipid phase transitions were performed in a high-resolution
Microcal MC-2 diﬀerential scanning microcalorimeter (Malvern Instruments Ltd,
England) under a constant external pressure of 30 psi in order to avoid bubble
formation. The excess heat capacity functions were analyzed using Origin 7.0
(Microcal Software). Diﬀerences in the heat capacity between the sample and the
reference cell were obtained by raising the temperature in the absence and presence
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of the polymers. A series of three consecutive scans of the same sample were
performed to ensure scan-to-scan reproducibility and reversibility.

4.3. Methodology

4.3.1. Lipid Systems

4.3.1.1. Description
Biological membranes are essential boundaries within the living cell. Plasma
membranes separate the interior of the cell from the environment and participate in
intercellular communication. These biomembranes are mainly composed of lipids
and proteins [128-130] (Figure 4.5). Even though the lipid composition of the
biomembranes is complicated, common biological membranes are primarily
constructed by using phospholipids [131-134].

Figure 4.5. The fluid mosaic model of the cell membrane structure [128].
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The most important property of a biological membrane is its electrical charge and the
difference in potential drop between the membrane and the surrounding solution.
The plasma membrane of healthy mammalian cells has an asymmetric distribution of
phospholipids. The membrane outer leaflet is composed primarily of the zwitterionic
phospholipids, phosphatidylcholine, and sphingomyelin, and cholesterol [135].
Therefore, the exterior membrane surface is close to a neutral charge. On the other
hand, regarding the phospholipid composition of the Gram-negative bacteria
membranes (using E. coli as a model), it has been seen that both the cytoplasmic
membrane

and

the

outer

membrane

are

mainly

composed

of

phosphatidylethanolamine (~70%), phosphatidylglycerol (~20%) and cardiolipin
(~10%) [136]. Besides the high anionic phospholipid content of both membranes, the
external face of the outer membrane also contains a high percentage of
lipopolysaccharides which are negatively charged. Therefore, by varying the lipid
composition, it is possible to mimic different types of cell membranes by using model
membranes such as liposomes.
Liposomes, versatile tools in biology, biochemistry and medicine, are vesicles
artificially prepared with phospholipids of nanometric size (although some of them
can have higher sizes) and have approximately spherical shape with an internal
aqueous phase surrounded by one or more lipid bilayers. They form spontaneously
when lipids are in contact with water due to their amphipathic structure, with a
hydrophobic tail and a polar head group (Figure 4.6) [116,117].
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Figure 4.6. Schematic representation of liposomes, lipid bilayer and phospholipids.

Liposomes have been widely used as models of biological membranes or drug
carriers, as their basic properties can easily be modified (for instance, by varying the
lipid composition, concentration, water content and lamellarity). In these studies,
one must characterize the pure liposomes as well as their mixtures with other
molecules (proteins, peptides, drugs) to determine the influence of the added
component on the liposome phase behavior. Lipids undergo a phase transition
around a critical temperature. For homogeneous membranes, where all the lipids are
identical, this temperature is known as the melting temperature, Tm, of the lipid. The
phase transition temperature is defined as the temperature required to induce a
change in the lipid physical state from the ordered gel phase, where the hydrocarbon
chains are fully extended and closely packed to the disordered liquid crystalline
phase, where the hydrocarbon chains are randomly oriented and fluid (Figure 4.7)
[137,138].
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Figure 4.7. a) Changes observed for lipid bilayers in fluid and gel phase. b) Table
shows lipid phase transition temperatures for the phospholipids used.

In response to the structural characteristics, in particular the number of bilayers and
their size, the liposomes can be categorized as follows (Figure 4.8);
-Multilamellar Large Vesicles (MLVs): These structures can be formed by
resuspending dried phospholipids in an aqueous solution, to the required final
concentration, after agitation for several minutes [139]. MLVs are organized in
concentric lipid bilayers with diameters ranging from 200 to 5000 nm and may
contain 7 to 10 internal lipid bilayers. Unfortunately, their use as a model for lipid
interaction with external agents is limited, since only a small percentage (10-15%)
of all phospholipids are in the outermost bilayer. Also, their high turbidity limits
their use in optical techniques.
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Figure 4.8. Schematic representation of various types of liposomes represented
depending on their structural characteristics.

-Small Unilamellar Vesicles (SUVs): They can be obtained by the ultrasonication of
MLVs. SUVs are composed of a single lipid bilayer with diameter between 20 and
50 nm [140].
-Large Unilamellar Vesicles (LUVs): They are composed of a single lipid bilayer
with a diameter range of 50-500 nm. To obtain these structures, various methods
may apply to suspension of phospholipids such as detergent dialysis, extrusion
with French press or polycarbonate filters, Ca2+ induced SUVs fusion and reverse
evaporation of organic solvent [141-144]. Among them, the most used
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methodology is pressure extrusion through polycarbonate filters with the
required pore size.
-Giant Unilamellar Vesicles (GUVs): These are the largest of all unilamellar
vesicles, which are suitable for optical microscopy, with diameter in the range of
~10–100 μm. They can be prepared by two different methods: electroformation
and gentle hydration [145]. The electroformation with Indium Tin Oxide (ITO)coated or titanium microscope slides gives high yield of GUVs, however the
electrolysis can produce toxic by-products. Generally, this method is used for the
formation of pure zwitterionic GUVs. However, the variation of the voltage and
frequency may enable the GUV formation from the phospholipid mixtures
containing negatively charged lipids. On the other hand, the gentle hydration
method requires a few percentage of a negatively-charged lipid, and the yield of
GUVs is variable and sometimes low.

4.3.1.2. Preparation
In the present Thesis, we used mainly LUVs and GUVs composed of different types of
lipids and their preparation is described in detail, as follows;
For the preparation of the LUVs, chloroform/methanol solutions containing 3 mg of
total phospholipid were dried first by evaporation under dry nitrogen gas stream and
subsequently under vacuum for 3 h. MLVs were formed by resuspending the dried
phospholipids in the buffer to the required final concentration. The vesicle
suspension was then heated at a temperature above the phospholipid phase
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transition and vortexed several times. LUVs were prepared from these MLVs by
pressure extrusion through 0.1 μm polycarbonate filters.
For the GUVs preparation, the electroformation and the gentle hydration methods
were performed. For the electroformation method, we used custom made Pt
electrode-containing Teflon chambers. In summary, 1.2 μL of a 1 mM lipid solution in
chloroform was spread on each side of the Pt electrode. Removal of organic solvent
traces was carried out by vacuum dehydration. Afterwards, the dried electrodes were
hydrated with 450 μL of a 200 mM sucrose solution in Milli-Q purified water.
Subsequently, 7 V and 10 Hz frequency signals were applied for 2 h, followed by 1 Hz
frequency signal for 30 min. After the GUV formation, the sample was collected from
the chambers and transferred to the wells of a micro-slide plastic plate in which
approximately 500 μL of preparation were deposited. To better observe the GUVs
under the microscope, 400 μL of a 200 mM glucose solution was previously added to
the wells in order to settle the 50 μL of GUVs to the bottom of the chamber. Samples
were preserved for 2 h at 10 °C before microscopic visualization.
For the gentle hydration method, desired phospholipids were dissolved in chloroform
at 5 mM ﬁnal concentration. 10 µL of the solution was dropped on a microscope slide,
which was previously washed with alcohol and dried. This sample was dried at room
temperature for a few seconds and was subsequently left under vacuum for 2 h.
Afterwards, the lipid ﬁlm was hydrated with 15 μL of required buffer in a humid
chamber overnight. To observe the liposomes at the ﬂuorescence microscopy, 400
μL of buﬀer was added and left for 2 h to continue the hydration.
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In this Thesis, vesicles having different dimensions were prepared from pure lipids as
DOPC, DMPC, etc., as well as from lipid mixtures to mimic mammalian and bacterial
membranes (Table 4.1).

Table 4.1. Lipid content of model biomembranes (LUVs and GUVs) used in the present
Thesis.

4.3.2. Fluorescence Methodologies
Emission of the light from any substance is called luminescence, and occurs from
electronically excited states. Depending on the nature of the excited state,
luminescence is divided into two categories, fluorescence and phosphorescence
(Figure 4.9). Once a molecule arrives at the lowest vibrational level of an excited
singlet state, it returns to the ground state by photon emission. This process is called
fluorescence. The emission rates of fluorescence are typically 10-8 s–1 [96]. Unlike
fluorescence, a phosphorescent material does not immediately re-emit the radiation
it absorbs. Phosphorescence is the emission of light from the triplet excited state,
where transitions to the ground state are forbidden and the emission rates are slow
(10-3-10 s-1).
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Figure 4.9. Jablonski diagram illustrates some possible excitation and relaxation
pathways from the singlet ground state (S0) and first excited state (S1) and the triplet
state (T1).

Fluorescence typically occurs from molecules with conjugated bonds, which are
called fluorophores [96]. When a set of fluorophores is excited with a radiation of
constant energy, they all emit photons at different frequencies. These frequencies
arrange to form the fluorescence emission spectra.
Fundamental parameters commonly used in describing and comparing fluorophores
are the extinction coefficient (ε) and quantum yield (Φ). The extinction coefficient
(eq. 4.1) is the capacity for light absorption at a specific wavelength and is calculated
as;

A = ε. c. l

[4.1]

where, A is the absorbance at a particular wavelength, c is the concentration of the
fluorophore in a cuvette and l is the path length of the cuvette. A high extinction
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coefficient also indicates that a fluorophore has a high probability of fluorescence
emission.
Quantum yield (ɸ) is a tool for measuring the efficiency of fluorescence emission
relative to all of the possible pathways for relaxation and is generally expressed as
the ratio of photons emitted to the number of photons absorbed. A high quantum
yield is desirable in most imaging applications.
The ɸF of a fluorophore (F) is determined relative to a reference compound (S). If the
same excitation wavelength, gain and slit bandwidths are applied for the two samples
then the ɸF is calculated as;

ɸ =ɸ ×

×

x

ɳ
ɳ

[4.2]

where ɸS is the quantum yield of the reference compound; ɳ is the refractive index
of the solvent; I is the integrated fluorescence intensity; and A is the absorbance at
the excitation wavelength. Absorbances at the wavelength of excitation are optimally
kept in between A = 0.02-0.05 in order to avoid inner filter effects and ensure linear
response on the intensity.
In the present Thesis, we took advantage of the versatility of the fluorescence
technique and we used it as a tool to characterize the CPEs. Below, they are
summarized as follows;
-Determination of Partition Coefficient (KP) between lipid and aqueous phase
The affinity of the conjugated polyelectrolytes for the lipid membranes was
estimated, at low lipid concentrations, by the following equation;
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∆I =

∆

[ ]
[ ]

[4.3]

where KP is the phospholipid/water partition coefficient of the polymer, ΔI (ΔI =
I − I0) stands for the difference between the fluorescence intensity of the CPE
measured in the presence (I) and in the absence (I0) of the phospholipid vesicles,
ΔImax = I∞ − I0 is the maximum value of this difference once the limiting value is
reached (I∞) upon increasing the phospholipid concentration [L], and γ is the
molar volume of the phospholipid (for anionic and zwitterionic phospholipids in
the fluid phase, the value of γ is 0.7 M−1 and 0.9 M-1, respectively) [146-148].
The KP value can be obtained from a two parameter (ΔImax and KP) fitting
process. In short, the higher the KP value, the greater the affinity of the
polyelectrolyte for lipid vesicles.
-Incorporation Kinetics
Fluorene-based polymers, such as HTMA-PFP, are particularly attractive as energy
donors in Förster energy transfer (FRET) because of their high ﬂuorescent
quantum yields and blue emission [122]. This property was used to explore the
incorporation kinetics of HTMA-PFP into the lipid bilayer.
This kinetics was monitored as a function of time recording the increase produced
in the ﬂuorescence intensity of an acceptor chromophore previously incorporated
in the membrane, after the excitation at the polymer absorption wavelength. The
acceptor used was a BODIPY-PC which absorbs where the HTMA-PFP emits.
-Location of the CPEs in the Lipid Membrane
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In order to study the location of the CPEs in the lipid bilayer, quenching
experiments were carried out using the anionic electron acceptor 9,10anthraquinone-2,6-disulfonic acid (AQS) as a fluorescence quencher. This
molecule has been reported to be an excellent quencher for cationic conjugated
polyelectrolytes and is soluble in water, but not in lipid membranes [149,150].
Stern-Volmer plots were used to determine the location of the CPEs in the
different lipid systems. If the CPE is incorporated into lipid vesicles and is
embedded into the lipid bilayer, AQS is not capable to quench the fluorescence of
the CPE and a low value of KSV is determined. On contrary, if it remains close, or
at the surface of the bilayer and not within the hydrophobic core, a decrease in
fluorescence intensity occurs, and a high value of KSV is obtained.
-Membrane Leakage Induced by CPEs
The integrity of the membranes was conﬁrmed by monitoring the induced release
of the fluorescent probe carboxifluorescein (CF) from lipid vesicles in the presence
of the CPEs. When this ﬂuorophore is encapsulated at high concentration in the
aqueous cavity of liposomes, its ﬂuorescence decreases by an autoquenching
process [151,152]. If the vesicle membrane is perturbed by the incorporation of
polyelectrolyte, the trapped CF is released and its ﬂuorescence increases after its
dilution in the buﬀer. To have a positive control, the total rupture of the vesicles
and release of CF was performed with Triton X-100 10%.
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-Phase Transition Detection
One of the strategies to study the effect of the polyelectrolyte interaction on the
physical state of a lipid bilayer is to explore how it affects to the lipid phase
transition. This study can be addressed measuring the steady-state fluorescence
anisotropy (<r>) of an extrinsic fluorescent probe in presence of the CPEs. This
parameter quantifies the fluorescence polarization degree and reflects the
rotational mobility of the probe and therefore, the environmental restrictions
[96].
Steady state anisotropy, defined by eq 4.4
<r>=

[4.4]

was obtained by measuring the vertical and horizontal polarized components of
the ﬂuorescence emission with excitation vertical and horizontal to the emission
axis. The G factor (G= IHV/ IHH) corrects for the transmissivity bias introduced by
the detection system.
For pure phospholipids, the characteristic shape of the plot is sinusoidal with a
sharp transition of anisotropy values in a short-range of temperatures, in which
the average value correspond to Tm. Thus, the plot provides an accurate
determination of the Tm value, which is strongly dependent on the natural
dynamic motions of the bilayer and, hence, can be correlated with the structural
integrity of the lipid bilayer.
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4.3.3. Sol-gel Immobilization

4.3.3.1. Description
The sol-gel process is a liquid-phase method of preparing monoliths, glasses,
ceramics, fibers and powders at room temperature (Figure 4.10) [153]. This
technique has been used to produce new porous nanomaterials. The main advantage
of this process over other immobilization methods is its easiness to obtain materials
with targeted properties, by modifying the microstructure through the process
parameters, such as the choice of the precursor, its concentration, pH value,
temperature and solvent. Silica sol-gel materials have been shown to form excellent
media for immobilization of proteins and other biological macromolecules [154-156].
Following a reaction of hydrolysis and polycondensation of alcoxide precursors, the
proteins are individually caged and retained in pores having 2 to 10 nm size. The last
decade, has seen a great deal of progress in the encapsulation of these biomolecules
in sol-gel matrices by modifying older conventional procedures. The entrapped
biomolecule usually maintains its structural integrity and functionality, being
accessible to small molecules diffusing into the matrix, all of which enable
applications in biosensors and biotechnology [157].
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Figure 4.10. Schematic representation of sol-gel processing routes.

4.3.3.2. Preparation
In the present Thesis, we have used the sol-gel technique to immobilize the
components of a novel biosensor (Alkaline Phosphatase enzyme (ALP) and
fluorescent nanoparticles (NPs)) and their preparation based in the free alcohol route
[158] is described, in detail, in the next paragraph:
Silica sol stock solution was prepared by mixing 4.46 mL of the precursor TEOS, 1.44
mL of H2O and 40 µL of HCl (0.62 M). The mixture was stirred regularly for 1 h in a
closed vessel at room temperature (this stock can be stored at -20°C for 4 days)
(Figure 4.11). Before the immobilization of the samples, silica stock solution was
diluted with distilled water 1:1 (V:V). After, rotaevoporated for a weight loss of 0.62
g, which corresponds to the weight of free ethanol. Immobilized samples were
prepared by mixing 700 µL of ethanol-free sol solution with 700 µL of buffered sample
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which was containing the desired component to be immobilized, in an ice-cooled
polystyrene cuvette. The freshly formed monoliths having a size of ~9 x 9 x 12 mm
were aged during 48 h, washed with buffer every 24 h, and the cuvettes were sealed
with parafilm and stored in dark at 4°C.

Figure 4.11. Schematic representation of the immobilization of biomolecules in
transparent sol-gel matrices.
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5.1. HTMA-PFP and HTMA-PFNT in Buffer
Find below a summary of results reported in Publications 8.1 and 8.3, together
with their discussion (Chapter 8).
Our group has previously synthesized a blue-emitting cationic polyfluorene, HTMAPFP (Chapter 4, Figure 4.3, page 37), which was discussed in section 2.5 (Chapter 2)
of this Thesis. This CPE contains fluorene and phenyl units in its backbone, and sidechains with quaternary ammonium groups. Due to these cationic groups, HTMA-PFP
has been reported to show high affinity by anionic biomolecules such as DNA and
human serum albumin (HSA), which can be monitored from changes in its absorption
and intrinsic fluorescence [38,121]. To shift the color of the polyfluorene to longer
wavelengths, our group has also recently synthesized a new cationic polyfluorene,
HTMA-PFNT, which emits in the red spectral region. This new polyelectrolyte
incorporates the chromophore naphtha[2,3c][1,2,5] thiadiazole (NTD) on the
fluorene ring, extending the conjugation length in the polymer backbone and
increasing the bathochromic emission (Chapter 4, Figure 4.3, page 37). Both
polyelectrolytes, HTMA-PFP and HTMA-PFNT have been carefully characterized in
this Thesis to explore their potential biotechnological applications in bioimaging and
biosensing.
As was mentioned previously in Chapter 2, the solubility of CPEs in aqueous media is
required in biomedical applications. For this reason, we decided to study the
behaviour of HTMA-PFP and HTMA-PFNT in phosphate buﬀer, 0.1 M NaCl (pH 7.3) in
an attempt to mimic physiological conditions. Results were compared with those
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found in “good” solvents and are shown in Figure 5.1 and Table 5.1. Fluorescence
spectra recorded in buffer were red-shifted with respect to those recorded in the
organic solvents. This effect was accompanied by a slight decrease in the absorbance
and a signiﬁcant drop of the ﬂuorescence quantum-yield for both polyelectrolytes,
especially for HTMA-PFNT which has a higher hydrophobic character. These results
suggest that, once in contact with buffer, CPEs self-assemble into aggregates. This
aggregation is dominated by interchain hydrophobic interactions, which lead to lower
emission intensities (self-quenching). The formation of aggregates was supported by
DLS experiments (Table 1 of Publication 8.1 and Table 2 of Publication 8.3). Results
confirm that when CPEs are added to the buﬀer, nanoaggregates are rapidly formed.
The average size of these aggregates was time-dependent for both polyelectrolytes,
by multiplying their size by 4 times, and consequently reducing their ﬂuorescence
intensity. Such eﬀects could be explained by the existence of nonspecific electrostatic
interactions between the initially formed aggregates and the anionic species
contained in the buﬀer solution. These interactions yield neutral complexes which,
upon charge neutralization, exhibit lower solubility, leading to the formation of larger
aggregates.
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Figure 5.1. a) Normalized absorbance and b) fluorescence emission spectra of HTMAPFP in buffer (blue line) and 60:40 (v/v) 2-propanol:water (dash). c) Normalized
absorbance and d) fluorescence emission spectra of HTMA-PFNT in buffer (red line)
and ethanol (dash).

Table 5.1. Wavelength corresponding to maximum of the emission spectrum (λmax)
and fluorescence quantum yield (Φ) of HTMA-PFP and HTMA-PFNT in buffer and
good solvents (60:40 (v/v) 2-propanol:water for HTMA-PFP and ethanol for HTMAPFNT).
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5.2. CPEs as Fluorescent Membrane Markers
Once HTMA-PFP and HTMA-PFNT were characterized in buffer, their potential use as
fluorescent membrane markers was explored using model membranes of anionic and
zwitterionic lipids. In the following sections, results corresponding to the different
CPEs are described separately.

5.2.1. HTMA-PFP in Model Membranes
Find below a summary of results reported in Publications 8.1 and 8.2, together
with their discussion (Chapter 8).

5.2.1.1. HTMA-PFP in Anionic Lipid Membranes
The interaction of HTMA-PFP with anionic vesicles was explored from changes
occurring in its photophysical properties (Figure 5.2). A strong increase in the
fluorescence intensity and a blue-shift of the emission spectrum was observed in the
presence of low concentrations of anionic vesicles as compared to buffer. This result
suggests that the interaction of HTMA-PFP with the lipid bilayer induces the breaking
of aggregates, eliminating interchain quenching and increasing its fluorescence
quantum yield. The partition coefficient, KP, of HTMA-PFP between the lipid and
aqueous phase was determined as was described in the section 4.3.2. of this Thesis.
A value of KP = 2.9 ± 1.3 x 105 was obtained which indicates a very high affinity of the
polymer for the anionic lipid bilayers, probably due to the electrostatic interaction
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between the quaternary amine groups of HTMA-PFP and the negative charge of the
lipid head groups.

Figure 5.2. a) Normalized fluorescence emission spectra of HTMA-PFP in buffer (blue
line), anionic (dash) and zwitterionic lipid vesicles (dot). b) Changes in fluorescence
intensity (ΔI) at increasing concentrations of anionic (circle) and zwitterionic (solid
square) lipid vesicles. c) Stern-Volmer plots for quenching of HTMA-PFP by AQS in
anionic (circle) and zwitterionic (solid squares) lipid vesicles.

The interaction was also very fast, and was confirmed by the Fö rster resonance
energy transfer (FRET) analysis, by using BODIPY C4C9 (Bodipy) as energy acceptor
(Figure 4a of Publication 8.1). Morever, the location of the HTMA-PFP in lipid bilayer
was checked from quenching experiments by using the 9,10-anthraquinone-2,6-
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disulfonic acid (AQS) as fluorescence quencher (Figure 5.2c). The fact that the
polymer fluorescence was not quenched suggests that once HTMA-PFP interacts with
the membrane, it does not remain close to the surface, but rather it is embedded in
the lipid bilayer (Scheme 5.1).

Scheme 5.1. Schematic model, which shows the interaction between HTMA-PFP and
lipid vesicles composed of anionic and zwitterionic vesicles.

The integrity of the lipid vesicles after polymer incorporation was confirmed by
monitoring the induced release of the fluorescent probe carboxifluorescein (CF) from
anionic vesicles in the presence of HTMA-PFP (Figure 5a of Publication 8.1). Results
show that at low concentrations of HTMA-PFP, the integrity of the vesicle is
maintained (Figure 5a of Publication 8.1 and Figure 11 of Publication 8.2).
Fluorescence microscopy images of giant unilamellar vesicles (GUVs) of anionic lipids
also supported this result, suggesting the potential use of this polymer to label lipid
membrane (Figure 5b,c of Publication 8.1). Finally, the fluorescence emission spectra
of HTMA-PFP were recorded as a function of temperature for lipids with phase
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transitions (Figure 5.3a). A blue-shift of the polymer fluorescence spectra was
observed at the transition temperature which indicates that polyelectrolyte
fluorescence is sensitive to the physical state of the lipid bilayer. All these results
confirm the ability of HTMA-PFP to visualize anionic membranes and to monitor
membrane processes.

Figure 5.3. a) Temperature dependence of the fluorescence maximum position
(circles) and intensity (blue squares) of HTMA-PFP in anionic lipid (DMPG). b)
Temperature dependence of the fluorescence maximum position (circles) and
fluorescence intensity measured as the integrated area under the spectrum of HTMAPFP (blue squares) recorded in zwitterionic lipid (DMPC).

5.2.1.2. HTMA-PFP in Zwitterionic Lipid Membranes
An enhancement of the fluorescence intensity and a very small blue-shift in the
emission spectrum confirmed the interaction of HTMA-PFP with zwitterionic vesicles
(Figure 5.2). However, the KP value is 10 times lower than that found in the anionic
vesicles, suggesting a higher affinity of HTMA-PFP for anionic vesicles than for
zwitterionic ones. The kinetics of insertion of the polyelectrolyte into the zwitterionic
membrane, explored by means of FRET experiments, was fast but slower than that
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observed for the anionic membranes (Figure 2b of Publication 8.2). These results
indicate that the nature of the interaction between HTMA-PFP and the lipid
membrane depends on the lipid headgroup charge, being mainly electrostatic for the
anionic system, at least in a first step, while for the zwitterionic one it would likely be
mediated by hydrophobic interactions between the conjugated backbone of the
polymer and the lipid molecules. To obtain more insight into the membranepolyelectrolyte interaction, quenching experiments were carried out by using AQS
(Figure 5.2c). Contrary to that observed for anionic membranes, a decrease in the
fluorescence signal of the polyelectrolyte was observed in the presence of the
quencher. This result confirms that HTMA-PFP is incorporated into the lipid vesicle,
and indicates that it remains close to the surface of the bilayer and not within the
hydrophobic core (Scheme 5.1). This interaction does not alter the membrane
integrity as was confirmed by fluorescence microscopy images, using GUVs (Figure 6
of Publication 8.2). Finally, for zwitterionic lipids with phase transition, HTMA-PFP
was capable of detecting the transition temperature by monitoring changes in its
fluorescence intensity but not in its spectral position (Figure 5.3b).
Comparing the interaction of HTMA-PFP with anionic and zwitterionic model
membranes, we observed clear differences in KP, location within the lipid bilayer,
spectral position and fluorescence intensities, which suggest that aggregates of
HTMA-PFP are better solubilized in anionic systems than in zwitterionic ones.
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5.2.1.3. Selectivity of HTMA-PFP against Anionic and Zwitterionic Membranes
The above results confirm that the mechanism of the interaction between HTMA-PFP
and lipid membranes is mediated by the lipid charge. The high affinity and rapid
interaction of HTMA-PFP for anionic vesicles suggests that this CPE can be selective
for this type of membranes and therefore, potentially used as a fluorescent
membrane marker for systems with high anionic lipid content, such as bacterial
membranes. The fact that the position of the fluorescence emission spectrum of
HTMA-PFP depends on the lipid charge was used as a tool to check this hypothesis.
With this end, samples containing anionic and zwitterionic vesicles together, at
different proportions, were explored by monitoring the difference in spectral
position (Figure 5.4a). Results show that the polymer chains are preferentially
incorporated in the anionic vesicles, even though these coexist at very low proportion
with the zwitterionic systems. This finding was supported by quenching experiments,
which were carried out for the samples by using AQS (constant concentration) (Figure
5.4b). If effectively all the polymer chains are embedded in the anionic vesicles, then
they should not be accessible to the quencher. The fact that the quenching efficiency
was close to 0% for samples containing a small amount of anionic vesicles supports
this hypothesis, confirming the selectivity of HTMA-PFP for anionic lipids. Microscopy
fluorescence studies also support this result and show the ability of the
polyelectrolyte to preferentially label and visualize populations of anionic vesicles in
a mixture with zwitterionic ones (Figure 5.5).
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Figure 5.4. Membrane selectivity study of HTMA-PFP, in a mixture of anionic and
zwitterionic lipid vesicles; a) position of the fluorescence maximum and b)
fluorescence quenching percentage of CPE with AQS versus increased anionic vesicle.

Figure 5.5. Microscopy images of a mixture of GUVs of Bodipy labelled-zwitterionic
lipids and anionic-zwitterionic (3:1) lipids in absence of HTMA-PFP, observed by a)
phase contrast microscopy and b) upon excitation with visible light. In the presence
of the HTMA-PFP, upon excitation with c) visible light and d) UV-light. (a and b; c and
d; correspond to the same field).
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5.2.2. HTMA-PFNT in Model Membranes
A similar study performed for HTMA-PFP in model membranes was also carried out
for the red cationic CPE.
Find below a summary of results reported in Publications 8.3 and 8.4, together
with their discussion (Chapter 8).

5.2.2.1. HTMA-PFNT in Anionic and Zwitterionic Membranes
The interaction of HTMA-PFNT with anionic and zwitterionic vesicles was confirmed
with fluorescence experiments (Figure 5.6). An enhancement in fluorescence
intensity compared to buffer, with several folds of amplification of the quantumyield, was observed in a lipid concentration-dependent manner, together with a
slight blue-shift of the emission maximum. These results evidence the interaction of
the HTMA-PFNT with both types of membrane, as well as a clear decrease in polymer
aggregation. Interpretation of results is similar to that proposed for HTMA-PFP:
Probably, once HTMA-PFNT is added to the liposome suspension, self-assembled
aggregates rapidly interact with the lipid membranes. This interaction should induce
the disruption of aggregates through a mechanism mediated by hydrophobic
interactions between the conjugated backbone of the polymer and the lipid
molecules. The breakup of aggregates separates polymeric backbones, decreasing
the effective conjugation length and thus reducing the self-quenching. It results in a
blue shift of the emission maximum and a several-fold amplification of the
fluorescence emission. From fluorescence changes recorded as a function of lipid
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concentration, KP values of 1.1 ± 0.1 x 106 and 1.1 ± 0.1 x 104 were determined for
anionic and zwitterionic systems, respectively, suggesting the higher affinity of
HTMA-PFNT towards anionic vesicles (Figure 5.6b). Moreover, the location of HTMAPFNT in lipid bilayers was explored using AQS (Figure 5.6c). In the zwitterionic vesicles
the fluorescence was quenched, while no quenching was observed in the anionic
vesicles.

Figure 5.6. a) Normalized fluorescence emission spectra of HTMA-PFNT in buffer (red
line), anionic (dash) and zwitterionic lipid vesicles (dot). b) Changes in fluorescence
intensity (ΔI) at increasing concentrations of anionic (circle) and zwitterionic (solid
square) lipid vesicles. c) Stern-Volmer plots for quenching of HTMA-PFNT by AQS in
anionic (circle) and zwitterionic (solid squares) lipid vesicles.
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These results indicate that HTMA-PFNT is well embedded in the bilayer of the anionic
vesicles and it is located close to the membrane surface in zwitterionic system.
Comparing the results obtained for HTMA-PFP and HTMA-PFNT, we assume that the
nature of the interaction between these CPEs and the lipid bilayer is very similar and
we can conclude that as HTMA-PFP, the red emitting HTMA-PFNT shows a preference
for anionic lipids over zwitterionic ones. Finally, fluorescence studies as a function of
temperature showed that the fluorescence of HTMA-PFNT was not sensitive to the
physical state of the lipid bilayer, contrary to that observed for HTMA-PFP. These
results evidence that both polyelectrolytes are good candidates as fluorescence
membrane markers for bioimaging but that only HTMA-PFP can be used as a
fluorescent probe for the detection of lipid phase changes.

5.3. CPEs for Selective Recognition and Imaging of Bacteria
In the light of the results obtained from the Publications 8.1, 8.2 and 8.3, we explored
the interaction of HTMA-PFP and HTMA-PFNT, first with bacterial and mammalian
model membranes, and second with bacteria E. coli and HeLa cells in order to
evaluate the potential use of these CPEs for selective bacterial recognition.
Find below a summary of results reported in Publications 8.4, together with their
discussion.
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5.3.1. HTMA-PFP and HTMA-PFNT in Bacterial and Mammalian Model
Membranes
First, we used model membranes of different lipid compositions in order to mimic
those of bacterial and mammalian membranes (Chapter 4, Table 4.1, page 49). The
interaction of HTMA-PFP and HTMA-PFNT with these model systems was studied by
using fluorescence emission spectra and fluorescence quenching with AQS (Figure
5.7).
Affinity studies showed that both CPEs have higher affinity for the bacterial
membrane model than for the mammalian one, especially HTMA-PFNT. The high KP
value obtained for this red-emitting CPE indicates that its affinity for bacterial
membrane models is 20 times higher than for mammalian ones and suggests the
possibility of being more selective than the blue-emitting HTMA-PFP for bacterial
membranes (Figure 5.7a,c).
Locations of both CPEs, HTMA-PFP and HTMA-PFNT, in the different lipid membrane
models was explored by using AQS and related KSV values were determined (Figure
5.7b,d). These values indicate that both polyelectrolytes remain close to the
membrane surface in the mammalian system, and are more inserted inside the
bilayer in the bacterial model. In the next study, we took advantage of this result to
explore the selectivity of HTMA-PFP and HTMA-PFNT in samples where coexist both
types of model membrane vesicles (Figure 5.8). Results show that when CPEs were
added to samples containing a low proportion of bacterial vesicles (~20% for HTMAPFP and ~5% for HTMA-PFNT), all the polymer chains are incorporated into the
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bacterial systems and not into the mammalian ones. This study confirms the
selectivity of both CPEs towards bacterial model and demonstrates that HTMA-PFNT
has higher selectivity and sensitivity for this type of model membrane than HTMAPFP.

Figure 5.7. a) Area of the emission spectrum of HTMA-PFP at different concentrations
of bacterial (dark squares) and mammalian (circles) model membranes. b) SternVolmer plots for quenching of HTMA-PFP by AQS in model bacterial (dark squares)
and mammalian (circles) model membranes. c) Area of the emission spectrum of
HTMA-PFNT at different concentrations of bacterial (dark squares) and mammalian
(circles) model membranes. d) Stern-Volmer plots for quenching of HTMA-PFNT by
AQS in model bacterial (dark squares) and mammalian (circles) model membranes.
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Figure 5.8. Quenching induced by AQS (at a constant concentration) in the
fluorescence intensity of HTMA-PFP (blue diamonds) and HTMA-PFNT (red triangles),
in samples containing mammalian LUVs coexisting with increasing concentrations of
bacterial LUVs.

5.3.2. Selective Imaging of Bacteria over Mammalian Cells
Before studying the selectivity of CPEs for E. coli bacteria and mammalian cells, we
explored the ability to label these cells separately. To this end, fluorescence
microscopy studies were performed and results indicate that HTMA-PFP and HTMAPFNT are capable of labelling E. coli Top 10 F’ strain bacteria and HeLa cells, allowing
their visualization in blue and red colors (Figure 6, Publication 8.4). Once confirmed
this ability, we explored the possibility to visualize selectively the E. coli bacteria in a
sample where coexist both populations of E. coli and human HeLa cells (Figure 5.9).
Fluorescence images show that HTMA-PFP was capable of labelling both types of cells
without, apparently, any preference for one over the other. Results obtained with
the HTMA-PFNT were totally different: this CPE was only bound to the E. coli bacteria
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without apparently labelling the human HeLa cells, thus evidencing its potential use
for selective recognition and imaging of bacterial contamination.

Figure 5.9. Microscopy images of human HeLa cells contaminated with bacteria E. coli
after addition of HTMA-PFP in a) phase contrast and b) upon irradiation with UV-light.
Microscopy images of human HeLa cells contaminated with bacteria E. coli after
addition of HTMA-PFNT in c) phase contrast and d) upon irradiation with visible light.

5.4. CPE–based

Nanostructures:

Characterization

and

Biotechnological

Applications
Find below a summary of results reported in Publications 8.3 and 8.5, together
with their discussion.
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5.4.1. Multifunctional Fluorescent Nanoparticles (NPs) as Bioimaging Tools and
Drug Carriers
The previous results discussed in section 5.1 show that red-emitting HTMA-PFNT
forms unstable aggregates in buffer due to its highly hydrophobic backbone, leading
to detrimental emission quenching. In the following section, water solubilization and
stabilization of HTMA-PFNT were improved through the formation of nanostructures
by complexing the polyelectrolyte with two diﬀerent biological systems: human
serum albumin (HSA) and lipid vesicles. Both systems are macromolecular carriers
capable of accommodating a wide variety of drugs and contain reactive functional
groups (in the case of human serum albumin) or can be functionalized (in the case of
liposomes) for targeting ligands [111,112]. Using both strategies, stable ﬂuorescent
nanostructures can be obtained which combine the properties of both constituents
and can be potentially used as drug carriers and bioimaging probes. In Publication
8.3, we explored these possibilities.

5.4.1.1. Protein-CPE Nanostructures
To improve the solubility and stability of HTMA-PFNT in buﬀer, we explored the
possible formation of complexes between the polyelectrolyte and human serum
albumin (HSA). Interaction was monitored from the changes observed in the
ﬂuorescence intensity of HTMA-PFNT in presence of increasing concentrations of HSA
(Figure 5.10a). Association constant (KA) was calculated from these changes,
obtaining a KA = 2.2 ± 0.2 x 106 M-1, which indicates a strong affinity between HTMA-
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PFNT and HSA. No alterations in the protein secondary structure and protein
conformation were observed by using Circular Dichroism (CD) measurements (Figure
5.10b) and intrinsic fluorescence of the protein (Figure 4b of Publication 8.3).

Figure 5.10. a) Fluorescence emission spectra of HTMA-PFNT in buffer with increasing
concentration of HSA. b) Effect of HTMA-PFNT on the CD spectrum of HSA (6 µM) in
buffer. CPE concentrations were as follows: 0 (line), 6 (dash), 9 (dot), 12 µM (dash
dot).

DLS measurements were used to determine the size of these complexes. The fact that
their size (~ 120 nm) was time-independent indicates that it does not correspond to
a population of unstable polymeric aggregates formed in buffer, but rather it can be
attributed to nanostructures composed of aggregates of polyelectrolyte coated with
HSA molecules (Scheme 5.2). Probably, when the polyelectrolyte is added to the
protein solution, it starts to self-assemble forming aggregates through the
hydrophobic interactions of its backbone, exposing the positively charged side chains
to the solvent. Simultaneously, the negatively charged HSA (pI=4.9) interacts with
these aggregates, through rapid electrostatic interaction. In addition a slower
hydrophobic interaction occurs between the conjugated backbone of the polymers
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and the hydrophobic patches of HSA. This interaction induces conformational
changes in polymer chains, disrupting backbone interactions, resulting in a blue-shift
of the emission spectrum as well as an increase in fluorescence intensity.

Scheme 5.2. Schematic model, which shows the possible interaction between HTMAPFNT aggregates i) in buffer, with ii) HSA and iii) lipid vesicles (DOPC).

Finally, we checked the ability to use these fluorescent nanoparticles as drug carriers
(Table 2 of Publication 8.3). A fluorescent probe DPH, which is highly hydrophobic
and non-fluorescent in water, was used as a model drug. Results showed that while
DPH is non-fluorescent in the buffer containing only HTMA-PFNT, it fluoresces in the
polyelectrolyte-HSA complexes. It indicates that the hydrophobic cavities of the
protein are still accessible to nonpolar compounds, thus evidencing the ability of
using these fluorescent nanostructures as carriers for hydrophobic drugs.
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5.4.1.2. Lipid Vesicle-CPE Nanoparticles
A second approach to stabilize the HTMA-PFNT in buffer was the use of liposomes.
Fluorescent liposomal nanoparticles (NPs) were formed by the interaction of HTMAPFNT with these lipid vesicles. The interaction was monitored from changes in the
fluorescence intensity of the CPE (Figure 5.11a). According to DLS measurements,
these nanoparticles have hydrodynamic diameter of ~ 110 nm. The ability of these
fluorescent NPs to be used as carriers for hydrophobic and polar drugs was
investigated by fluorescence spectroscopy. As for polymer-protein complexes, DPH
was used as a model compound for hydrophobic drugs. Results indicate that the
binding of HTMA-PFNT to the liposome is not affecting the insertion of the DPH in the
lipid bilayer, confirming the potential use of these nanoparticles in hydrophobic drug
delivery (Table 2 of Publication 8.3). Also, liposomes can be used to transport polar
compounds in their inner aqueous phase. Fluorescence experiments carried out by
using the polar fluorescent probe CF encapsulated in the aqueous cavity of the
liposomal NPs, where its fluorescence is self-quenched, showed the ability of these
nanoparticles to transport hydrophilic molecules (Figure 5.11b). Taking into account
these interesting properties of fluorescent NPs, we decided to explore their stability
as a function of storage time and temperature (Figure 7 of Publication 8.3). Results
showed that fluorescent nanoparticles were highly stable in time and in a wide
temperature range and showed high photostability. These properties suggested their
potential use not only as drug carriers but also as bioimaging probes. To test this
possibility, preliminary microscopy experiments were performed with the human
keratinocyte cell line HaCaT. Results showed that NPs rapidly interacted with these
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cells, allowing their visualization under ﬂuorescence microscopy (Figure 8 of
Publication 8.3).

Figure 5.11. a) Fluorescence emission spectra of HTMA-PFNT in buffer with increasing
concentration of lipid vesicles. b) Fluorescence intensity of CF encapsulated in lipid
vesicles, in absence and in presence of HTMA-PFNT and after the addition of Triton
(10%).

5.4.2. Fluorescent NPs in Biosensing
The ability of p-nitrophenol (PNP) to quench the fluorescence of HTMA-PFP was used
in this work to develop a fluorescent biosensor for Alkaline Phosphate (ALP) [124].
Results of this study are reported in Publication 8.5. Firstly, we studied the
stabilization of this CPE through its incorporation in lipid vesicles to obtain stable
blue-emitting nanoparticles (NPs) (Figure 1 of Publication 8.5). Once the stability of
the fluorescent NPs was confirmed by using fluorescence studies and DLS
measurements, the ability to be quenched by PNP was explored as an essential
requirement for biosensor construction (Figure 2 of Publication 8.5). Results indicate
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that, although HTMA-PFP is incorporated into the vesicles, PNP is still capable of
quench its fluorescence (KSV = 5.08 ± 0.07 x 104 M-1).

5.4.2.1. Free ALP Biosensor
Once proved the quenching of the fluorescent NPs by PNP, we investigated their
ability to detect ALP activity, taking into account that PNP is the final product of the
hydrolysis of the substrate p-nitrophenyl phosphate (PNPP), catalysed by ALP
(Scheme 5.3).

Scheme 5.3. Schematic model, which shows the working principle of the ALP
biosensor.

To this end, increasing concentrations of PNPP were directly added to the NPs
suspension, in presence of ALP. Results showed a decrease in fluorescence of NPs as
the substrate concentration was increased, when the fluorescence spectra were
recorded after 3 min of incubation. From this study, a value of KSV = 4.94 ± 0.28 x 104
M-1 was obtained, which suggests the adequate operation of the biosensor in solution
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(Figure 2 of Publication 8.5) and the possibility to detect ALP inhibitors. The
mechanism of sensing is based on the fluorescence turn on/turn off (Scheme 5.3).
The PNP produced after hydrolysis of PNPP quenches the fluorescence of NPs, leading
to fluorescence turn-off, but in the presence of inhibitors, the fluorescence of the
system turns on. The activity of ALP was then monitored in the presence of phosphate
ion which is an inhibitor of the enzyme. Results showed that the quenching efficiency
was decreased, when the inhibitor concentration was increased (Figure 4 of
Publication 8.5). These studies indicate that this biosensor can be used for ALP
inhibitor screening, as well as to determine the concentration of a specific inhibitor
in a sample.

5.4.2.2. Immobilized ALP Biosensor
The practical application of the biosensor described above requires the preparation
of different samples (fluorescent NPs, fresh solutions of the enzyme, etc.) each time
that it is used, with the consequent economic burden. Therefore, in order to improve
the performance of the biosensor, its components, ALP and NPs, were entrapped in
the pores of a transparent matrix prepared by using the sol-gel process. This
methodology offers many advantages such as easy handling, enhanced stability and
reusability of the biosensor. Firstly, we immobilized each component separately and
its properties were characterized. Results showed that, on one hand, the
fluorescence properties of NPs were preserved after the immobilization, as well as
the quenching of their fluorescence by PNP (Figure 6 of Publication 8.5). On the other
hand, results confirmed that the activity of the enzyme was preserved, but the
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kinetics was slower than in solution, probably due to the restricted diffusion of PNPP
and PNP in the matrix (Figure 7 of Publication 8.5). In the light of these results, we
immobilized fluorescent NPs and ALP in the same matrix to obtain the final biosensor
device. The conditions of the biosensor operation were optimized in order to
minimize the time of response and sensibility of the assay (Figure 8a of Publication
8.5). Finally, we explored the capacity of the biosensor to determine ion phosphate
in aqueous samples. Results showed that biosensor could detect this inhibitor with a
limit of detection (LOD) of 370 µM, and that it could be reusable for, at least, seven
assays (Figure 5.12).

Figure 5.12. a) Fluorescence intensities recorded for immobilized ALP biosensor in
the absence and presence of different concentrations of phosphate ions. b)
Reusability study of the biosensor performed using the same monolith, for seven
consecutive assays.
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1- The fluorescent conjugated polyelectrolytes HTMA-PFP and HTMA-PFNT,
emitting in the blue and red spectral region respectively, show poor solubility
in aqueous media, especially HTMA-PFNT, forming aggregates with low
fluorescence efficiency, whose size increases as a function of time.
2- Interaction of HTMA-PFP and HTMA-PFNT with anionic model membranes
induces the breaking of polymer aggregates, eliminating interchain quenching
and increasing their fluorescence efficiency. CPEs rapidly incorporate into the
lipid bilayer with high affinity, acting as fluorescent markers that allow the
visualization of membrane structures and, in the case of HTMA-PFP, the
detection of lipid phase transitions.
3- Both CPEs associate spontaneously with zwitterionic model membranes
retaining their structural integrity without altering the spherical morphology
of the lipid vesicles. These polyelectrolytes show lower affinity for zwitterionic
membranes than for anionic ones, as well as a different final membrane
location. While in the anionic membrane, these CPEs are embedded within
the lipid bilayer, in the zwitterionic system they remain close to the surface,
forming aggregates that are sensitive to the physical state of the lipid bilayer.
4- HTMA-PFP and HTMA-PFNT are able to label bacterial and mammalian model
membranes but preferentially interact with bacterial model membranes due
to their anionic character. In spite of their similar structure, HTMA-PFNT is
much more selective towards bacterial model membrane than HTMA-PFP.
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5- Both CPEs rapidly insert in the membrane of E. coli bacteria and HeLa cells
allowing for their visualization in blue (with HTMA-PFP) and red (with HTMAPFNT) colors.
6- In samples simultaneously containing E. coli bacteria and HeLa cells, HTMAPFP is able to label both type of cells without preference, while HTMA-PFNT
is apparently bound only to the E. coli bacteria. It indicates that HTMA-PFNT
could be potentially used as a fast diagnosis tool for detecting bacterial
contamination in samples.
7- HTMA-PFNT can be stabilized in buffer through complexation with two
biological systems which are known to be used as nanocarriers: HSA and
liposomal vesicles. Such interaction leads to the formation of red-emitting
nanostructures that preserve the functionality of the biological systems and
could be used as potential multifunctional platforms for therapeutic (drug
delivery) and diagnostic (bioimaging) purposes.
8- The interaction of HTMA-PFP with liposomal vesicles leads to the formation
of stable blue-emitting nanoparticles whose fluorescence is quenched by PNP.
This property has been used to develop a fluorescent biosensor based on the
inhibition of the enzyme ALP. The biosensor could be used for determination
of ALP inhibitors such as phosphate ions.
9- Immobilization of the biosensor components (nanoparticles and ALP) in a solgel matrix facilitates its handling and enables its reutilization. The device has
been successfully used in the determination of phosphate ions. This
methodology can be extrapolated for the screening of inhibitors of other
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enzymes, such as α-glucosidase and α-galactosidase, which catalyze reactions
yielding PNP as final product.

91

6. Conclusiones

1- Los polielectrolitos conjugados fluorescentes HTMA-PFP y HTMA-PFNT, que
emiten en el azul y el rojo respectivamente, muestran una baja solubilidad en
medio acuoso, especialmente HTMA-PFNT, formando agregados con baja
eficiencia de fluorescencia cuyo tamaño aumenta en función del tiempo.
2- La interacción de HTMA-PFP y HTMA-PFNT con modelos de membrana
aniónicos provoca la ruptura de los agregados, aumentando la intensidad de
su fluorescencia al separarse las cadenas poliméricas. Estos CPEs se
introducen rápidamente y con gran afinidad en el interior de la bicapa lipídica,
actuando como sondas fluorescentes que permiten la visualización de las
estructuras de membrana y, en el caso del HTMA-PFP, la detección de
transiciones de fase lipídicas.
3- Ambos polielectrolitos se asocian espontáneamente con modelos de
membrana zwitteriónicos, preservando su integridad estructural sin alterar la
morfología esférica de las vesículas. La afinidad de los CPEs por estas vesículas
lipídicas es menor que por vesículas aniónicas y, además, su localización final
en la membrana es diferente. Así, en el sistema aniónico los polielectrolitos
se disponen en el interior de la bicapa, mientras que en las membranas
zwitteriónicas se sitúan cerca de la superficie, formando agregados cuya
fluorescencia es sensible al estado físico de la membrana.
4- HTMA-PFP y HTMA-PFNT son capaces de marcar fluorescentemente modelos
de membrana de células de mamífero y bacterianas, aunque interaccionan
preferentemente con los modelos bacterianos debido a su carácter aniónico.
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A pesar de que poseen una estructura muy similar, el polielectrolito HTMAPFNT es mucho más selectivo que el HTMA-PFP hacia el modelo bacteriano.
5- Ambos CPEs se insertan rápidamente en las membranas de bacterias E. coli y
de células HeLa, permitiendo el marcaje y la visualización bajo el microscopio
de fluorescencia de ambos sistemas en colores azul (con HTMA-PFP) o rojo
(con HTMA-PFNT).
6- En muestras donde coexisten bacterias E. coli y células HeLa, se ha observado
que HTMA-PFP es capaz de marcar ambas células con la misma preferencia,
mientras que HTMA-PFNT parece enlazarse únicamente a bacterias E. coli.
Esto indica que HTMA-PFNT puede ser potencialmente utilizado como una
rápida herramienta de diagnóstico de contaminación bacteriana.
7- El polielectrolito HTMA-PFNT puede estabilizarse en medio acuoso a través
de

su

interacción

con

sistemas

biológicos

utilizados

como

nanotransportadores, tales como la proteína HSA o vesículas liposomales.
Dicha interacción da lugar a la formación de nanoestructuras que mantienen
la funcionalidad del sistema biológico y que emiten en el rojo. Estas
estructuras podrían ser utilizadas como plataformas multifuncionales para
fines terapéuticos (transporte y liberación de fármacos) y de diagnóstico
(bioimagen).
8- La interacción de HTMA-PFP con vesículas liposomales da lugar a la formación
de nanopartículas fluorescentes que son altamente estables en medio acuoso
y cuya fluorescencia puede ser desactivada con PNP. Esta propiedad ha
servido para poner a punto un biosensor fluorescente, que utiliza la enzima
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ALP como elemento de reconocimiento y permite la detección de sus
inhibidores, en particular del ion fosfato.
9- La inmovilización de los componentes del biosensor (nanopartículas y ALP) en
una matriz sol-gel que facilita su manipulación y permite su reutilización. El
dispositivo ha sido utilizado con éxito para determinar ion fosfato. Este mismo
diseño puede ser extrapolado para la detección de inhibidores de otras
enzimas, tales como la α-glucosidasa y α-galactosidasa, que catalizan
reacciones cuyo producto final es el PNP.
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Use of the Conjugated Polyelectrolyte Poly{[9,9bis(6′‑N,N,N‑trimethylammonium)hexyl]ﬂuorene-phenylene}
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ABSTRACT: The present work explores the potential use of the
conjugated cationic polyﬂuorene {[9,9-bis(6′-N,N,N-trimethylammonium)hexyl]ﬂuorene-phenylene} bromide (HTMA-PFP) as a ﬂuorescent
membrane marker. To this end, the interaction of the polyelectrolyte with
anionic model membranes has been investigated using diﬀerent biophysical
approaches. High aﬃnity interaction was conﬁrmed through alterations in
the ﬂuorescence spectrum of HTMA-PFP and by Förster resonance energy
transfer (FRET) analysis. Quenching data indicate that once HTMA-PFP
interacts with the membrane, it penetrates in the hydrophobic core
embedded in the lipid bilayer where it presents high ﬂuorescence quantum
yield and photostability. Leakage experiments and dynamic light scattering
(DLS) measurements show that the integrity of the lipid vesicles is
maintained after polymer incorporation since no vesicle fusion or
decomposition into small fragments is detectable. This conclusion is
supported by ﬂuorescence microscopy images, which conﬁrm that polyelectrolyte interacts with the vesicle, labeling the lipid
membrane without altering its morphology. Further experiments performed as a function of temperature indicate that the
polymer is accommodated in the membrane without inducing signiﬁcant loss of lipid cooperativity and without altering the
packing of lipids within the bilayer. Finally, results show that polyelectrolyte ﬂuorescence is sensitive to the large structural
changes taking place in the lipid bilayer at the lipid phase transition. All these results conﬁrm the ability of HTMA-PFP to
visualize membrane structures and to monitor membrane processes.

■

INTRODUCTION
The design and development of new ﬂuorescent markers
having high sensitivity to image cellular and physiological
processes is of great interest in clinical diagnosis, identiﬁcation
of cancer cells, detection of pathogenic bacterial cells,
immunoﬂuorescent techniques, catalytic pathway monitoring,
drug delivery monitoring through membrane or cytoplasm, and
so on.1 These materials should be highly ﬂuorescent, watersoluble, photostable, and easy for bioconjugation, having good
biocompatibility, maximum spatial resolution, and minimal
perturbation to biological systems.2 Most of the existing
ﬂuorescent materials designed to this end (generally, small
ﬂuorophores, ﬂuorescent proteins, and semiconductor quantum
dots) exhibit interesting properties, but also important
disadvantages. For example, small ﬂuorescent molecules and
ﬂuorescent proteins often suﬀer from photobleaching, and the
much more stable inorganic quantum dots, generally including
heavy metals such as Cd and Se, are not free from potential
cytotoxicity because of the possible metals leaching from the
nanoparticles.3,4 Therefore, new ﬂuorescent materials with
improved properties (nontoxicity, stability, and high sensitivity)
are being developed for overcoming these limitations.5,6 Among
them, conjugated polyelectrolytes (CPEs) seem to be
interesting candidates because their unique properties. These
materials are polymers with delocalized π-electron systems,
© 2013 American Chemical Society

which show strong absorption and high eﬃciencies in both
photoluminescence and electroluminescence,7,8 containing
ionic side groups to facilitate their water solubilization. In
general, CPEs have high photostability and low cytotoxicity and
can undergo spontaneous self-assembly through reversible,
electrostatic, and/or hydrophobic interactions with some other
species, generally of opposite charge, resulting in supramolecular structures with interesting optical and material
properties.9 In addition, these materials have easily amenable
side chains for bioconjugation with various recognition
elements.2,10 Given these properties, CPEs have received
great attention in biomedical applications, especially for
developing biosensing schemes and sensing devices for
biomolecules11−14 and more recently have been employed as
novel ﬂuorescent probes for bioimaging.3,6,15−21
Many drugs, small molecules, nanoparticles, or ﬂuorescent
dyes used in cellular imaging ﬁrst interact with cells through
their membrane. Interactions, at a molecular level, of an
extracellular particle with the plasma membrane need to be
understood to evaluate its potential activity. In this regard, the
use of model lipid membrane systems that imitate the
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Sigma-Aldrich and used as received. The cationic CPE HTMA-PFP
(M = 8340 g/mol, repeat unit molecular weight, 694.71 g/mol; n′ = 12
based on polyﬂuorene calibration) was obtained and characterized in
our laboratory as previously described.30,31 In brief, a low-molecularweight batch of the neutral polymer, poly[9,9-bis(6′-bromohexyl)ﬂuorene-phenylene], was synthesized by Suzuki coupling reaction with
Pd(II) as catalyst and treated with gas-phase trimethylamine to obtain
the corresponding cationic polyelectrolyte. Stock solutions of HTMAPFP (3.65 × 10−4 M, in repeat units) were prepared in DMSO and
stored at −20 °C before use. The ﬂuorescent probe 5-butyl-4,4diﬂuoro-4-bora-3a,4a-diaza-s-indacene-3-nonanoic acid (BODIPY
500/510 C4,C9) was from Molecular Probes (Eugene, OR). Stock
solutions (1 mM) of this probe were prepared in ethanol and stored at
−20 °C before use. The ﬂuorescent probe 5(6)-carboxyﬂuorescein
(CF) and the quencher 9,10-anthraquinone-2,6-disulfonic acid (AQS)
were obtained from Sigma-Aldrich and dissolved in ethanol (1.25 M)
and water (5 mM), respectively, just before use. All other compounds
were of analytical or spectroscopic reagent grade. Sodium phosphate
buﬀer (50 mM, 0.1 M NaCl, pH 7.3) was prepared with water that was
twice distilled in an all-glass apparatus and deionized using Milli-Q
equipment (Millipore, Madrid).
LUVs Formation. Chloroform/methanol solutions containing 3
mg of total phospholipid (DOPG or DMPG) were dried ﬁrst by
evaporation under dry nitrogen gas stream and subsequently under
vacuum for 3 h. Multilamellar vesicles (MLVs) were formed by
resuspending the dried phospholipids in the buﬀer to a ﬁnal
concentration, which was 0.5 mM in most of cases. The vesicle
suspension was then heated at a temperature above the phospholipid
phase transition and vortexed several times. Large unilamellar vesicles
(LUVs) were prepared from these MLVs by pressure extrusion
through 0.1 μm polycarbonate ﬁlters (Nucleopore, Cambridge, MA).
For energy transfer experiments and anisotropy measurements, the
probe BODIPY C4C9 was initially added to the chloroform/methanol
solutions containing DMPG, and LUVs were subsequently prepared as
described below.
Preparation of Giant Unilamellar Vesicles (GUVs). GUVs were
prepared with the gentle hydration method instead of the mostly used
electroformation method because the presence of charged lipids is a
limitation to the electroformation of vesicles.32 Brieﬂy, DOPG was
dissolved in chloroform at 5 mM ﬁnal concentration. Ten microliter of
the solution was dropped on a microscope slide, which was previously
washed with alcohol and dried. This sample was left to dry at the room
temperature for few seconds and subsequently under vacuum for 2 h.
Afterward, the lipid ﬁlm was hydrated with 15 μL of 50 mM phosphate
buﬀer, 100 mM NaCl at pH 7.3 in a humid chamber for overnight. To
observe the liposomes at the ﬂuorescence microscopy, 400 μL of
buﬀer was added and left for 2 h to continue the hydration.
Preparation of HTMA-PFP/Lipid Samples. Aliquots of HTMAPFP in DMSO were externally added to the lipid vesicle suspension,
well above the phospholipid phase transition, to ensure that the
membrane is in the ﬂuid phase. In all cases, the proportion of DMSO
in the aqueous sample was always lower than 1% (v/v). In most
samples, the ﬁnal concentration of HTMA-PFP was 1.5 μM, in terms
of repeat units.
Absorption and Fluorescence Spectra. Absorption measurements were carried out at room temperature using a Shimadzu
spectrophotometer (UV-1603, Tokyo, Japan). Fluorescence spectra
and ﬂuorescence intensity measurements were performed in a PTIQuantaMaster spectroﬂuorometer interfaced with a Peltier cell. The
experimental samples were placed in 10 × 10 mm path length quartz
cuvettes. Excitation wavelength at 380 nm for HTMA-PFP was
utilized. Background intensities were always checked and subtracted
from the sample when it was necessary.
Steady-State Fluorescence Anisotropy Measurements.
Steady-state anisotropy ⟨r⟩, deﬁned by eq 1

complexity of natural cell membranes are useful to study the
interaction of such compounds in a controlled manner, for
predicting their interactions with real cell membranes as well as
in the development of biotechnological applications. When
CPEs are directly added to cells for imaging analyses, they
initially interact with their plasma membrane; therefore, a
detailed knowing of how these polyelectrolytes insert into the
membrane at a molecular level should be helpful to understand
their activity, improving and expanding their applications. To
date, very few works have been carried out with this end in
view. The Whitten group studied the interaction of a series of
antimicrobial CPEs with diﬀerent model membranes to gain
insight into the mechanism of their biocidal activity.22−24
Recently, Ngo and Cosa characterized the interaction of lipid
vesicles with a negatively charged CPE in order to obtain well
characterized lipid/polymer complexes, which could have
applications as liposome-based sensing systems.11,25 Given the
objective of these works, the polymer concentration used in
most of the experiments was relatively high. However, the use
of CPEs as probes for bioimaging and detection of membrane
processes requires minimal perturbation of the sample being
studied, and consequently, low polymer concentrations.
In the present work, we have investigated the interaction of
small concentrations of CPEs with model lipid membranes in
order to evaluate the potential use of these polyelectrolytes as
ﬂuorescent membrane markers. To this end we have selected
the CPE poly{[9,9-bis(6′-N,N,N-trimethylammonium)hexyl]ﬂuorene-phenylene} bromide (HTMA-PFP) and unilamellar
vesicles composed of phosphatidylglycerol lipids (PGs) having
diﬀerent composition. HTMA-PFP is a water-soluble cationic
poly(ﬂuorene) (Scheme 1), being the backbone and alkyl side
Scheme 1. HTMA-PFP (Top) and BODIPY 500/510 C4,C9
(Bottom) Chemical Structures

chain hydrophobic moieties, while the cationic charged
quaternary amines control electrostatic interactions.26,27 Due
to these cationic groups, HTMA-PFP has been reported to
show high aﬃnity by anionic biomolecules as DNA and human
serum albumin (HSA)28,29 and, therefore, it would have high
aﬃnity by anionic cell membranes.

■

EXPERIMENTAL SECTION

Materials. The synthetic phospholipids 1,2-dioleoyl-sn-glycero-3phospho-rac-(1-glycerol) sodium salt (DOPG) and 1,2-dimyristoyl-snglycero-3-phospho-rac-(1-glycerol) sodium salt (DMPG), were from

⟨r ⟩ =
1991

(IVV − GIVH)
(IVV + 2GIVH)

(1)
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quenching via a complexation between the ﬂuorophore and the
quencher.
Measurements of Vesicle Leakage Induced by Polymers.
LUVs of DOPG were prepared with CF trapped in the aqueous
interior at a concentration of 40 mM, in a buﬀer containing 50 mM
phosphate and 0.1 M NaCl. The nonencapsulated CF was removed by
a gel ﬁltration column packed with Sephadex G-75 (Pharmacia,
Uppsala, SW, EU) eluted with buﬀer containing 50 mM phosphate, 0.1
M NaCl. Self-quenching is expected at the CF packed within the
vesicles. Membrane rupture (leakage) of intraliposomal CF was
assayed by treating the probe-loaded vesicles with the appropriate
amounts of HTMA-PFP. The total rupture of the vesicles and release
of CF was performed with Triton X-100 10%.
Dynamic Light Scattering Measurements (DLS). The size of
the polymer aggregates in buﬀer as well as that of the LUVs in the
absence and presence of HTMA-PFP were explored by DLS
techniques, using a Malvern Zetasizer Nano-ZS instrument, equipped
with a monochromatic coherent 4mW Helium Neon laser (λ = 633
nm) as light source, with a 173° scattering angle of lecture for size
measurements. The buﬀer previously ﬁltered with a cellulose acetate
membrane ﬁlter with a 200 nm pore size was measured at 20 °C,
before and after the addition of the polymer. The LUVs of DMPG
were also explored in the absence and presence of the polymer below
and above the lipid transition temperature. All measurements were
performed in disposable cuvettes. Measurements were performed in
triplicate.
Calorimetry. Diﬀerential scanning calorimetry (DSC) experiments
were performed in a high-resolution Microcal MC-2 diﬀerential
scanning microcalorimeter under a constant external pressure of 30 psi
in order to avoid bubble formation. The excess heat capacity functions
were analyzed using Origin 7.0 (Microcal Software). Diﬀerences in the
heat capacity between the sample and the reference cell, which
contained only buﬀer, were obtained by raising the temperature 1 °C/
min over the range from 15 to 36 °C for the samples of DMPG in the
absence and presence of HTMA-PFP. A series of three consecutive
scans of the same sample were performed to ensure scan-to-scan
reproducibility and reversibility.

was obtained using Glan-Thompson polarizers by measuring the
vertical and horizontal components of the ﬂuorescence emission with
excitation vertical and horizontal to the emission axis. The G factor (G
= IHV/IHH) corrects for the transmissivity bias introduced by the
detection system. Measurements were carried out for samples
containing DMPG labeled with BODIPY 500/510 C4, C9, at a
1:1000 molar ratio (probe:lipid) as a function of temperature. Lipid
samples were excited at 480 nm, and the polarized emission was
detected at 518 nm in the absence and presence of the HTMA-PFP.
Background intensities due to the lipid vesicles in the absence of
BODIPY were always taken into account.
Fluorescence Microscopy Measurements. Fluorescence microscopy images were recorded using a Nikon Eclipse TE2000-U
inverted microscope equipped with a Nikon Digital Sight DS-1QM/H
and Nikon Digital Camera DXM1200. UV excitation (340 nm ≤ λex
≤380 nm) and blue emission (435 nm ≤ λem ≤485 nm) was ﬁltered
using a DAPI ﬁlter cube. We used a homemade stain-steel chamber
where the over glass surface deposits approximately 500 μL of
preparation. Data acquisition was monitored successively by manual
format and data processing with NIS-Elements AR 2.30 software.
Energy Transfer Experiments. For energy transfer experiments,
the BODIPY 500/510 C4,C9 was used as an acceptor of the HTMAPFP excitation. The critical radius of transfer, Ro, was calculated from
eq 2:14
R 06 =

9000(ln 10)κ 2 ΦDJ
128π 5n 4NAV

(2)

where ΦD is the donor quantum yield in the absence of acceptor, n is
the index of refraction of the medium, NAV is Avogadro’s number, κ2 is
the orientation factor, and J corresponds to the degree of overlap
between the donor emission spectrum and the acceptor absorption
spectrum (overlap integral). This integral is given by eq 3:

J=

∫0

∞

fD (λ)εA (λ)λ 4 dλ

(3)

where εA is the molar extinction coeﬃcient of the acceptor, and f D(λ)
is the ﬂuorescence spectrum of the donor normalized on the
wavelength scale.
In order to determine the energy transfer eﬃciencies (E), four types
of spectra were recorded upon excitation at 380 nm: the spectrum of
LUVs, the spectrum of LUVs doped with HTMA-PFP, the spectrum
of LUVs doped with BODIPY 500/510 C4,C9 and the spectrum of
LUVs doped with HTMA-PFP and BODIPY C4C9. The ﬁrst two
spectra were used to correct the third and fourth spectrum,
respectively, for the LUVs ﬂuorescence and for acceptor ﬂuorescence
in the absence of the donor. The corrected spectra were used to
compute the Förster resonance energy transfer (FRET) eﬃciency by
eq 4:
E = 1 − I DA /I D

■

RESULTS AND DISCUSSION
HTMA-PFP in Buﬀer. The interaction of HTMA-PFP with
surfactants and biomolecules other than phospholipids has
been previously investigated in order to explore the potential
application of this kind of polyﬂuorenes as sensors.33−36 In
those works, experiments were essentially performed in water,
not buﬀer solution, because their goal was to characterize the
interactions between the macromolecules in the absence of
other substances which could interfere. However, it is known
that changes in pH during the experimental measurements can
give nonreliable results. For this reason, and to better simulate
physiological conditions, all assays in the present work were
performed in phosphate buﬀer, 0.1 M NaCl (pH 7.3).
Consequently, before studying the interaction between
HTMA-PFP and lipid membranes, we explored the behavior
of the polyelectrolyte in the buﬀer solution, comparing the
results with those found in water and good solvents. Previous
works have reported that when HTMA-PFP is dissolved in
water, it self-assembles into aggregates as the rest of CPEs.29,36
This aggregation is dominated by interchain hydrophobic
interactions, which lead to lower emission intensities and redshift of the absorption and emission spectra, when comparing
with those recorded in good solvents, due to an increase in the
interchain energy transport mechanism. Figure 1 shows the
normalized excitation and emission spectra of HTMA-PFP (1.5
μM in terms of repeat units) in buﬀer as compared to those
obtained in water and in a solvent mixture with a 60:40 (v/v) 2propanol:water ratio (absorption spectra were very similar to

(4)

where I and I are the ﬂuorescence intensities in the presence and
absence of acceptor, respectively.
Quenching Experiments. Fluorescence emission of HTMA-PFP
was studied in the absence and presence of diﬀerent concentration of
AQS. Stern−Volmer analysis was applied to the ﬂuorescence
quenching data, according to eq 5:
DA

D

I0
= 1 + KSV[Q ]
I

(5)

where I0 and I stand for the steady-state ﬂuorescence intensities in the
absence and in presence of quencher, respectively, and [Q] is the
quencher concentration. The signiﬁcance of KSV depends on the
nature of the quenching process: it may represent the association
constant for complex formation or the rate of dynamic quenching (KSV
= kqτ0), where kq is the bimolecular rate constant of the quenching
process, and τ0 is the lifetime of the biomolecule. For dynamic
quenching (diﬀusion-controlled quenching), kq may be as high as 1010
M−1 s−1. If kq is greater than this value, it usually indicates static
1992

dx.doi.org/10.1021/bm400348n | Biomacromolecules 2013, 14, 1990−1998

Biomacromolecules

Article

highly eﬃcient “superquenching” characteristic of this kind of
polymer (Figure 2).40 For water, the plot was linear in the

Figure 1. Normalized ﬂuorescence excitation (left) and emission
(right) spectra of HTMA-PFP in water (solid), phosphate buﬀer
(dash), and 60:40 (v/v) 2-propanol:water (dot).

those of excitation, and thus they are not shown). Solvent
mixtures have been proposed to be good solvents of this kind of
polyelectrolyte since they allow for solvation of both
components (polar and hydrophobic) of the polymer
structure.37 As was expected, spectra recorded in water were
slightly shifted to the red with respect to those recorded in the
solvent mixture, suggesting the existence of aggregates. An
additional red shift of the spectra, followed by a broadness of
the excitation band and a higher resolution in the vibrational
structure of the emission spectrum, was observed in the buﬀer
solution. These eﬀects were accompanied by a slight decrease
in the absorbance and a signiﬁcant drop of the ﬂuorescence
quantum yield (down to 0.16 ± 0.03 as compared to 0.52 ±
0.03 measured in water37), as well by an increase in Rayleigh
scattering of the sample (data not shown). Such eﬀects could
be explained by the existence of nonspeciﬁc electrostatic
interactions between HTMA-PFP and anionic species contained in the buﬀer solution to yield neutral complexes which,
upon charge neutralization, exhibit lower solubility, giving place
to the formation of larger aggregates. To better characterize
these aggregates, DLS experiments were carried out at room
temperature. This technique yields information on the size
distribution of macromolecules in solution in the submicrometer range. Results showed that once HTMA-PFP is added to
the buﬀer, aggregates are rapidly formed, having hydrodynamic
radium of around 110 nm (Table 1). The average size of

Figure 2. Stern−Volmer plots for quenching of HTMA-PFP (1.5 μM)
by AQS in water (black squares), phosphate buﬀer (circles), and LUVs
of DMPG (triangles).

concentration range of 0 to 5.5 × 10−8 M, with KSV = 3.2 × 107
M−1, while for buﬀer the plot was linear within the used
concentration range, with a Ksv value being about 50% lower
than in water. When these values were used to calculate the
bimolecular rate constant of the quenching process kq,
assuming τ = 520 ps,41 values of 3.08 × 10 16 M−1 s−1 and
1.54 × 10 16 M−1 s−1 were found for water and buﬀer,
respectively. These high values indicate, as expected, the
formation of static quenching complexes via attractive electrostatic interactions between AQS and HTMA-PFP. Higher
concentrations of AQS (0.5 μM) induced total quenching of
the ﬂuorescence intensity of HTMA-PFP in water, while in
buﬀer the ﬂuorescence signal was not completely inhibited even
at 5 μM of quencher. This result is consistent with a situation in
which a small fraction of polymer chains is not exposed to the
solvent, probably formed by those chains being located in the
core of the aggregates.
HTMA-PFP in DMPG. To explore the ability of HTMAPFP to interact with lipid vesicles, diﬀerent samples containing
LUVs of DMPG in buﬀer with ﬁnal lipid concentrations
ranging from 0 to 1 mM were prepared, and the same
concentration of HTMA-PFP (1.5 μM, in terms of repeat
units) was added to all of the samples at 40 °C to ensure that
the lipid bilayer was in ﬂuid phase (DMPG presents its gel/
ﬂuid phase thermal transition around 24 °C). Note that lipid
vesicles were never added to a solution previously containing
HTMA-PFP in buﬀer, since the order of addition could aﬀect
the ﬁnal result,25 taking into account the high tendency of the
polymer to form aggregates in buﬀer. Figure 3 shows the
emission spectra recorded for the diﬀerent samples. An
enhancement of the ﬂuorescence intensity as well as a blueshift in the spectrum was observed up to a lipid concentration
of about 0.5 mM. Higher concentrations of lipid did not modify
the ﬂuorescence spectrum. This result suggests that when
HTMA-PFP is added to a vesicle suspension, it interacts with
the lipid bilayer and that, as consequence of this interaction, the
polymer chains become more extended than in buﬀer and the
probability of polymer−polymer interaction (aggregation) is
reduced, increasing the ﬂuorescence quantum yield by
approximately a factor of 4.2. A similar eﬀect was observed
when a cationic PPE-based CPE was added to anionic
liposomes.22,23 It is possible to estimate the aﬃnity of the

Table 1. Hydrodynamic Radii, Determined by DLS
Measurements, for Diﬀerent Samples: HTMA-PFP in Buﬀer
and LUVs of DMPG before and after Polymer Addition
sample
buﬀer
DMPG
DMPG + HTMA-PFP
DMPG
DMPG + HTMA-PFP

temperature
20
10
10
40
40

°C
°C
°C
°C
°C

r (nm)
110
56.2
59.2
67.0
66.5

±
±
±
±
±

40
3.5
2.4
1.5
0.9

aggregates largely increased through time, acquiring diameters
larger than 400 nm after three hours of preparation, and
consequently reducing their ﬂuorescence intensity (it decreased
for more than 60% in 1 h). Further characterization was
performed by quenching experiments using the anionic electron
acceptor AQS.38,39 Aliquots of increasing concentration of
quencher were added to a buﬀer solution containing HTMAPFP (1.5 μM), and the results were compared to those
obtained in water. A Stern−Volmer plot demonstrated the
1993
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groups of HTMA-PFP and the negative charge of the lipid head
groups.
The above experiments indicate that for lipid concentrations
around 0.5 mM, all the polymer chains are interacting with
lipids, and no aggregate remains in the buﬀer. This result is
supported by DLS experiments of DMPG LUVs, which were
performed at 40 °C (ﬂuid phase) and 10 °C (gel phase), at the
same lipid concentration. In the absence of polyelectrolyte, only
a single distribution was observed centered at 67.0 ± 1.5 nm for
the lipid in the ﬂuid phase and at 56.2 ± 3.5 for the lipid in gel
phase, which are compatible with the expected liposome
radium (Table 1). When HTMA-PFP 1.5 μM was added to this
lipid suspension, a similar distribution was recorded centered at
66.5 ± 1.5 nm (40 °C) and 59.2 ± 2.4 (10 °C), and no
additional population was detected. These results conﬁrm that
polymer aggregates are not found in the buﬀer, and therefore all
the polymer chains are interacting with liposomes, and suggest
that the integrity of the lipid vesicles is retained after HTMAPFP interaction since no vesicle fusion or decomposition into
small fragments is detectable.
To gain more insight into this interaction, we took advantage
of the fact that ﬂuorene-based polymers, such as HTMA-PFP,
are particularly attractive as energy donors in FRET because of
their high ﬂuorescent quantum yields and blue emission, which
allow eﬃcient transfer to acceptors emitting over the whole
visible spectrum.41 Usually, donor and acceptor must be in
close proximity for an eﬃcient FRET to occur, and the
eﬃciency of the process is dependent on the donor−acceptor
distance.44 Consequently, if an acceptor chromophore is
embedded into the membrane, FRET from HTMA-PFP will
occur only if the polymer inserts into the liposomes (on the
surface or entrapped in the bilayer). BODIPY fatty acids are
currently used as ﬂuorescent probes for microscopy and
spectroscopy experiments because they ﬂuoresce in the visible
with high excitation and emission spectra similar to those of the
widely used xanthenes (ﬂuorescein, rhodamine, etc.), but unlike
these dyes, the BODIPY group carries no net charge and
therefore the ﬂuorophore is embedded in the membrane at a
depth related to its point of attachment to the acyl chain.45
Taking into account these properties, BODIPY (concretely,

Figure 3. Emission spectra recorded for HTMA-PFP (1.5 μM) at
diﬀerent DMPG concentrations 0, 0.001, 0.002, 0.003, 0.004, 0.005,
0.05, 0.1, 0.5, 1 mM in phosphate buﬀer. Inset: Fluorescence intensity
diﬀerences at diﬀerent DMPG concentrations.

polymer for the lipid membrane ﬁtting the ﬂuorescence
intensities measured at low lipid concentrations to the
following equation (see inset in Figure 3):
ΔI =

ΔImax[L]
1/(KPγ ) + [L]

where KP is the phospholipid/water partition coeﬃcient of the
polymer, ΔI (ΔI = I − I0) stands for the diﬀerence between the
ﬂuorescence intensity of the HTMA-PFP measured in the
presence (I) and in the absence (I0) of the phospholipid
vesicles, ΔImax = I∞ − I0 is the maximum value of this diﬀerence
once the limiting value is reached (I∞) upon increasing the
phospholipid concentration [L], and γ is the molar volume of
the phospholipid (for DMPG in the ﬂuid phase, the value of γ
is 0.7 M−1 42,43).
From a two-parameter (ΔImax and KP) ﬁtting procedure, a KP
value of (2.9 ± 1.3) × 105 was obtained, which indicates a very
high aﬃnity of the polymer for the lipid bilayer, probably due to
the electrostatic interaction between the quaternary amine

Figure 4. (A) Fluorescence emission spectrum of HTMA-PFP in LUVs of DMPG in the absence (solid) and in the presence (dash) of BODIPY
C4C9 upon excitation at 380 nm. Spectra are compared with that obtained in the absence of HTMA-PFP in LUVs of DMPG labeled with BODIPY
C4C9 excited at the same wavelength (dotted line). Inset: Kinetics of incorporation of HTMA-PFP in LUVs of DMPG at 40 °C measured by
monitoring the ﬂuorescence intensity recorded at λem = 516 nm (λexc =380 nm) in DMPG (light gray) and DMPG labeled with BODIPY (black)
before and after addition (t = 120 s.) of HTMA-PFP. Figure also shows the photostability of HTMA-PFP upon continuous irradiation at 380 nm
(λem = 450 nm) in the absence of BODIPY (dark gray). (B) Bar diagrams showing the ﬂuorescence intensity of HTMA-PFP in LUVs of DMPG in
the absence (left) and in the presence of AQS externally added (middle) or previously entrapped in the vesicles (right).
1994
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Figure 5. (A) Fluorescence intensity of CF encapsulated in DOPG recorded at 550 nm (λexc = 492 nm) for increasing concentrations of HTMA-PFP
(0, 1.5, 22 μM) and after addition of Triton-X100 (10%). Phase contrast (B) and ﬂuorescence microscopy images (C) of GUVs of DOPG in the
presence of HTMA-PFP.

vesicles in the absence of BODIPY, and the emission of
polymer (λem = 450 nm) was recorded as a function of time,
upon continuous excitation at 380 nm. A decrease lower than
10% was found after 20 min of irradiation, which was not
observed when the sample was maintained in the dark during
this time (see inset in Figure 4A).
Although FRET experiments conﬁrm the interaction of
HTMA-PFP with DMPG vesicles, they do not inform whether
the polyelectrolyte remains located close of the surface or if it is
embedded in the lipid bilayer. The DLS results suggest that
HTMA-PFP inserts into the lipid membrane because the size of
the vesicle does not change after polymer interaction. This
hypothesis was checked from quenching experiments using
AQS, taking advantage that this quencher is water-soluble
remaining out of the lipid bilayer. When increasing
concentrations of AQS as those used above in water and
buﬀer were added to a suspension of DMPG LUVs containing
HTMA-PFP, no change in the ﬂuorescence intensity of the
polymer was observed (Figure 2). The lack of quenching eﬀect
could be due to repulsions occurring between the anionic
quencher and the DMPG vesicles, and therefore we
considerably increased the quencher concentration up to 5
μM, observing the same response (Figure 4B). This result
indicates that once HTMA-PFP interacts with the membrane, it
does not remain located close of the surface, but is embedded
in the lipid bilayer, supporting the previous hypothesis. A
similar experiment was performed, but this time the quencher
was added to the buﬀer before liposomes formation, to ensure
that AQS was also located in the aqueous inner cavity of the
liposomes. The aim was to explore whether HTMA-PFP was
able to cross the lipid bilayer. Results showed that there was
∼95% of polymer unquenched (Figure 4B), which suggests that
HTMA-PFP can migrate to the inner monolayer but that only a
small fraction of it should be located in the inner surface.
Eﬀect of HTMA-PFP on the Lipid Vesicle Integrity. As
was described in the Introduction, the use of CPEs as probes
for bioimaging requires minimal perturbation of the sample
being studied. The above experiments suggest that the integrity
of the lipid vesicles is maintained after polymer incorporation.
This suggestion was conﬁrmed by monitoring the induced
release of CF from DOPG vesicles in the presence of HTMAPFP. When this ﬂuorophore is encapsulated at high
concentration in the aqueous cavity of liposomes, its
ﬂuorescence decreases by an autoquenching process;48,49

BODIPY 500/510 C4,C9; Scheme 1) was used as the FRET
acceptor from HTMA-PFP. From the spectral overlap between
HTMA-PFP emission and BODIPY absorption spectra, a J =
4.97 × 1014 cm3 M−1 was obtained (see eq 3), considering a
molar extinction coeﬃcient of ε = 101 000 M−1 cm−1 at 304
nm. This value was used in eq 2 to determine R0, considering a
quantum yield for HTMA-PFP in a lipid bilayer of 0.7, as
compared to 0.52 ± 0.03 measured in water,37 and a local
refractive index of n = 1.425.46 From this data, a value of R0 =
42 ± 2 Å is obtained, if an orientational factor κ2 = 2/3
(dynamic isotropic limit) is assumed. Given that the thickness
of the DMPG bilayer in ﬂuid phase is ∼32 Å,47 it is clear that if
HTMA-PFP inserts on the surface or within the bilayer, a
signiﬁcant energy transfer should be expected to occur. Figure
4A shows the emission spectrum of HTMA-PFP in LUVs of
DMPG containing BODIPY (1:500 acceptor:lipid molar ratio)
at 40 °C, together with those recorded in the absence of
acceptor or polymer. The decrease of HTMA-PFP emission
simultaneously with the increase of BODIPY emission upon
excitation at 380 nm (where the acceptor does not absorb) is a
clear evidence of FRET occurring. When diﬀerent acceptor:lipid molar ratios (1:1000, 1:750, and 1:500) were explored,
the same decrease in the polymer emission was observed (data
not shown). From these results, an eﬃciency of FRET of ∼40%
was estimated, using eq 4, after the correction procedure
described in the Experimental Section, conﬁrming that HTMAPFP is inserted into the membranes. The existence of FRET
can be also used to estimate the kinetics of incorporation of the
polyelectrolyte into the membrane. This kinetics can be
monitored recording the increase produced in the ﬂuorescence
intensity of BODIPY (λem = 516 nm), when it is excited at 380
nm, upon addition of HTMA-PFP. Figure 4A (inset) shows
how, in the absence of polymer, the ﬂuorescence intensity of
LUVs containing BODIPY was practically negligible, while it
increased abruptly after polymer addition, reaching its
maximum value in the ﬁrst seconds, which indicates that the
incorporation of HTMA-PFP into the membrane occurs very
fast. The fact that ﬂuorescence intensity remains practically
constant after membrane polymer incorporation suggests that
once HTMA-PFP inserts into the bilayer it does not change its
location. The slight decrease observed in the ﬂuorescence
intensity with time can be attributed to a small photobleaching
of the donor occurring after continuous irradiation. To conﬁrm
this possibility, HTMA-PFP was incorporated into DMPG
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therefore, if the interaction of the polyelectrolyte with the lipid
membrane produces the rupture of the lipid vesicle or the
formation of pores, the trapped CF is released and ﬂuoresces
strongly after its dilution in the buﬀer. Figure 5A shows the
ﬂuorescence of CF encapsulated in liposomes composed of
DOPG at room temperature, recorded in the absence and in
the presence of increasing concentrations of HTMA-PFP and
compared to that obtained after addition of Triton X-100 10%
to induce lysis of vesicles. Results show that the presence of
polyelectrolyte at 1.5 μM does not modify the ﬂuorescence
intensity of CF, indicating that the integrity of the lipid vesicles
is maintained at this polymer concentration. However, addition
of higher amounts of HTMA-PFP produced an increase in the
CF ﬂuorescence which suggests that this polyelectrolyte, used
at higher concentrations, induces alterations in lipid packing,
resulting in membrane rupture or pore formation. This eﬀect
could be attributed to the quaternary amine groups of the
polyelectrolyte as well as to its relatively rigid hydrophobic
backbone, which have been reported to disrupt bacterial
membranes (negatively charged) causing cell death.22 Therefore, HTMA-PFP added at low concentrations should act as a
ﬂuorescent membrane marker, while, when used at higher
concentrations, it could have some biocidal activity.
The integrity of the lipid vesicles in the presence of HTMAPFP was also conﬁrmed by phase contrast and ﬂuorescence
microscopy using GUVs formed by the gentle hydration
method.50 GUVs were composed of DOPG and microscopy
images were recorded at 25 °C (Figure 5b,c). Results show that
the polyelectrolyte interacts with the vesicles, labeling the lipid
membrane, but its presence does not alter the morphology of
the liposomes. In addition, no photobleaching was observed
during the acquisition period, conﬁrming the photostability of
HTMA-PFP, which was previously shown in Figure 4 (inset),
and its ability to visualize membrane structures.
HTMA-PFP in Lipid Vesicles as a Function of Temperature. As was previously mentioned, pure DMPG presents its
gel/ﬂuid phase thermal transition (Tm) around 24 °C. Below
this temperature, the lipids exist as a solid-like gel, the acyl
chains being packed tightly against each other. Above 24 °C,
the lipids are in a ﬂuid phase where the acyl chains are
disordered and rapid lateral diﬀusion of lipids occurs in the
plane of the membrane. Taking into account this property of
membrane, two types of studies were performed. First, we
explored whether the presence of HTMA-PFP altered the
thermotropic behavior and the structural order of the lipid
bilayer and, second, we analyzed whether the ﬂuorescence
spectra of the polyelectrolyte were sensitive to the large
structural changes taking place in the lipid bilayer at the lipid
phase transition. For the ﬁrst purpose, DSC and steady-state
ﬂuorescence anisotropy experiments were performed on LUVs
of DMPG. Figure 6 (top) shows the thermograms recorded in
the absence and in the presence of HTMA-PFP 1.5 μM and 16
μM. The fact that the position, high and width of the main
peak, located near 24 °C, of the thermograms of DMPG
containing polyelectrolyte were virtually identical to that of the
pure lipid, even at 16 μM of concentration, indicates that the
cooperativity of the transition is preserved in the presence of
the polyelectrolyte and, therefore, HTMA-PFP is not disrupting
the overall structure of the lipid bilayer at the used
concentrations. These results were corroborated by the
anisotropy experiments carried out using the ﬂuorescent
probe BODIPY 500/510 C4,C9 incorporated in DMPG (note
that the traditional ﬂuorescent probe diphenylhexatriene, DPH,

Figure 6. (Top) DSC thermograms of LUVs of DMPG in the absence
and in the presence of 1.5 μM and 16 μM HTMA-PFP at
temperatures between 15 and 36 °C. (Bottom) Anisotropy values,
⟨r⟩, of BODIPY C4C9 in LUVs of DMPG in the absence (black
squares) and presence (circles) of 1.5 μM HTMA-PFP.

could not be used because it absorbs in the same region as
HTMA-PFP). The plot of the steady-state ﬂuorescent
anisotropy, ⟨r⟩, of a membrane ﬂuorescent probe versus
temperature is a common tool used for liposomes characterization. For pure phospholipids, the characteristic shape of the
plot is sinusoidal, with a sharp transition of anisotropy values in
a short-range of temperatures in which the average value
correspond to Tm. Thus, the plot provides an accurate
determination of the Tm value, which is strongly dependent
on the natural dynamic motions of the bilayer and, hence, can
be correlated with the structural integrity of the lipid bilayer.
Figure 6 (bottom) shows the changes of anisotropy, ⟨r⟩,
recorded in DMPG LUVs in the absence and presence of 1.5
μM HTMA-PFP. The anisotropy values and the shape of the
curves are very similar in the two samples: ⟨r⟩ slightly decreases
with increasing temperature, with a sharp drop occurring at Tm,
evidencing that the lipid packing of the bilayer is preserved after
incorporation of HTMA-PFP.
For the second purpose, the ﬂuorescence emission spectra of
HTMA-PFP were recorded in DMPG as a function of
temperature, and were compared with those obtained in
DOPG, an unsaturated lipid that does not show phase
transition in the observed temperature range (Figure 7 and
inset). The increase in temperature, from 10 to 40 °C, induced
a totally diﬀerent eﬀect in both lipid systems. In DOPG,
ﬂuorescence intensity decreased as temperature increased and
the spectrum became slightly less resolved, suggesting an
increase in the degree of freedom of the polymer chain with
temperature. By contrast, in DMPG, a clear blue-shift in the
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dx.doi.org/10.1021/bm400348n | Biomacromolecules 2013, 14, 1990−1998

Biomacromolecules

Article

the process suggest that the tight packing of lipid chains below
the transition temperature forces the polymer to adopt a
planarized conformation of phenyl rings extending the eﬀective
π-conjugation length.51 In contrast, above the transition
temperature, in the ﬂuid phase, the polymer can twist to
form various conformations, preventing the delocalization of πelectrons over the entire chain.
The lipid phase transition of DMPG was also detected by
HTMA-PFP from FRET experiments performed as a function
of temperature, using BODIPY C4,C9 as acceptor. The
ﬂuorescence spectra of the polymer were recorded from 10
to 40 °C in the absence and presence of acceptor, and the
eﬃciency of the process was determined from eq 4 (Figure 8B).
Results show that in gel phase the FRET eﬃciency is very high
and decreases with increasing temperature, with a sharp drop
occurring at the lipid phase transition. This behavior was
reversible and could be attributed to several factors. On one
hand, it is possible that the variation in the FRET eﬃciency was
due to diﬀerences in the overlap integral, J, caused by the
emission spectral shift of HTMA-PFP occurring during the
phase transition. On the other hand, the fact that the average
lipid−lipid distance as well as the lipid vesicle volume are
higher when the bilayer is in ﬂuid phase (see Table 1) can lead
to an increase in the distance between HTMA-PFP and
BODIPY, reducing the FRET eﬃciency with respect to that
obtained in gel phase.

Figure 7. Fluorescence emission spectra of HTMA-PFP in LUVs of
DMPG recorded as a function of temperature from 10 to 40 °C. Inset:
Fluorescence emission spectra of HTMA-PFP in LUVs of DOPG as a
function of temperature.

emission spectrum was observed when going from 10 to 40 °C,
as well as a slight increase in intensity. Plots of the emission
maximum wavelength peak, λmax, and of the maximum intensity,
Imax, against temperature are shown in Figure 8A. Results show

■

CONCLUSIONS

In conclusion, this study uses diﬀerent approaches to explore
the interaction between the cationic CPE HTMA-PFP and
anionic lipid vesicles in order to evaluate the potential use of
this polyelectrolyte as a ﬂuorescent membrane marker. Results
show that HTMA-PFP rapidly incorporates into the membrane
with high aﬃnity, being embedded within the lipid bilayer
where it shows high ﬂuorescence eﬃciency and good stability,
allowing the visualization of the membrane structures by
ﬂuorescence microscopy. This interaction perturbs neither the
morphology of the vesicles nor their lipid packing, thus
preserving their structural integrity. The good sensitivity of the
HTMA-PFP ﬂuorescence to the physical state of the lipid
bilayer makes it an interesting tool for detecting lipid phase
changes. In addition, the polyelectrolyte is a good FRET donor
for acceptors emitting over the whole visible spectrum because
of its high ﬂuorescent quantum yield and blue emission and it
has been also described for our group as an adequate energy
acceptor from tryptophan residues in peptides and proteins.29
These properties extend the potential applications of HTMAPFP to be used for monitoring membrane-ligand interactions
and liposome drug delivery. Finally, the fact that the bacterial
membranes is rich in anionic lipids, principally phosphatydilglycerol, makes HTMA-PFP a suitable candidate for the study
or the detection of pathogenic bacterial cells, by selectively
targeting the bacterial membrane over the mostly zwitterionic
membrane surfaces of healthy mammalian cells.52 It could have
many applications in health and environmental testing. For
example, currently there is a big need to develop highly
sensitive assays able to detect and visualize very small numbers
of pathogenic bacterial cells in biomedical samples or in food
and drinking water.53,54 For that, it is necessary ﬁrst to know
the behavior of the polyelectrolyte in the presence of vesicles
composed of zwitterionic phospholipids, as well as in samples
containing both anionic and zwitterionic vesicles, which is the
scope of our next study.

Figure 8. (A) Dependence with the temperature of the ﬂuorescence
maximum position (black squares) and intensity (circles) of HTMAPFP in LUVs of DMPG. (B) Eﬀect of temperature on the FRET
eﬃciency between HTMA-PFP and BODIPY C4C9 in LUVs of
DMPG.

how these parameters, especially λmax, change at the transition
temperature, which indicates that polyelectrolyte ﬂuorescence is
sensitive to the physical state of the lipid bilayer. The changes
observed in these experiments were reversible, and a similar
spectral shift was found when the same sample was allowed to
cool at 10 °C and heated again. The fact that the emission
spectrum of HTMA-PFP in the gel phase is red-shifted with
respect to that recorded in ﬂuid phase and the reversibility of
1997
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U.; Pinazo, A.; Pérez, L.; Morán, M. C. J. Mol. Liq. 2010, 156, 18−27.
(35) Monteserín, M.; Burrows, H. D.; Valente, A. J. M.; Lobo, V. M.
M.; Mallavia, R.; Tapia, M. J.; García-Zubiri, I. X.; Di Paolo, R. E.;
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Abstract: This paper explores the interaction mechanism between the conjugated
polyelectrolyte {[9,9-bis(6'-N,N,N-trimethylammonium)hexyl]fluorene-phenylene}bromide
(HTMA-PFP) and model lipid membranes. The study was carried out using different
biophysical techniques, mainly fluorescence spectroscopy and microscopy. Results show
that despite the preferential interaction of HTMA-PFP with anionic lipids, HTMA-PFP
shows affinity for zwitterionic lipids; although the interaction mechanism is different as
well as HTMA-PFP’s final membrane location. Whilst the polyelectrolyte is embedded
within the lipid bilayer in the anionic membrane, it remains close to the surface, forming
aggregates that are sensitive to the physical state of the lipid bilayer in the zwitterionic
system. The different interaction mechanism is reflected in the polyelectrolyte fluorescence
spectrum, since the maximum shifts to longer wavelengths in the zwitterionic system. The
intrinsic fluorescence of HTMA-PFP was used to visualize the interaction between
polymer and vesicles via fluorescence microscopy, thanks to its high quantum yield and
photostability. This technique allows the selectivity of the polyelectrolyte and higher
affinity for anionic membranes to be observed. The results confirmed the appropriateness
of using HTMA-PFP as a membrane fluorescent marker and suggest that, given its
different behaviour towards anionic and zwitterionic membranes, HTMA-PFP could be
used for selective recognition and imaging of bacteria over mammalian cells.
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1. Introduction
Polyelectrolytes are polymers of any type and structure that carry positively or negatively charged
ionizable groups. The interaction of these macromolecules with lipids or cell membranes play an
important role in many biophysical applications, such as a safe and targeted delivery of genetic material
to cells, stabilization of liposomes, or antimicrobial activity [1–5]. Conjugated polyelectrolytes (CPEs)
are a particular type of polyelectrolytes, which have very interesting properties. They are polymers with
π-conjugated backbones, which show strong absorption and high efficiencies in both photoluminescence
and electroluminescence, and contain ionic side groups to facilitate their water solubilisation [6,7]. Over
the past decades, CPEs have received a lot of attention in biomedical applications, especially for
developing biosensing schemes and sensing devices for biomolecules [8–11], and more recently they
have been employed as novel fluorescent probes for bioimaging [12–19]. Among CPEs, those
involving fluorene-based systems offer the advantage of high fluorescence quantum yields and
photostability, blue emission (suitable for energy transfer experiments), excellent thermal stability and
high stability against oxidants, as well as good synthetic accessibility [19,20]. In addition, fluorenebased CPEs consist of a rigid hydrophobic polyfluorene backbone with flexible charged side chains,
which induces interesting aggregation behaviour; this phenomenon directly affects their intrinsic
fluorescence [21–24]. These properties have been used for studying interactions with biomolecules,
such as proteins and DNA, allowing sensing platforms to be developed. However, the interaction of
charged polyfluorenes with model lipid membranes, which imitate the complexity of natural cell
membranes, still remains practically unexplored [25–27]. This study is of interest for predicting and
understanding the mechanism of interaction with real cell membranes in order to develop new
biotechnological applications.
The cationic polyelectrolyte poly{[9,9-bis(6'-N,N,N-trimethylammonium)hexyl]fluorene-phenylene}
bromide (HTMA-PFP) is a water-soluble polyfluorene, consisting of a backbone and alkyl side chain
hydrophobic moieties, while the cationic charged quaternary amines control electrostatic interactions
(Figure 1) [28,29]. Due to this structure, the polyelectrolyte tends to establish nonspecific electrostatic
interactions with species of opposite charge, such as DNA or proteins like human serum albumine
(HSA), which can be monitored from changes in its absorption and intrinsic fluorescence [25,27]. In
addition, the polyelectrolyte is a good energy transfer donor for acceptors over a large part of the visible
spectrum because of its high fluorescent quantum yield and blue emission, and it has also been shown to
be an adequate energy acceptor from tryptophan residues in peptides and proteins [25,30]. Recently, we
explored the interaction of HTMA-PFP with vesicles composed of anionic phospholipids [31]. In that
study, we concluded that the polyelectrolyte rapidly incorporated into the membrane with high affinity,
being embedded within the lipid bilayer where it showed high fluorescence efficiency and good
stability. These properties allow the visualization of the lipid vesicles with fluorescence microscopy.
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Figure 1. (a) HTMA-PFP chemical structure; (b) the conformation of a tetramer of
HTMA-PFP obtained using molecular dynamics simulations.

(a)

(b)
Fluorescent imaging of bacterial infection by selectively targeting the bacterial membrane over the
membrane surfaces of healthy mammalian cells has emerged as a powerful tool with many health and
environmental applications, such as visualizing small populations of bacterial cells in biological fluids
or in food and drinks [32–35]. However, in spite of its advantages, to date only a small number of
targeting probes have been reported for the aforementioned application. Ideal markers should be highly
fluorescent, water-soluble, biocompatible, photostable, and composed of two structural components:
an affinity ligand and a reporter group. The high affinity of HTMA-PFP for anionic lipids, the
dominant lipid component in bacterial membranes, as well as its high fluorescence quantum yield and
photostability makes HTMA-PFP a suitable candidate for this task. To explore this possibility, the
selectivity of the polymer against model bacterial and mammalian membranes should be investigated.
It is known that the mammalian plasma membrane is rich in zwitterionic lipids. By varying the lipid
composition of the model membranes, it is possible to mimic both types of cell membranes. In this paper,
we investigated the affinity and mechanism of HTMA-PFP interaction with membranes composed of
zwitterionic phospholipids and the results were compared with those obtained in anionic membranes.
In addition, we determined the behaviour of the polyelectrolyte in samples that simultaneously
contained both anionic and zwitterionic vesicles in different ratios. Finally, it is known that molecules
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having quaternary amine groups are able to disrupt bacterial membranes causing cell death [36–38],
and therefore, the membrane perturbing activity of HTMA-PFP was also evaluated.
2. Results and Discussion
2.1. HTMA-PFP in Zwitterionic Membranes
In a previous paper, we investigated the behaviour of HTMA-PFP in buffer and in the presence of
vesicles composed of anionic phospholipids [31]. The polyelectrolyte showed a low fluorescence
quantum yield and a red-shift of the emission spectrum in buffer, which was attributed to the formation
of metastable aggregates by self-assembly of the polymer hydrophobic chains and to the existence of
nonspecific electrostatic interactions between these aggregates and anionic species contained in the
buffer. A strong increase in the fluorescence intensity and a blue-shift of the spectrum was observed in
the presence of low concentrations of anionic vesicles, indicating that HTMA-PFP interacts with the
lipid bilayer with high affinity and, as a consequence of this interaction, the polymer chains become
more extended than in buffer and the probability of polymer-polymer interaction (aggregation) is
reduced. Additional experiments showed that the polyelectrolyte penetrates into the hydrophobic
core, labelling the lipid bilayer without altering the morphology of the vesicles and allowing
their visualization.
The high affinity of HTMA-PFP to anionic phospholipids is probably due to the electrostatic
interaction between the quaternary amine groups of HTMA-PFP and the negative charge of the lipid
head groups. Therefore, it should be of interest to know how the polymer-membrane interaction is
affected by the lipid charge in order to determine the membrane selectivity of HTMA-PFP and
evaluate its potential use as a fluorescent probe for bacterial imaging. To this end, we studied
the interaction mechanism of the polyelectrolyte with lipid vesicles composed of zwitterionic
phospholipids, comparing the results with those obtained for anionic lipid vesicles. As a first step, the
affinity of HTMA-PFP to zwitterionic membranes was evaluated in samples containing large
unilamellar vesicles (LUVs) of 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC). Samples were
prepared with increasing lipid concentrations (up to 1 mM) and the same concentration of HTMA-PFP
(1.5 μM, in terms of repeat units). The temperature was maintained at 40 °C to ensure that the lipid
bilayer was in fluid phase (DMPC presents its main thermal phase transition around 24 °C). Figure 2a
shows the emission spectra recorded for the different samples. An enhancement of the fluorescence
intensity and a very small blue-shift in the spectrum was observed up to a lipid concentration of about
1 mM. Higher concentrations of lipid did not significantly modify the fluorescence signal, suggesting
that, at this lipid concentration, all the polymer chains interacted with the lipids and no aggregates
remained in the buffer. Changes in the fluorescence intensity were used to estimate the partition
coefficient of the polyelectrolyte between the zwitterionic membrane and the aqueous phase (KP),
which is defined in terms of molar concentrations as:
KP =

(1)

where ni stands for moles of compound in phase i and Vi for volume of phase i. The phase is either
aqueous (i = W) or lipidic (i = L). The quantitation of KP was performed according to [39]:
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(2)

where ∆I (∆I = I − I0) stands for the difference between the fluorescence intensity of HTMA-PFP
measured in the presence (I) and in the absence (I0) of the phospholipid vesicles, ∆Imax = I∞ − I0 is
the maximum value of this difference once the limiting value is reached (I∞) upon increasing the
phospholipid concentration [L], and is the molar volume of the phospholipid (for DMPC in the fluid
phase the value of is 0.9 M−1) [40]. Comparing these results with those obtained for liposomes
composed of the anionic phospholipid 1,2-Dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol) DMPG
(see inset in Figure 2a), we conclude that HTMA-PFP shows higher affinity for anionic vesicles than
for zwitterionic ones. In fact, the KP value obtained for DMPG in the previous paper was one order of
magnitude higher than that for DMPC [31].
Figure 2. (a) Emission spectra recorded for HTMA-PFP (1.5 µM) at different DMPC
concentrations 0, 0.001, 0.002, 0.003, 0.004, 0.005, 0.05, 0.085, 0.5, 1 mM. Inset: changes
in fluorescence intensity (∆I) at increasing concentrations of DMPC (black line) and
DMPG (gray line); (b) incorporation kinetics of HTMA-PFP in DMPC (black line) and
DMPG (gray line) labelled with BODIPY 500/510 C4, C9 measured at 40 °C by monitoring
the fluorescence intensity recorded at em = 516 nm (ex = 380 nm) after addition of
polyelectrolyte.

The incorporation kinetics of the polyelectrolyte into the zwitterionic membrane was explored by
means of FRET experiments using BODIPY 500/510 C4, C9, which was previously shown to be a
good energy acceptor of HTMA-PFP [31]. This BODIPY fatty acid was incorporated into the DMPC
membrane before polymer addition, at a probe:lipid molar ratio of 1:500. Its fluorescence emission
(em = 516 nm) was practically negligible upon excitation at the absorption maximum wavelength of
the polymer (380 nm), which was an expected result, since BODIPY does not absorb appreciably at
this wavelength. HTMA-PFP’s interaction with the membrane was monitored by recording the
increase in the fluorescence signal as a function of time, as a consequence of the polymer-BODIPY
energy transfer, and the plot was compared to that recorded for the anionic membrane under the same
conditions (Figure 2b). The fluorescence intensity of BODIPY increased abruptly within a few minutes
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after polymer addition, indicating that the interaction of HTMA-PFP with the zwitterionic lipid bilayer
is very fast; however, it was slower than that observed for the anionic membrane, which occurred
within the first few seconds.
The higher affinity of the polymer for the anionic vesicles and faster incorporation kinetics indicate
that the nature of the interaction between HTMA-PFP and the lipid membrane depends on the lipid
charge, which is mainly electrostatic for the anionic system, at least in a first step, while for the
zwitterionic one it would likely be mediated by hydrophobic interaction between the conjugated
backbone of the polymer and the lipid molecules. The differences observed in the fluorescence spectra
of the polyelectrolyte in both types of lipids also point to a different interaction mode. Figure 3 shows
the normalized excitation and emission spectra of HTMA-PFP in DMPC as compared to those
obtained in DMPG and buffer. In DMPG, the emission maximum intensity was observed at 411 nm,
while in DMPC and buffer, it was located at 418 and 422 nm, respectively. Simultaneously to the
blue-shift, an increase in fluorescence intensity was observed (data not shown), which probably
indicates that the metastable aggregates formed in buffer break-up upon interaction with membranes;
this effect was more pronounced in the anionic bilayer than in the zwitterionic. The break-up of
aggregates would decrease the conjugation length, shifting the emission spectrum to shorter
wavelengths. The excitation spectra support this interpretation, since the red-shift and broadness of the
band are associated with an increase in the aggregation of the polyelectrolyte [20,25,41]. All these
results make evident the different interaction mechanism and suggest that aggregates of HTMA-PFP
are better solubilised in the anionic membrane than in the zwitterionic.
Figure 3. Normalized (a) excitation and (b) emission fluorescence spectra of
HTMA-PFP in buffer (blue dotted line), LUVs of DMPC (black line) and LUVs of DMPG
(red dashed line) recorded at 40 °C.

To obtain more insight of the membrane-polyelectrolyte interaction, quenching experiments were
carried out using the anionic electron acceptor 9,10-anthraquinone-2,6-disulfonic acid (AQS) as a
fluorescence quencher. This molecule has been reported to be an excellent quencher for cationic
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conjugated polyelectrolytes and is soluble in water, but not in lipid membranes [42,43]. In our previous
paper, AQS was not capable of deactivating HTMA-PFP’s fluorescence when HTMA-PFP was
incorporated into anionic DMPG vesicles, indicating that the polyelectrolyte does not remain located
close to the membrane surface, but is embedded into the lipid bilayer [31]. A similar experiment was
performed in zwitterionic vesicles and the results are shown in Figure 4. Contrary to what was
observed for anionic membranes, when increasing concentrations of AQS were added to a suspension
of DMPC LUVs containing HTMA-PFP, a decrease in the fluorescence signal of the polyelectrolyte
was observed. The corresponding Stern-Volmer plot was linear in the concentration range studied (up
to 10 µM) and a value of Ksv = 1.4 × 105 M−1 was extracted from the slope of the plot. This value was
used to calculate the bimolecular rate constant of the quenching process kq, assuming  = 520 ps [30]. A
high value of 2.7 ×1014 M−1∙s−1 was found, which indicates, as expected, the formation of static quenching
complexes between AQS and polymer. This value is, however, lower than that of
1.5 × 1016 M−1∙s−1 obtained in buffer [31], indicating a more reduced accessibility of the quencher to
the membrane-bound polyelectrolyte as compared to the polyelectrolyte in solution. This result
confirms that HTMA-PFP is incorporated into the lipid vesicle, but indicates that it remains near or at
the surface of the bilayer and not in the hydrophobic core (see Figure 5).
HTMA-PFP’s interaction with the zwitterionic lipid membrane was also evaluated from fluorescence
microscopy images, using giant unilamellar vesicles (GUVs) prepared by the electroformation method.
GUVs were composed of the zwitterionic phospholipid 1,2-Dioleoyl-sn-glycero-3-phosphocholine
(DOPC) instead of DMPC to facilitate vesicle formation. GUVs were labelled with the fluorophore
BODIPY-PC, which absorbs in the visible range without interfering with the absorption of HTMA-PFP.
Images were recorded at 25 °C upon irradiation with visible- and UV-light. Figure 6 shows representative
images of vesicles obtained after addition of low polymer concentrations. The results confirmed that
HTMA-PFP was incorporated into the lipid vesicles, retaining their structural integrity without altering
their spherical morphology. No photobleaching was observed during the acquisition period, confirming the
photostability of HTMA-PFP in the zwitterionic system and its possible utilization as a fluorescent
membrane marker, as was already reported in the previous paper for anionic vesicles [31].
Figure 4. Stern-Volmer plots for quenching of HTMA-PFP (1.5 µM) by AQS in LUVs of
DMPC (solid squares) and in LUVs of DMPG (circles). Measurements were performed
at 40 °C.
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Figure 5. Schematic model, which shows the interaction between HTMA-PFP and
lipid vesicles composed of (a) anionic and (b) zwitterionic vesicles in gel and
fluid phases.

Figure 6. Fluorescence microscopy images of GUVs composed of DOPC labelled with
BODIPY-PC, recorded upon irradiation with (a) visible- and (b) UV-light, after addition
of HTMA-PFP.

2.2. Effect of Temperature
It is well known that membranes composed of a single species of lipid molecules display a thermal
phase transition associated with trans-gauche isomerizations of the lipid chains, which brings the
bilayer from an ordered gel to a disordered fluid state. In biological membranes, the lipids are mainly
in a fluid phase, which facilitates lateral diffusion and conformational changes of membrane proteins.
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Therefore, to better simulate biological membranes, all the aforementioned experiments were carried
out at 40 °C to ensure that the lipid bilayer was in the fluid phase (both DMPC and DMPG present
their thermal phase transition around 24 °C), with exception of the microscopy experiments which
were performed at 25 °C, since the transition temperature of DOPC occurs below 0 °C. However, it is
of interest to know how the large structural changes taking place in the lipid bilayer in the lipid phase
transition affect polyelectrolyte behaviour. This study might lead to more insight into the polymermembrane interaction mechanism. The effect of temperature on HTMA-PFP incorporated in DMPG
was explored in the previous paper [31]. Results showed a clear red-shift in the emission spectrum
when the membrane was in the gel phase and a slight decrease in fluorescence intensity accompanied
by an increase in the vibrational structure. This behaviour was explained by the chemical structure of
the polyelectrolyte shown in Figure 1. Probably, the tight packing of lipid chains below the transition
temperature forces the polymer to adopt a planar conformation of phenyl rings, reducing its
conformational flexibility and extending the effective π-conjugation length, shifting the emission to
red [44]. In contrast, above the transition temperature, the polymer can twist to form various
conformations, preventing the delocalization of π-electrons over the entire chain (Figure 5a).
When the effect of temperature was explored in zwitterionic vesicles, a different behaviour
was observed as compared with that in anionic vesicles. In this case, the fluorescence quantum yield of
HTMA-PFP decreased abruptly in the gel phase and only a very slight red shift was detected in the
emission spectrum (~2 nm). Changes in fluorescence intensity were plotted as a function of
temperature (Figure 7a). The results showed that from 5 to 12 °C, the fluorescence signal was
practically constant. However, a significant increase was observed from 13 °C, reaching its maximum
at 24 °C. One of the possible explanations for this result is that the presence of the polymer in the
bilayer disrupts the van der Waals interactions between phospholipids, shifting the phase transition to
lower temperatures. To explore this possibility, differential scanning calorimetry (DSC) experiments
were performed on DMPC LUVs containing HTMA-PFP. Figure 7b shows the thermograms recorded
in the absence or presence of increasing concentrations of polyelectrolyte (1.5, 16 and 50 µM). From
the analysis of these thermograms, transition temperatures (Tm) and enthalpies were calculated (see
legend in Figure 7b). The fact that the values obtained for DMPC containing polyelectrolyte were
similar to those of the pure lipid, even at 50 µM of concentration, indicates that the cooperativity of the
transition is preserved in the presence of the polymer and, therefore, HTMA-PFP is not disrupting the
overall structure of the lipid bilayer at the used concentrations. The second possibility is that the
polyelectrolyte is sensitive to the lipid pretransition. The lipid pretransition is a low enthalpy transition
below the main phase transition of lipid membranes in which a flat membrane in the gel phase
transforms into a periodically undulated bilayer (ripple phase) with a corrugated surface profile.
Generally, it is assumed that the lipids in the ripple phase are mainly in the all-trans configuration, as
in the gel phase. However, several studies point to the existence of fluid regions coupled with the
geometry of the ripples and suggest that both pretransition and main transition are caused by the same
physical effect, namely chain melting [45,46]. For DMPC, this phenomenon take places around 14 °C.
Therefore, the increase in the fluorescence intensity of HTMA-PFP at 14 °C might be attributable to
the conformational changes and/or to the change in location experienced by the polymer as a
consequence of these structural alterations, which mainly affect the membrane surface. In order to
check this possibility, we carried out a similar experiments, but incorporated the polyelectrolyte in
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lipid vesicles composed of 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), a zwitterionic
phospholipid that presents its pretransition and main phase transition at 33.5 and 41 °C, respectively.
In this case, HTMA-PFP fluorescence intensity was practically constant up to 33 °C and increased
from 34 to 42 °C, coinciding with the initiation and completion of the acyl chain melting process
(Figure 7a). DSC analysis was also performed for DPPC in the absence and presence of different
concentrations HTMA-PFP. As was observed for DMPC, the Tm and transition enthalpies were similar
to those of pure lipid (data not shown).
Figure 7. (a) Temperature dependence of the fluorescence intensity measured as the
integrated area under the spectrum of HTMA-PFP (1.5 µM), recorded in DMPC (black
squares) and DPPC (circles); (b) DSC thermograms of DMPC LUVs in the absence
(Tm = 24.5; ∆H = 6.0 kcal/mol) and presence of HTMA-PFP at concentrations of 1.5 µM
(Tm = 24.5; ∆H = 6.9 kcal/mol), 16 µM (Tm = 24.5; ∆H = 6.6 kcal/mol) and 50 µM
(Tm =24.5; ∆H = 6.1 kcal/mol).

This result supports the hypothesis that HTMA-PFP aggregates are located near the bilayer surface
and are, therefore, sensitive to changes occurring in this membrane region. Probably, below the
pretransition, the polymer aggregates are mainly adsorbed on the surface of the vesicles instead of
incorporated into the lipid bilayer (Figure 5). The beginning of pretransition allows the aggregates to
solubilize better in the lipid membrane, leading to an increased fluorescence intensity. To confirm this
assumption, a quenching experiment, similar to the one described before, was carried out in DMPC
below the pretransition temperature at 10 °C. The quenching efficiencies were lower than those
observed for the polymer in buffer, but 3-times higher than those in the fluid phase, suggesting a
higher accessibility of the quencher to the polyelectrolyte (data not shown). This result indicates that,
at this temperature, HTMA-PFP still interacts with the zwitterionic membrane, but remains in the
lipid/water interface and is more exposed to the solvent than in the fluid phase.
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2.3. Selectivity of HTMA-PFP against Anionic and Zwitterionic Membranes
The above results confirm that the nature of the interaction between HTMA-PFP and lipid
membranes depends on the lipid charge. Although an electrostatic interaction is expected to be
responsible for the high affinity of HTMA-PFP for the anionic membrane, the final location of the
polyelectrolyte, which is well embedded into the bilayer core, indicates that hydrophobic forces also
contribute to its solubilisation, reducing its aggregation state and increasing the fluorescence quantum
yield compared to zwitterionic membranes. This behaviour suggests that HTMA-PFP is selective for
anionic vesicles and can, therefore, be used as a potential bacterial membrane marker. The fact that the
position of the fluorescence emission spectrum of HTMA-PFP depends on the lipid charge was used as
a tool to confirm this hypothesis in this study. A series of samples containing different ratios of DMPC
and DMPG LUVs (final concentration 1 mM) were prepared and the fluorescence spectrum of
HTMA-PFP was recorded for each sample at 40 °C (Figure 8a). The results show a clear shift of the
spectral maximum from 418 to 411 nm, when the DMPG LUVs content is increased. When the sample
was composed of equal amounts of DMPC and DMPG, the spectral maximum was observed at
411 nm, indicating that all the polymer chains were incorporated into the anionic membrane and not
into the zwitterionic. These results confirm the higher affinity of HTMA-PFP for the anionic
membrane and can be better seen by plotting the wavelength of the maximum spectral as a function of
the lipid composition (Figure 8b). The plot shows that the presence of a small amount of DMPG
vesicles is sufficient to observe the position of the maximum closer to 411 than to 418 nm. This
conclusion was supported by quenching experiments, which were carried out on the samples using
AQS as a quencher (Figure 8c). If effectively all the polymer chains are embedded in the anionic
vesicles, then they should not be accessible to the quencher. The fact that the quenching efficiency was
close to 0% for samples containing a small amount of DMPG LUVs confirms this hypothesis,
confirming the selectivity of HTMA-PFP for anionic lipids.
The preference of HTMA-PFP towards anionic membrane suggests, but does not prove, that the
polyelectrolyte can be used to label and visualize populations of anionic vesicles over zwitterionic
vesicles. To test this ability, we prepared two series of GUVs at the same lipid concentration, but
with different composition. The first GUVs were composed of zwitterionic lipids of DOPC and labeled
with the fluorescent probe BODIPY-PC, which could be visualized upon excitation with visible-light.
The second series of GUVs also contained DOPC, but were mixed with anionic lipids of
1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DOPG) in a molar ratio of 3:1 (note that GUVs
of pure anionic lipids cannot be formed by the electroformation method); no fluorescent probe was
added, so they could not be observed via fluorescence microscopy. Equivalent volumes of both
preparations were transferred to the same well and microscopy images were recorded before and after
the addition of HTMA-PFP. As expected, in the absence of the polymer both types of vesicles were
visualized by phase contrast microscopy (Figure 9a), but only some of them (the zwitterionic) were
fluorescent under Vis-light (Figure 9b), and no fluorescence image was detected when the sample was
excited with UV-light. Fluorescence microscopy images recorded after addition of polyelectrolyte are
shown in Figure 10. The pictures show that the vesicles that fluoresce in green upon irradiation with
visible light (Figure 10a) are different from those fluorescing in blue with UV-light (Figure 10b). This
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result is direct evidence that the polyelectrolyte selectively labels the anionic vesicles and, therefore,
supports its potential use as a bacterial imaging probe.
Figure 8. (a) Normalized fluorescence emission spectra of HTMA-PFP (1.5 µM) in a
mixture of DMPC and DMPG LUVs (final lipid concentration 1 mM) recorded at
increasing anionic vesicle content; (b) position of the fluorescence maximum as a function
of increased DMPG vesicle percentage; (c) fluorescence quenching percentage of
HTMA-PFP (1.5 µM) with AQS (5 µM) versus increased DMPG vesicle percentage.

Figure 9. Microscopy images of a mixture of GUVs of DOPC-BODIPY and DOPC/DOPG
(3:1) observed by (a) phase contrast microscopy and (b) upon excitation with
Vis-light (both images correspond to the same field).
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Figure 10. Fluorescence microscopy images of a mixture of GUVs of DOPC-BODIPY and
DOPC/DOPG (3:1) observed after HTMA-PFP addition, upon excitation with (a) Vis-light
and (b) UV-light (both images correspond to the same field).

2.4. Ability of HTMA-PFP to Destabilize Anionic Vesicles
Molecules with quaternary amine groups have been reported to disrupt bacterial membranes causing
cell death [36,37]. The biocide action involves perturbation of the bacterial membrane lipid bilayers
through interaction of the positively charged quaternary nitrogen with the polar phospholipid head
groups. The hydrophobic part of the molecule subsequently interacts and inserts into the hydrophobic
membrane core, causing the rearrangement of the membrane and the subsequent leakage of
intracellular constituents [38]. Recently, a series of cationic poly(phenylene ethynylene) (PPE)-based
conjugated polyelectrolytes containing pendant quaternary amine groups have been described as
exhibiting biocidal activity against a variety of bacterial species [47]. In order to explore if
HTMA-PFP with these cationic groups could also be used to this end, we evaluated the membrane
stability of anionic vesicles as a function of time in the presence of increasing concentrations of
polyelectrolyte. Stability was assessed through leakage experiments using the fluorophore
carboxyfluorescein (CF), whose absorption and fluorescence do not interfere with that of HTMA-PFP.
CF was encapsulated at high concentrations in the aqueous cavity of LUVs composed of DOPG, as
described in the Experimental Section. Under these conditions, the CF fluorescence is very low due to
self-quenching [48,49]. If the vesicle membrane is perturbed by the incorporation of polyelectrolyte,
then the dye is released and the fluorescence signal increases after its dilution in buffer. CF leakage
was calculated from Equation (3):

CF leakage 

F  F0
Fmax  F

(3)

where F0 and F are the fluorescence intensities of CF in the vesicles in the absence and presence of
HTMA-PFP, respectively, and Fmax is the maximum fluorescence intensity of the sample observed
after addition of Triton-X100 (10%) that causes the complete lysis of the vesicles. Figure 11 shows the
fluorescence leakage profiles from DOPG vesicles upon addition of three increasing concentrations of
polyelectrolyte. Results show that at 1.5 µM of HTMA-PFP, the fluorescence leakage was practically
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zero and therefore the integrity of the anionic vesicle is maintained at this polymer concentration,
as was observed in the previous study [31]. However, higher concentrations caused membrane
perturbation and the dye leakage increased as a function of the polymer concentration. The leakage
process was very fast, occurring within the first few seconds after the addition of the polyelectrolyte.
This suggests that, at these concentrations, the polymer is able to alter the integrity of the anionic
vesicles, and that, once internalized, it quickly disrupts the lipid bilayer resulting in membrane rupture.
Figure 11. Fluorescence leakage profiles from DOPG vesicles with the addition of
HTMA-PFP (1.5 µM; light grey, 22 µM; grey, 60 µM; black line) to phosphate buffer at
room temperature.

3. Experimental Section
3.1. Materials
The cationic CPE HTMA-PFP (M = 8340 g/mol, repeat unit molecular weight, 694.71 g/mol;
n' = 12 based on polyfluorene calibration) was obtained and characterized in our laboratory as
previously described [50,51]. In brief, a low-molecular-weight batch of the neutral polymer,
poly[9,9-bis(6'-bromohexyl)fluorene-phenylene], was synthesized by Suzuki coupling with Pd(II) as a
catalyst and treated with gas-phase trimethylamine to obtain the corresponding cationic
polyelectrolyte. Stock solutions of HTMA-PFP (3.65 × 10−4 M, in repeat units) were prepared in
DMSO and stored at −20 °C before use. The fluorescent probes 5-butyl-4,4-difluoro-4-bora-3a,4adiaza-s-indacene-3-nonanoic acid (BODIPY 500/510 C4,C9) and 2-(4,4-difluoro-5-methyl-4-bora3a,4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (BODIPY-PC)
were from Molecular Probes (Eugene, OR, USA). Stock solutions (1 mM) of these probes were
prepared in ethanol and stored at −20 °C before use. The fluorescent probe 5(6)-carboxyfluorescein
(CF) and the quencher 9,10-anthraquinone-2,6-disulfonic acid (AQS) were obtained from
Sigma-Aldrich (St. Louis, MO, USA) and dissolved in DMSO (1.25 M) and water (5 mM),
respectively, just before use. The synthetic phospholipids 1,2-Dioleoyl-sn-glycero-3-phosphocholine
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(DOPC), 1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG), 1,2-Dimyristoylsn-glycero-3-phosphocholine (DMPC), 1,2-Dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium
salt (DMPG) and 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were from Sigma-Aldrich and
used as received. All other compounds were of analytical or spectroscopic reagent grade. Sodium
phosphate buffer (50 mM, 0.1 M NaCl, pH 7.4) was prepared with water, which was twice distilled in
all-glass apparatus and deionized using Milli-Q equipment (Millipore, Madrid, Spain).
3.2. LUVs Formation
Chloroform/methanol solutions containing 3 mg of total phospholipid (DOPC, DOPG, DMPC,
DMPG, DPPC) were dried first by evaporation under dry nitrogen gas stream and subsequently
under vacuum for 3 h. Multilamellar vesicles (MLVs) were formed by resuspending the dried
phospholipids (0.5 mM for DOPG and DMPG, 1 mM for DOPC, DMPC and DPPC) in the buffer to
the required final concentration. The vesicle suspension was then heated at a temperature above the
phospholipid phase transition and vortexed several times. Large unilamellar vesicles (LUVs) were
prepared from these MLVs by pressure extrusion through 0.1 µm polycarbonate filters (Nucleopore,
Cambridge, MA, USA). For energy transfer experiments, the probe BODIPY C4 C9 (at the adequate
probe-to-lipid ratio of 1:500) was initially added to the chloroform/methanol solutions containing
DMPC and DMPG and LUVs were subsequently prepared as described above.
3.3. Preparation of Giant Unilamellar Vesicles (GUVs)
Giant unilamellar vesicles (GUVs) composed of DOPC/DOPG (3/1) and DOPC containing
fluorescent probe, BODIPY-PC at the adequate probe-to-lipid ratio (1:250), were prepared by the
electroformation method [52,53] using custom made Pt electrode-containing Teflon chambers. Briefly,
1.2 μL of a 1 mM lipid solution in chloroform containing the fluorescent probe was spread
on each side of the Pt electrode. Removal of organic solvent traces was carried out by vacuum
dehydration. Afterwards, the dried electrodes were hydrated with 450 μL of a 200 mM sucrose
solution in Milli-Q purified water. Subsequently, 7 V voltage and 10 Hz frequency signal were applied
for 2 h, followed by 1 Hz frequency signal for 30 min. After GUV formation, the sample was collected
from the chambers and transferred to the wells of a micro-slide plastic plate, which deposits
approximately 500 µL of preparation. To better observe the GUVs under the microscope, 400 μL of a
200 mM glucose solution were previously added to the wells in order to settle the 50 μL of GUVs to
the bottom of the chamber. Samples were preserved for 2 h at 10 °C before microscopic visualization.
3.4. Preparation of HTMA-PFP/Lipid Samples
Aliquots of HTMA-PFP in DMSO were externally added to the lipid vesicle suspension, well above
the phospholipid phase transition to ensure that the membrane was in the fluid phase. In all cases, the
proportion of DMSO in the aqueous sample was always lower than 1% (V/V). In most samples, the
final concentration of HTMA-PFP was 1.5 µM in terms of repeat units.
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3.5. Absorption and Fluorescence Spectra
Absorption measurements were carried out at room temperature using a UV-1603 spectrophotometer
(Shimadzu, Tokyo, Japan). Fluorescence spectra and fluorescence intensity measurements were
performed on a QuantaMaster spectrofluorometer (PTI, Birmingham, NJ, USA) interfaced with a
Peltier cell. The experimental samples were placed in 10 mm × 10 mm path length quartz cuvettes.
The excitation wavelength for HTMA-PFP was set to 380 nm. Background intensities were always
checked and subtracted from the sample when necessary.
3.6. Fluorescence Microscopy Measurements
Fluorescence microscopy images were recorded using a Nikon Eclipse TE2000-U (Melville, NY,
USA) inverted microscope equipped with a Nikon Digital Sight DS-1QM/H and Nikon Digital Camera
DXM1200. UV excitation (340 nm ≤ λex ≤ 380 nm) and blue emission (435 nm ≤ λem ≤ 485 nm) was
filtered using a DAPI filter cube. Visible excitation (465 nm ≤ λex ≤ 495 nm) and green emission
(515 nm ≤ λem ≤ 555 nm) was filtered using a FITR filter cube. Data acquisition was monitored
successively by manually formatting and data processing with NIS-Elements AR 2.30 software.
3.7. Quenching Experiments
Fluorescence emission of HTMA-PFP was studied in the absence and presence of different
concentrations of AQS in DMPC LUVs. Stern-Volmer analysis was applied to the fluorescence
quenching data according to Equation (4):
(4)
where I0 and I stand for the steady-state fluorescence intensities in the absence and presence of
quencher, respectively, and [Q] is the quencher concentration. The significance of KSV depends on the
nature of the quenching process: it may represent the association constant for complex formation or the
rate of dynamic quenching (KSV = kq0); where kq is the bimolecular rate constant of the quenching
process and 0 is the lifetime of the biomolecule. For dynamic quenching (diffusion-controlled
quenching), kq may be as high as 1010 M−1∙s−1. If kq is greater than this value, it usually indicates static
quenching via a complexation between the fluorophore and the quencher.
3.8. Measurements of Vesicle Leakage Induced by Polymers
DOPG LUVs were prepared with carboxyfluorescein (CF) trapped in the aqueous interior at a
concentration of 40 mM, in a buffer containing 50 mM phosphate and 0.1 M NaCl, pH 7.4. The
non-encapsulated CF was removed by gel filtration over a column packed with Sephadex G-75
(Pharmacia, Uppsala, Switzerland) eluted with buffer containing 50 mM phosphate, 0.1 M NaCl,
pH 7.4. Self-quenching is expected at high concentrations of CF within the small volume of the vesicle
interior. Membrane rupture (leakage) of intraliposomal CF was assayed by treating the probe-loaded
vesicles with the appropriate amounts of HTMA-PFP. The total rupture of the vesicles and release of CF
was performed with Triton X-100 10%.

Materials 2014, 7

2136

3.9. Calorimetry
Differential scanning calorimetry (DSC) experiments were performed in a high-resolution Microcal
MC-2 differential scanning microcalorimeter (GE Healthcare, Piscataway, NJ, USA) under a constant
external pressure of 30 psi in order to avoid bubble formation. The excess heat capacity functions were
analyzed using Origin 7.0 (Microcal Software). Differences in the heat capacity between the sample
and the reference cell, which contained only buffer, were obtained by raising the temperature 1 °C/min
over a range from 16 to 36 °C for the DMPC samples in the absence and presence of different
concentrations of the HTMA-PFP. A series of three consecutive scans of the same sample were
performed to ensure scan-to-scan reproducibility and reversibility.
3.10. Molecular Dynamics Simulations
The three-dimensional model of HTMA-PFP was first generated using ChemDraw 10.0
(CambridgeSoft), and then refined with Chem3D (CambridgeSoft) using the MM2 energy
minimization procedure.
4. Conclusions
The interaction of the cationic polyfluorene HTMA-PFP with zwitterionic lipid bilayers was
characterized and compared with the interaction reported for anionic bilayers in order to explore the
possibility of using this polyelectrolyte as a bacterial imaging probe. Results indicate that HTMA-PFP
at low concentrations associates spontaneously with both type of lipid vesicles, retaining their
structural integrity without altering their spherical morphology. The polyelectrolyte shows higher
affinity for anionic membranes than for zwitterionic membranes, as well as a different final membrane
location. While in the anionic membrane, the polyelectrolyte is embedded within the lipid bilayer, in
the zwitterionic system it remains close to the surface, forming aggregates that are sensitive to the
physical state of the lipid bilayer. On the basis of these results, it is possible to conclude that the nature
of the interaction between HTMA-PFP and lipid membranes depends on the lipid charge. Although an
electrostatic interaction was expected to be responsible for the high affinity for anionic membranes, the
final location of the polyelectrolyte, which is well-embedded in the bilayer core, indicates that
hydrophobic forces also contribute to its solubilisation, reducing its aggregation state and increasing its
fluoresecence quantum yield compared to zwitterionic membranes. Fluorescence microscopy images
of a mixture of anionic and zwitterionic vesicles confirm that HTMA-PFP selectively labels the
anionic vesicles. In addition, leakage experiments indicate that the addition of higher amounts of
polyelectrolyte destabilizes the anionic lipid bilayer, producing membrane rupture. Therefore, in
conclusion, this work supports the use of HTMA-PFP as a fluorescent marker in membrane studies and
indicates that, given its different behaviour towards anionic and zwitterionic membranes, the
polyelectrolyte could be used for selective recognition, imaging, and killing of bacteria over
mammalian cells.
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ABSTRACT: The design and development of ﬂuorescent conjugated polyelectrolytes
(CPEs) emitting in the red region of the visible spectrum is at present of great interest for
bioimaging studies. However, despite the wide variety of CPEs available, stable bright redemitters remain scarce due to their low solubility and instability in aqueous media,
consequently limiting their applications. In this work, we have synthesized and
characterized a new red-emitting cationic conjugated polyelectrolyte copoly-{[9,9-bis(6′N,N,N-trimethylammonium)hexyl]-2,7-(ﬂuorene)-alt-1,4-(naphtho[2,3c]-1,2,5-thiadiazole)} bromide (HTMA-PFNT), based on the incorporation of naphtha[2,3c][1,2,5]
thiadiazole on ﬂuorene backbone to increase the bathochromic emission, extending the
conjugation length in the polymer backbone. Water stabilization was achieved by binding
the polyelectrolyte to two diﬀerent biological systems which are currently used as
nanocarriers: human serum albumin (HSA) and lipid vesicles. Using both systems, stable nanostructures of diﬀerent composition
were obtained and their properties were characterized. The properties of the protein-based nanoparticles are consistent with
polyelectrolyte aggregates covered with HSA molecules, while the liposome system is composed of lipid vesicles coated with
polyelectrolyte chains partially inserted in the bilayer. Both protein and vesicle structural integrity were not aﬀected after their
interaction with HTMA-PFNT, as well as the carrier properties, allowing for the binding and transport of ligands. In addition, the
nanoparticles displayed the ability of labeling the cell membrane of living cells. All these results extend the potential applications
of these novel multifunctional nanoparticles as therapeutic carriers and bioimaging probes.
KEYWORDS: conjugated polyelectrolytes, naphthothiadiazol, polyelectrolyte-protein interactions, polyelectrolyte-liposome interactions,
bioimaging probes, multifunctional nanoparticles
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INTRODUCTION
Fluorescent conjugated polyelectrolytes (CPEs) are a class of
conjugated polymers having backbones with π-delocalized
electronic structures and pendant substituents with ionic
functionalities. Electron delocalization facilitates rapid intraand interchain exciton migration, conferring collective optical
responses and ampliﬁed signals when comparing to conventional ﬂuorophores.1,2 In general, CPEs have high absorptivity
and photostability, large Stokes shift and low cytotoxity, and
have easily amenable side chains for bioconjugation with
various recognition elements. In addition, the photophysical
properties of these polyelectrolytes can be feasibly customized
through backbone and side-chain modiﬁcations. Given these
properties, CPEs have received great attention in biomedical
applications, especially for developing biosensing schemes and
sensing devices for biomolecules.3−8 More recently CPEs
appear as an alternative to ﬂuorescent markers used in
bioimaging because they overcome most of the limitations
associated with these ﬂuorescent materials, such as the
photobleaching of organic dyes and ﬂuorescent proteins or
the cytotoxicity of quantum dots.9,10 Conjugated with
appropriate recognition elements, CPEs can be used as tracers,
© 2015 American Chemical Society

which will selectively accumulate in speciﬁc regions of the
organism (tumors, inﬂamed areas, etc.).3,9
For biomedical applications such as bioimaging the
prerequisite condition is the dispersibility of CPEs in aqueous
media. Although the incorporation of ionic side groups
contributes to water solubilization, these polyelectrolytes still
have a strong tendency to aggregate in this medium due to their
hydrophobic aromatic backbone, forming unstable heterogeneous nanoaggregates. It results in a reduction in the
photoluminescence quantum yield as a consequence of their
self-quenching, which is not desirable for many of these
applications. To overcome this drawback diﬀerent approaches
are being carried out through the addition of ionic and nonionic
surfactants, lipids, cyclodextrins, and proteins or by encapsulating the CPEs in porous silica matrix in order to reduce CPEs
aggregation in water.11−14 Another approach is to fabricate
CPEs nanoparticles through various synthetic techniques
including polymerization, emulsion, and nanoprecipitation.15
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Scheme 1. Synthetic Approach of Copoly-{[9,9-bis(6′-N,N,N-trimethylammonium)hexyl]-2,7-(ﬂuorene)-alt-1,4(naphtho[2,3c]-1,2,5-thiadiazole)} Bromide (HTMA-PFNT)

aromatic backbone, which increases the hydrophobic character
of the polymer, favoring aggregation in aqueous media and
therefore reducing the ﬂuorescence quantum yield. For
example, Huang et al. have recently synthesized a red emissive
polyﬂuorene with very low cytotoxicity and excellent photostability that was employed for cell imaging, but it was found to
aggregate in the aqueous environment of cell culture medium
because of the relatively hydrophobic chain structure.23 Several
strategies have been reported to increase the quantum yield of
these red-probes, such as the incorporation of bulky pendants
into the backbone or side chain in order to avoid compact
aggregation or the introduction of small amounts of narrowband gap moieties as energy acceptors into the backbone to
facilitate intra- and interchain energy transfer in the aggregate
state.15,24 Finally, one other strategy may be to disrupt
aggregations through the coupling with complexing agents, as
was previously mentioned, or with biological nanostructures
having diﬀerent functional properties. This last alternative has
the advantage of not only increasing the ﬂuorescence signal of
the polyelectrolyte but also stabilizing it in aqueous solution
obtaining nanoparticles which combine the properties of both
constituents.25
Our group has previously synthesized a blue-emitter cationic
conjugated polyelectrolyte, copoly-{(9,9-bis(6′-N,N,Ntrimethylammonium)hexyl]-2,7-(ﬂuorine)-alt-1,4-(phenylene)}
bromide (HTMA-PFP), which incorporates a phenyl group on
the ﬂuorene backbone and shows interesting properties as a
ﬂuorescent marker.12,26,27 Here we describe the synthesis and
characterization of a new red-emitter cationic polyﬂuorene,

Fluorene-based CPEs consist of a rigid hydrophobic
polyﬂuorene backbone with ﬂexible charged side chains,
which induces interesting aggregation behavior. They have
unique properties such as facile substitution at the ﬂuorene C9
position, good chemical and thermal stability, and high
ﬂuorescence quantum yield. It is possible to increase the
processability of these CPEs by incorporation of diﬀerent ionic
side groups and/or with modiﬁcation of the main chain by
adding some other groups. Incorporation of the ionic side
groups increases the solubility in polar solvents and water.
Besides, modiﬁcation of the main chain induces changes in
photophysical properties of the ﬂuorene backbone.7,16−19
Normally, ﬂuorene-based CPEs emit blue light, but researchers
in the area are making signiﬁcant eﬀorts to tune color to longer
wavelengths. Color can be tuned, among others, by copolymerizing the ﬂuorene monomers with other low band gap
monomers or incorporating monomers able to conjugate with
the ﬂuorene ring in order to extend the conjugation length into
the chain.20 With these strategies polyﬂuorenes emitting in the
green and yellow region of visible spectrum have been
successfully synthesized.21 Synthesis of probes emitting in the
red region is at present of great interest for in vivo ﬂuorescence
imaging studies because of minimum photodamage to biological samples, deep tissue penetration, and minimum
interference from background autoﬂuorescence by biomolecules in the living systems. However, despite the large amount
of CPEs synthesized, bright red-emitters remain rare.15,22 This
is because the most widely used strategy to obtain these CPEs
is the introduction of donor−acceptor structures in the
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889, 821 (s, ν-(CH2)n), 762 (s, ν -Napht), 644 (ν-(CH2)-Br), 562, 529
(s), and 442. GPC (PS calibration) Mn [g/mol] = 4507; Mw [g/mol] =
8990.
Synthesis of Copoly-{[9,9-bis(6′-N,N,N-trimethylammonium)hexyl]-2,7-(ﬂuorene)-alt-1,4-(naphtho[2,3c]-1,2,5-thiadiazole)} Bromide (HTMA-PFNT). P1 (0.6 mmol per unit) was dissolved in THF
(50 mL) at −78 °C (dry ice-acetone bath) in an inert atmosphere.
Using a coldﬁnger condenser, an excess of trimethylamine (7 mL) was
added drop by drop. The mixture was stirred at room temperature for
24 h. Subsequently, water (50 mL) and another 7 mL of
trimethylamine were added, repeating the previous procedure for 24
h. The solvent and the surplus of trimethylamine were evaporated.
Afterward, acetone was added to precipitate the polyelectrolyte, and it
was ﬁnally collected by ﬁltration. The precipitate (deep red solid) was
dried at 40 °C under the vacuum overnight (yield 94%). 1H NMR
(500 MHz, DMSO-d6) δ (ppm): 8.40−7.90 (m, 4H), 7.90−7.40 (m,
6H), 3.27 (br, 4H), 3.08 (s, 18H), 2.19 (br, 4H), 1.65 (br, 4H), and
1.37−0.80 (br, 12H). 13C NMR (125 MHz, DMSO-d6) δ (ppm):
151.0, 150.5, 140.3, 135.2, 131.3, 130.2, 127.1, 126.8, 126.5, 126.3,
120.3, 65.1 (CH2−N), 55.0, 52.1 (CH3−N), 44.2, 29.1, 25.8, 23.9,
22.2. FT-IR (pellet BrK, cm−1): 3417 (s,ν-(NR4+), 2927 (s), 2856,
1628(s), 1478 (s), 1389 (s), 1251, 1124, 964, 899, 825 (ν-(CH2)n),
764 (s, ν-Napht), and 533.
Nuclear Magnetic Resonance and Fourier Transform Infrared
Spectroscopy. 1H and 13C NMR spectra were recorded on a Bruker
AVANCE 500 (1H: 500 MHz, 13C: 125 MHz) spectrometer using
chloroform-d (CDCl3) and DMSO-d as solvents. The chemical shifts
for 1H and 13C NMR were given in δ (ppm) with tetramethylsilane as
an internal reference. Processing of spectra was done using TopSpin
3.2. FTIR spectra were obtained using a Bruker IFS 66/S spectrometer
with samples prepared as KBr pellets.
Gel Permeation Chromatography (GPC). Size Exclusion Chromatographic (SEC) analysis was carried out on a Shimadzu LC-20AD,
index refraction detector RID-10A and on an Evaporative Light
Scattering Detector (ELSD 3300, Alltech Associates, Inc.). SEC
analysis of 20 μL of samples was injected in a column PLgel 5 μm
MIXED-C; 2 × (300 × 7.5 mm) from Polymer Laboratories Ltd.
Samples were around 3−5 mg/mL in THF (as eluent) and were
ﬁltered through a nylon 0.45 μm syringe. Number-average (Mn) and
weight-average (Mw) molecular weights were determined by using
Polymer Laboratories EasiCal Polystyrene standards for calibration.
Absorption and Fluorescence Measurements. Absorption measurements were carried out at room temperature using a UV-1603
spectrophotometer (Shimadzu, Tokyo, Japan). Fluorescence spectra
and ﬂuorescence intensity measurements were performed on a
QuantaMaster spectroﬂuorometer (PTI, Birmingham, NJ, USA)
interfaced with a Peltier cell. The experimental samples were placed
in 10 mm × 10 mm path length quartz cuvettes. Background
intensities were always checked and subtracted from the sample when
necessary. All ﬂuorescence spectra were corrected for variations in
photomultiplier response over wavelength. Steady-state ﬂuorescence
anisotropy, ⟨r⟩, of DPH was obtained using Glan-Thompson
polarizers by measuring the vertical and horizontal components of
the ﬂuorescence emission with excitation vertical and horizontal to the
emission axis. The G factor corrects for the transmissivity bias
introduced by the detection system. Measurements were carried out
for samples containing DPH in buﬀer, DOPC and HSA in the absence
and the presence of HTMA-PFNT. Samples were excited at 370 nm,
and the polarized emission was detected at 430 nm. Background
intensities due to samples in the absence of DPH were always taken
into account.
Preparation and Characterization of Fluorescent Nanoparticles. LUVs Formation. Chloroform/methanol solutions containing 3 mg of total phospholipid (DOPC) were dried ﬁrst by
evaporation under dry nitrogen gas stream and subsequently under
vacuum for 3 h. Multilamellar vesicles (MLVs) were formed by
resuspending the dried phospholipids in the buﬀer to the required ﬁnal
concentration. The vesicle suspension was then vortexed several times.
Large unilamellar vesicles (LUVs) were prepared from these MLVs by

copoly-{[9,9-bis(6′-N,N,N-trimethylammonium)hexyl]-2,7(ﬂuorene)-alt-1,4-(naphtho[2,3c]-1,2,5-thiadiazole)} bromide
(HTMA-PFNT), which incorporates the chromophore
naphtha[2,3c][1,2,5] thiadiazole (NTD) instead of the phenyl
group to increase the bathochromic emission, extending the
conjugation length in the polymer backbone. Water solubilization and stabilization were improved by complexing the
polyelectrolyte with two diﬀerent biological systems: human
serum albumin (HSA) and lipid vesicles. Both systems are
macromolecular carriers capable of accommodating a wide
variety of drugs and contain reactive functional groups (in the
case of HSA) or can be functionalized (in the case of
liposomes) for targeting ligands.28,29 Using both strategies,
stable ﬂuorescent nanostructures were obtained and characterized, and their functional properties were evaluated. Results
show that protein structure and integrity of the vesicles as well
as carrier properties were not aﬀected after their interaction
with HTMA-PFNT. Therefore, the complexation of the
polyelectrolyte with the biological systems not only favors its
solubility and stability in aqueous solvent but also leads to
ﬂuorescent nanoparticles which combine the properties of both
constituents and can be potentially used as drug carriers and
bioimaging probes.

■

EXPERIMENTAL SECTION

Materials. For chemical reactions all solvents were at HPLC grade
and used as received (Aldrich Corporation). 2,3-Diaminenaphthalene
and 9,9-bis(6-bromohexyl)-2,7-dibromoﬂuorene were provided from
TCI Europe and SYNTHON Chemicals GmbH & Co, respectively.
The human serum albumin (HSA) and synthetic phospholipid 1,2dioleoyl-sn-glycero-3-phosphocholine (DOPC) were from SigmaAldrich, as well as Rhodamine 6G, and were used as received. The
ﬂuorescent probes 5(6)-carboxyﬂuorescein (CF) and 1,6-diphenyl1,3,5-hexatriene (DPH) and the quencher 9,10-anthraquinone-2,6disulfonic acid (AQS) were obtained from Sigma-Aldrich (St. Louis,
MO, USA) and dissolved in dimethyl sulfoxide (DMSO) (1.25 M),
dimethylformamide (DMF) (1 mM), and water (5 mM), respectively,
just before use. All other solvents were of spectroscopic reagent grade
(UVASOL, Merck). Sodium phosphate buﬀer (50 mM, 0.1 M NaCl,
pH 7.4) was prepared with water, which was twice distilled in an allglass apparatus and deionized using Milli-Q equipment (Millipore,
Madrid, Spain).
Synthesis and Characterization of Polyelectrolytes. Monomers 2,7-(4,4,5,5-tetramethyl-[1,3,2] dioxaborolane)-9,9-bis(6′-bromohexyl)-ﬂuorene (M1), 1,4-dibromo-2,3-diaminonaphthalene
(M2), and 4,9-dibromonaphtho{2,3}-1,2,5-thiadiazole (M3) were
obtained as previously described by Bazan et al.,18 Yang et al.,30 and
Tena et al.,31 respectively (see Scheme 1).
Synthesis of Copoly-{9,9-bis(6′-bromohexyl)-2,7-ﬂuorene-alt-1,4(naphtho[2,3c]-1,2,5-thiadiazole)} (P1). A mixture of M3 (1.25
mmol), M1 (1.25 mmol), and [Pd(PPh3)4] (0.02 mmol) was dissolved
in toluene (25 mL), and a water solution of K2CO3 (15 mL, 2M) was
added. The mixture was stirred at 85 °C for 48 h in an inert
atmosphere. An end-capping procedure was realized using bromobenzene and phenylboronic acid. Afterward, 150 mL of methanol was
added, and the precipitated product was collected by ﬁltration and
washed twice with methanol (150 mL) and acetone (75 mL). The
solid was washed with brine, extracted with chloroform, dried over
anhydrous magnesium sulfate, and ﬁltered, and the solvent was
evaporated. Finally, the product was reprecipitated twice with
methanol, collected by ﬁltration, and dried under vacuum to give a
red solid ﬁlm (yield: 85%). 1H NMR (500 MHz, CDCl3) δ (ppm):
8.20−8.00 (m, 4H), 7.90−7.40 (m, 6H), 3.32 (br, 4H), 2.12 (br, 4H),
1.76 (br, 4H), and 1.40−0.90 (br, 12H). 13C NMR (125 MHz,
CDCl3) δ (ppm): 151.8, 151.1, 140.9, 135.7, 132.2, 130.6, 129.1,
127.4, 126.6, 122.7, 120.3, 55.4, 40.2 (CH2−Br), 34.1, 32.7, 29.2, 27.9,
24.1. FT-IR (pellet BrK, cm−1): 2930 (s), 2855, 1449, 1387 (s), 1267,
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Figure 1. a) Normalized absorption spectra and b) ﬂuorescence emission spectra (λexc = 510 nm) of M3 (line), P1 (dashed), and HTMA-PFNT
(dotted) in chloroform.
pressure extrusion through 0.1 μm polycarbonate ﬁlters (Nucleopore,
Cambridge, MA, USA).
Preparation of Fluorescent Nanoparticles. Aliquots of HTMAPFNT, previously solubilized in DMSO (3.65 × 104 M, in repeat
units) and stored at −20 °C, were externally added either to the
protein solution (6 μM) or to the LUVs suspension (1 mM in lipid)
and incubated for 20 min at room temperature. In all cases, the
proportion of DMSO in the aqueous sample was always lower than 1%
(V/V). In most samples, the ﬁnal concentration of HTMA-PFNT was
1.5 μM in terms of repeat units.
Circular Dichroism Experiments. CD measurements of HSA and
its polymer complexes were carried out with a Jasco spectropolarimeter, model J-815 (JASCO, Easton, MD). Spectra were collected at 25
°C with a scan speed of 50 nm per min, response time of 4 s, and a
bandwidth of 1 nm. For each spectrum, four scans were accumulated
and averaged to improve the signal-to-noise ratio. Spectra were
recorded from 260 to 197 nm using 0.1 cm quartz cells. A baseline was
taken under the same conditions as those used for the sample and
subtracted from each spectrum.
Fluorescence Quenching Experiments. Fluorescence emission of
HTMA-PFNT in buﬀer and incorporated in DOPC LUVs was studied
in the absence and the presence of diﬀerent concentrations of AQS.
This molecule is an electron acceptor and acts as a quencher of
cationic conjugated polyelectrolytes, forming static quenching
complexes via attractive electrostatic interactions.32 Stern−Volmer
analysis was applied to the ﬂuorescence quenching data according to
eq 1

I0
= 1 + KSV[Q ]
I

angle of lecture for size measurements. All measurements were
performed in disposable cuvettes. Measurements were performed in
triplicate.
Microscopy Measurements. Fluorescence microscopy images were
recorded using a Leica DMI 3000B inverted microscope equipped
with a Leica EL6000 compact light source and a Leica digital camera
DFC3000G. The imaging was performed by using a 63× objective
with 0.7 magniﬁcation and ﬁlter DsRed (Ex BP 555/25, Em BP 620/
60). Data acquisition was monitored by manually formatting and
processing with Leica Application Suite AF6000 Module Systems.
Transmission electron micrographs (TEM) were performed using a
Jeol 1011 microscope (Jeol, Japan), operating at 80 kV. Samples were
prepared by placing a drop of the sample on to the 300-mesh copper
grip coated with carbon ﬁlm, and after staining with uranyl acetate and
lead citrate, they were left to air-dry before being placed under the
microscope. Images were recorded with a Gatan Erlangshen ES500W
camera.
Cell Imaging. The human cell line HaCaT was cultured in high
glucose DMEM medium (Sigma, D5671) supplemented with 2 mM Lglutamine, 10% FBS, 1 mM pyruvate, 2 mM glutamine, 50 μg/mL
gentamicin, and 2 μg/mL fungizone, at 37 °C in a humidiﬁed
incubator in a 5% CO2 atm. For microscopy images, HaCaT cells were
previously trypsinized, harvested, resuspended in phosphate-buﬀered
saline (100,000 cells/mL), and captured as images in the absence and
the presence of HTMA-PFNT.

■

RESULTS AND DISCUSSION

Synthesis and Characterization of the New Conjugated Polyelectrolyte. The synthesis of the polyelectrolyte
HTMA-PFNT is described in Scheme 1. First, the nonionic
precursor P1 was synthesized by a Suzuki cross-coupling
reaction from the monomers M1 and M3. In classical
conditions, P1 was obtained as a red solid with 85% yield.
Gel permeation chromatography (GPC) analysis showed that
the weight-average molecular weight (Mw) of P1 was 8990 with
a polydispersity index (PDI = Mw/Mn) of 1.99 (Figure S1).
Afterward, P1 was derivatized by a quaternization reaction
(Menschutkin reaction), by using trimethylamine condensed in
a vessel reaction, in order to obtain cationic polyelectrolyte
HTMA-PFNT, a deep red solid with 94% of yield. The further
characterizations of these polymers (P1, HTMA-PFNT) have
been done by diﬀerent techniques.
The 1H and 13C NMR spectra of P1 and HTMA-PFNT
show similar results to other analogous polyﬂuorenes
synthesized by the same method and correspond with the
assignation shown in the experimental part. In P1 1H NMR
spectra (Figure S2), we can see the aromatic signals typical of
this polymer, and, thanks to heteronuclear single quantum
correlation (HSQC) experiments (Figure S3), it is possible to

(1)

where I0 and I stand for the steady-state ﬂuorescence intensities in the
absence and the presence of quencher, respectively, [Q] is the
quencher concentration, and KSV is the Stern-volmer constant which
represents the association constant for complex formation in the case
of static quenching.33
Measurements of Vesicle Leakage Induced by Polymers. DOPC
LUVs were prepared with carboxyﬂuorescein (CF) trapped in the
aqueous interior at a concentration of 40 mM, in a buﬀer containing
50 mM phosphate and 0.1 M NaCl, pH 7.4. The nonencapsulated CF
was removed by gel ﬁltration over a column packed with Sephadex G75 (Pharmacia, Uppsala, Switzerland) eluted with buﬀer containing 50
mM phosphate, 0.1 M NaCl, pH 7.4. Self-quenching is expected at
high concentrations of CF within the small volume of the vesicle
interior. Membrane rupture (leakage) of intraliposomal CF was
assayed by treating the probe-loaded vesicles with the 1.5 μM of
HTMA-PFNT. The total rupture of the vesicles and release of CF was
performed with Triton X-100 10%.
Dynamic Light Scattering (DLS). The size of the diﬀerent
structures, in the absence and the presence of HTMA-PFNT, was
explored by DLS techniques, using a Malvern Zetasizer Nano-ZS
instrument, equipped with a monochromatic coherent 4 mW Helium
Neon laser (λ = 633 nm) as the light source, with a 173° scattering
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characterized in 50 mM phosphate buﬀer, 100 mM NaCl (pH
7.3). Previous works have reported that when ﬂuorene-based
CPEs are dissolved in aqueous solvents, they self-assembles into
aggregates.35,36 This aggregation is dominated by interchain
hydrophobic interactions which lead to lower emission
intensities and red-shift of the absorption and emission spectra,
when comparing with those recorded in good solvents, due to
an increase in the interchain energy transport mechanism. In
this work ethanol was selected as a good solvent where HTMAPFNT shows good ﬂuorescence quantum yield because it
allows solvation of both components (polar and hydrophobic)
of the polymer structure (Table 1). Absorption spectra of the

relate these signals with the carbon peaks in C NMR spectra
(Figure S4). In HTMA-PFNT 1H NMR spectra (Figure S5),
the small shift of the signal at 3.32 ppm in P1 corresponding to
the CH2−Br, as well as the appearance of a new signal at 3.08
ppm that integrates for 18 H (N−CH3) and the ammonium
speciﬁc signals (52.1 ppm) in the 13C experiment (Figure S6),
is evidence of the quaternization reaction. Also, IR spectra of
P1 and HTMA-PFNT conﬁrm the conversion of the pendant
groups due to the disappearance of the CH2−Br tension band
at 644 cm−1 and the appearance of the ammonium band at
3417 cm−1 (Figure S7).
The UV−vis normalized absorption of monomer M3 and
polymers P1 and HTMA-PFNT in chloroform at room
temperature are shown in Figure 1a.
Results show that signiﬁcant changes in spectra have
occurred by the conjugation of the polymer. The absorption
spectrum of the monomer M3, recorded between 290 and 600
nm, is structured and shows three characteristic absorptions
peaks at 350, 370, and 475 nm, with a shoulder at 500 nm. The
absorption spectra of P1 and HTMA-PFNT are practically
similar, as was expected, exhibiting two absorption bands in the
range explored. The fact that these bands are diﬀerent than
those corresponding to chromophores NTD and ﬂuorene,
separately, together with the red-shift observed in the VIS
absorption band, suggest that conjugation occurs between both
chromophores.
Normalized emission spectra of monomer M3 and polymer
P1 in chloroform are shown in Figure 1b. M3 presents the
emission maxima at 555 nm, while the synthesized P1 exhibits
an unstructured band with its maximum peak very red-shifted,
at 637 nm, showing a large Stokes shift (around 125 nm). The
shape and position of the emission spectrum was not altered
upon excitation at diﬀerent wavelength, both in the UV and VIS
absorption bands. In the same way, excitation spectrum of P1
was similar to that of absorption, independently of the emission
wavelength (data not shown). These results support the
hypothesis of eﬀective conjugation taking place between
ﬂuorene and NTD and playing an important role in the redshift of the emission spectrum. Extension of π-conjugation has
also been observed for NTD derivatives with the chromophore
directly connected to other phenyl groups.34 Authors showed
that the position of the NTD emission peak signiﬁcantly
depends on the aryl substituent and its degree of planarity,
going from yellow to pure red as the number of phenyl groups
was increased, so the red-emission was obtained without any
strong donor group in the molecular structure.
Derivatization of P1 to obtain the polyelectrolyte HTMAPFNT scarcely modiﬁed the ﬂuorescence spectra (Figure 1b),
shifting the maximum wavelength from 637 to 643 nm. The
small red-shift observed in HTMA-PFNT can be attributed to
diﬀerences in the conformation and organization of the
polymer chains in the solvent, as a consequence of the
presence of the cationic trimethylammonium group. The redemission of HTMA-PFNT suggests that it could be used in
biosensing and bioimaging studies, but, as was indicated in the
introduction of this work, for this kind of applications the
stability in aqueous media is essential. Therefore, in a ﬁrst step
we have explored the behavior of HTMA-PFNT in buﬀer,
comparing the results with those obtained in a good solvent.
This study was carried out in buﬀer, instead of water, in order
to better simulate physiological conditions.
Characterization of HTMA-PFNT in Buﬀer. The
absorption and emission properties of HTMA-PFNT were

Table 1. Absorption and Fluorescence Characterization of
HTMA-PFNT in Ethanol, Buﬀer, HSA, and LUVs of DOPCa
abs
ethanol
buﬀer
HSA
DOPC

em

λmax (nm)

λmax (nm)

ΦF

BW (nm)

510
518
514

645
652
646
635

0.17
0.01
0.04
0.14

121
124
121
114

a

Wavelength corresponding to the maximum of the VIS absorption
band and emission spectrum (λmax), ﬂuorescence quantum yield (ΦF)
calculated using Rhodamine 6G as standard, and width of the emission
spectrum at half height (BW).

polyelectrolyte in both media were recorded between 290 and
650 nm, although Figure 2a only includes the normalized
absorption spectra recorded in the visible region to facilitate
their comparison. In ethanol, a perfectly deﬁnite and clear
absorption spectrum was observed, with a maximum peak
around 510 nm. Studies at diﬀerent concentrations showed that
the absorbance at 510 nm increased linearly following the
Lambert−Beer law over the repeat unit concentration range up
to 1.5 × 10−5 M without signiﬁcant changes in spectral shape,
indicating that the polymer structure is not aﬀected by dilution
for these polymer. From these results, a molar absorption
coeﬃcient of ε = 7620 M−1 cm−1 was calculated for the
polyelectrolyte in ethanol at 510 nm, while it was found to be
9590 M−1 cm−1 for the UV band at 330 nm. When HTMAPFNT was dissolved in buﬀer the spectrum showed a 7 nm redshift of the absorption band (Table 1), as well as an
enhancement in absorbance below 450 nm, which is indicative
of an increase in the scatter of the sample. In contrast to that
observed in ethanol, the absorbance at 518 nm did not increase
linearly with increasing concentrations, leading to turbid
samples which evidence the poor solubility of HTMA-PFNT
in buﬀer, with the consequent formation of aggregates. Figure
2b shows the emission spectra of the polyelectrolyte recorded
in both media, at the same conditions. As in absorption, the
emission spectrum in buﬀer was slightly broader and shifted to
the red than that recorded in ethanol (see the inset in Figure 2b
and Table 1). This eﬀect was accompanied by a very drastic
drop of the ﬂuorescence quantum yield (down to 0.01 as
compared to 0.17 measured in ethanol), supporting the
existence of aggregates. To better characterize these aggregates
DLS experiments were carried out at room temperature. This
technique yields information on the size distribution of
macromolecules in solution in the submicrometer range.
Results show that, while in ethanol the presence of selfaggregates was not detected, in buﬀer, polymer aggregates were
rapidly formed having a hydrodynamic diameter of around 150
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Figure 2. a) Normalized absorption spectra of HTMA-PFNT (7.3 μM in terms of repeat units) in ethanol (solid line) and buﬀer (dashed line). b)
Fluorescence emission spectra of HTMA-PFNT in ethanol (solid line) and buﬀer (dashed line). Inset: Normalized ﬂuorescence emission spectra of
HTMA-PFNT (1.5 μM in terms of repeat units) in ethanol (solid) and buﬀer (dashed). c) Stability of the ﬂuorescence intensity of HTMA-PFNT in
ethanol (black) and buﬀer (gray) with time. (λexc = 510 nm; λem = 650 nm).

Table 2. Hydrodynamic Diameter of the Diﬀerent Nanostructures, and Steady State Fluorescence Anisotropy Values, ⟨r⟩, of
DPH in Ethanol, Buﬀer, HSA, and LUVs of DOPC in the Absence (−) and the Presence (+) of HTMA-PFNTa
⟨r⟩

d (nm)
− HTMA-PFNT
ethanol
buﬀer
HSA
DOPC
a

not detected
not detected
5.1 ± 1.4
99 ± 39

+ HTMA-PFNT
t0

t = t0+1h

not detected
150 ± 48
124 ± 56
110 ± 54

not detected
374 ± 66
114 ± 31
107 ± 25

− HTMA-PFNT

+ HTMA-PFNT

0

0

0.307 ± 0.005
0.109 ± 0.005

0.275 ± 0.005
0.109 ± 0.005

t0 was 1 min for ethanol and buﬀer and 20 min for HSA and DOPC.

the ﬁrst seconds, the ﬂuorescence increased abruptly, reaching
∼85% of its maximum value, but it took around 20 min for total
stabilization. These results suggest that not only electrostatic
interactions but also hydrophobic forces contribute to the
polymer−protein complexes stabilization, as also occurs for the
blue polymer HTMA-PFP.12 In order to determine the aﬃnity
of HTMA-PFNT to HSA, the ﬂuorescence spectra of the
polyelectrolyte were recorded at increasing concentrations of
HSA. The experiment was carried out preparing diﬀerent
samples of the protein in buﬀer, at concentrations from 0 to 10
μM. The same concentration of polyelectrolyte (1.5 μM, in
terms of repeat units) was added to all of the samples. Samples
were incubated for 20 min at room temperature. An
enhancement of the ﬂuorescence intensity as well as a blueshift in the emission spectrum was observed up to a protein
concentration of about 6 μM (Figure 3, Table 1). Higher
concentrations of protein did not modify the ﬂuorescence
spectrum. The changes in the ﬂuorescence spectrum of
HTMA-PFNT in the presence of the protein were used to
estimate the apparent association constant of the polymer−
protein complexes (KA). The inset in Figure 3 represents the
increase in ﬂuorescence measured at the maximum of the
spectrum (ΔI = IHTMA‑PFNT:HSA − IHTMA‑PFNT) versus HSA
concentration. Determination of KA was made by ﬁtting these
data to the Benesi−Hildebrand equation.39,40 The solid line of
the inset of Figure 3 shows this ﬁt, which yields a value of KA =
2.2 ± 0.2 × 106 M−1, indicative of strong aﬃnity between both
macromolecules. The value is in the same range as those
determined for HTMA-PFP bound to HSA and to other
negatively charged biomolecules such as DNA, conﬁrming that

nm (Table 2). The average size of aggregates largely increased
through time, acquiring diameters larger than 370 nm after 1 h
of incubation and, consequently, reducing their ﬂuorescence
intensity which, at diﬀerence of ethanol, was unstable with time
(Figure 2c). A similar behavior was recently reported by our
group for the cationic conjugated polyelectrolyte HTMAPFP.26 When the polyelectrolyte was added to the buﬀer,
metastable aggregates were formed, and, as for HTMA-PFNT,
this eﬀect was accompanied by a red-shift of the emission
spectrum and a decrease in ﬂuorescence intensity. However, the
ﬂuorescence drop for HTMA-PFP was much less than for
HTMA-PFNT probably because the higher hydrophobic
character of the polymer backbone favors the close proximity
of chains and, therefore, the self-quenching of the red-emitting
conjugated polyelectrolyte.
HTMA-PFNT/HSA Interactions. HSA is a globular protein
composed of a single polypeptide of 585 amino acids with three
α-helical domains I−III. This protein contains hydrophobic
cavities which allow the binding and transport of a wide variety
of nonpolar compounds. Its isoelectric point is 4.9;37 therefore,
the protein displays a negative net charge at neutral pH,
favoring the interaction with cationic compounds, such as
HTMA-PFNT. However, the charge distribution is not
homogeneous through the three domains, being domains I
and II more acidic than domain III.38 In order to improve the
solubility and stability of HTMA-PFNT in buﬀer, we have
explored the possible formation of complexes between the
polyelectrolyte and HSA. Interaction was monitored from the
changes observed in the ﬂuorescence intensity of HTMAPFNT after addition to a HSA protein solution (6 μM).
Interaction occurred apparently in two steps (Figure S8a). In
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concentrations (up to 13 μM). In the absence of the
polyelectrolyte, spectrum displayed a rather broad ﬂuorescence
band, characteristic of tryptophan, with a maximum at ∼335
nm which indicates that this residue is relatively buried inside
the HSA.33 Addition of HTMA-PFNT induced a decrease in
the intensity of the emission maximum, while the position of
the spectral maximum was preserved, supporting that the
protein conformation is still essentially the same. It suggests
that because of the interaction of HTMA-PFNT with HSA, the
polyelectrolyte quenches the ﬂuorescence of Trp214, probably
through an energy transfer mechanism since there is an overlap
between the ﬂuorescence spectrum of HSA and the UV
absorption peak of the HTMA-PFNT absorption spectrum
(see Figure 1a). These results, together with the anionic
character of domain II, support the idea of this protein domain
being involved in the interaction HSA-polyelectrolyte.
The above results indicate that the presence of HSA helps to
solubilize and stabilize the polyelectrolyte in buﬀer, forming
polymer−protein complexes without perturbing protein
conformation. However, although the ﬂuorescence quantum
yield is 4-fold higher than in buﬀer, it is still low as compared to
that determined in ethanol (Table 1). There are several
possible explanations for this result. On one hand, it could be
that the polymers when interacting with the HSA are still
exposed to suﬃcient interfacial water to reduce the ﬂuorescence
relative to in ethanol. Another explanation is that the
interaction occurs between HSA and polymeric aggregates
previously formed in buﬀer, instead of between single
molecules of protein and polymer. This last hypothesis was
conﬁrmed by examining the size and shape of the polymer−
protein complexes using DLS and TEM. DLS measurements
were carried out at room temperature for the protein (6 μM) in
the absence and the presence of the polyelectrolyte (1.5 μM).
Results showed peaks at 5 nm, in the absence of polyelectrolyte,
according to the hydrodynamic diameter of HSA. However,
once HTMA-PFNT was added to the protein solution, the
intensity of this peak decreased considerably, and a new peak
having a higher hydrodynamic diameter was observed around
120 nm, remaining constant through time (Table 2). The fact
that the peak was stable as a function of time indicates that it
does not correspond to a population of unstable polymeric
aggregates formed in buﬀer, but it could be attributed to
nanostructures composed of aggregates of polyelectrolyte
coated with HSA molecules, as was previously proposed. This

Figure 3. Fluorescence emission spectra of HTMA-PFNT (1.5 μM) in
buﬀer with increasing concentrations of HSA. Inset: Diﬀerences in
ﬂuorescence intensity by addition of HSA. (λexc = 510 nm).

electrostatic interactions are responsible for the formation of
the polymer−protein complexes, at least in the ﬁrst step.12,36
In order to investigate if the binding processes alter the
intramolecular forces responsible for maintaining the secondary
structure of HSA, resulting in a conformational change of the
protein, CD spectra were recorded. Figure 4a shows the far-UV
CD spectra of HSA (6 μM) in the absence and in the presence
of diﬀerent concentrations of HTMA-PFNT (0, 6, 9, and 12
μM). In the absence of polyelectrolyte, the spectrum exhibited
two negative bands, at 208 and 222 nm, characteristic of the αhelical structure. Addition of increasing concentrations of
polyelectrolyte practically did not alter the signal of HSA,
suggesting that protein conformation is preserved upon
polymer interaction, at least at the concentrations used. To
conﬁrm this hypothesis, the ﬂuorescence emission spectrum of
the HSA was recorded at increasing concentrations of HTMAPFNT. HSA contains a single tryptophan, Trp-214, and 18
tyrosine residues which are responsible for its ﬂuorescence
emission. Trp-214 is located in domain II, within a hydrophobic
pocket, while tyrosines are distributed along the whole
polypeptide chain. Upon excitation at 280 nm, both tryptophan
and tyrosine are readily excited, but most of the ﬂuorescence
comes from Trp-214, due to the eﬃcient resonance energy
transfer (RET) from tyrosine to tryptophan.41 Figure 4b shows
the ﬂuorescence emission spectrum (λexc = 280 nm) of a 6.0
μM HSA solution in buﬀer at diﬀerent HTMA-PFNT

Figure 4. a) Eﬀect of HTMA-PFNT on the CD spectrum of HSA (6 μM) in buﬀer. Polyelectrolyte concentrations were as follows: 0 (line), 6
(dash), 9 (dot), and 12 μM (dash dot). b) Fluorescence emission spectra of HSA (6 μM) in buﬀer (line) with increasing concentrations of HTMAPFNT. Inset: Normalized ﬂuorescence emission spectra of HSA in the absence and the presence of increasing concentrations of HTMA-PFNT.
(λexc = 280 nm).
1964
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Scheme 2. Schematic Model, Which Shows the Possible Interaction between HTMA-PFNT Aggregates (i) in Buﬀer (ii) with
HSA and (iii) Lipid Vesicles of DOPC

of using these ﬂuorescent nanostructures as carriers for
hydrophobic drugs.
HTMA-PFNT/Liposomes Interactions. A second approach to stabilize the HTMA-PFNT in buﬀer was the use of
liposomes, in order to obtain ﬂuorescent nanoparticles which
were capable of performing more than one function
simultaneously. Polyelectrolyte-liposome interaction was explored in samples containing LUVs of the zwitterionic lipid
DOPC (1 mM), monitoring the changes occurring in the
polyelectrolyte ﬂuorescence. When HTMA-PFNT was added
to the sample, a strong increase in the ﬂuorescence signal was
observed, reaching ∼85% of its intensity maximum value in a
few seconds and taking around 20 min for total stabilization
(Figure S8b). To determine the aﬃnity of HTMA-PFNT to
liposomes, samples containing increasing concentrations of
LUVs, with ﬁnal lipid concentrations ranging from 0 to 1 mM,
were prepared in buﬀer. The same concentration of HTMAPFNT (1.5 μM, in terms of repeat units) was added to all of
the samples, which were incubated for 20 min at room
temperature. Figure 5 shows the emission spectra recorded for
the diﬀerent samples. A strong enhancement of the
ﬂuorescence intensity was observed up to a lipid concentration
of about 1 mM. Higher concentrations of lipid did not modify
the ﬂuorescence signal indicating that at this lipid concentration, all the polymer chains bind to the lipid membrane from

conclusion is supported by the TEM images included in the
Supporting Information (Figure S10) and schematized in
Scheme 2. Probably, when the polyelectrolytes are added to the
protein solution, they start to self-assemble forming aggregates
through the hydrophobic interactions of their backbones,
exposing the positively charged side chains to the solvent.
Simultaneously, proteins interact with the aggregates in two
steps: The initial step involves a rapid electrostatic interaction
between the domains I and II of the HSA, which shows a
negative net charge under the experimental conditions, and the
positively charged surface of the polymer aggregates. This
interaction induces desolvation of the polymer chains located in
the surface, increasing the ﬂuorescence signal with respect to
that observed in buﬀer. The subsequent step involves a slower
hydrophobic interaction between the conjugated backbone of
the polymers and the hydrophobic patches of HSA domain II.
This interaction induces conformational changes in the
polymer chains, disrupting backbone interactions, resulting in
a blue-shift of the emission spectrum as well as an additional
increase in ﬂuorescence intensity.
Finally, we have explored if the ability of HSA to bind and
transport hydrophobic compounds is maintained after interaction with HTMA-PFNT, to evaluate the possibility of using
these ﬂuorescent nanostructures as drug carriers. For this end,
we have selected the ﬂuorophore DPH as a model compound
for a hydrophobic drug. This molecule is nonﬂuorescent in
aqueous media but becomes strongly ﬂuorescent when
incorporated in nonpolar environments, where it ﬂuoresces at
an emission wavelength diﬀerent from that of HTMA-PFNT
(430 nm). In addition, this ﬂuorophore shows a high steadystate anisotropy, ⟨r⟩, in motionally restricted environments,
such as the hydrophobic cavities of HSA.42 A few microliters
from the stock solution of DPH in DMF were added (3 μM
ﬁnal concentration) to buﬀer samples containing HSA 3 μM, in
the absence and the presence of polyelectrolyte, and to a
sample containing only polyelectrolyte (1.5 μM) in buﬀer and
were allowed to stabilize for 30 min. Fluorescence spectra and
anisotropy values of the diﬀerent samples are shown in Figure
S9 and Table 2. Results indicate that while DPH is
nonﬂuorescent in the buﬀer containing only HTMA-PFNT,
it ﬂuoresces in the polyelectrolyte-HSA complexes (although
with less intensity than in the protein solution), showing a high
anisotropy value. It suggests that in the presence of HTMAPFNT, a part of the hydrophobic cavities of the protein is still
accessible to nonpolar compounds, thus evidencing the ability

Figure 5. Fluorescence emission spectra of HTMA-PFNT (1.5 μM) in
buﬀer with increasing concentrations of DOPC. Inset: Diﬀerences in
ﬂuorescence intensity by increasing the DOPC concentration. (λexc =
510 nm).
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the aqueous medium and no aggregates remain in the buﬀer.
Changes in the ﬂuorescence intensity were used to estimate the
partition coeﬃcient of the polyelectrolyte between the
zwitterionic membrane and the aqueous phase (Kp), ﬁtting
the ﬂuorescence intensities measured at low lipid concentrations to the following equation (see the inset in Figure 5)43
ΔI =

ΔImax[L]
1/(KPγ ) + [L]

that were taken for DOPC samples in the absence and the
presence of polyelectrolyte (Figure S10). Additionally, the
eﬀect of polyelectrolyte on the liposome integrity was explored
through leakage experiments, by monitoring the induced
release of the ﬂuorophore CF from DOPC vesicles in the
presence of HTMA- PFNT. When CF is encapsulated at high
concentration in the aqueous cavity of lipid vesicles, its
ﬂuorescence decreases by an autoquenching process;45,46
therefore, if the vesicle membrane is perturbed by the
incorporation of polyelectrolyte, then the dye is released and
the ﬂuorescence signal increases after its dilution in buﬀer.
Figure 6a shows the CF ﬂuorescence intensity encapsulated in

(2)

where KP is the phospholipid/water partition coeﬃcient of the
polymer, ΔI (ΔI = I−I0) stands for the diﬀerence between the
ﬂuorescence intensity of the HTMA-PFNT measured in the
presence (I) and in the absence (I0) of the phospholipid
vesicles, ΔImax= I∞ − I0 is the maximum value of this diﬀerence
once the limiting value is reached (I∞) upon increasing the
phospholipid concentration [L], and γ is the molar volume of
the phospholipid (for DOPC in the ﬂuid phase the value of γ is
0.9 M−144). From a two-parameter (ΔImax and KP) ﬁtting
procedure, a KP value of (1.1 ± 0.1) × 104 was obtained, which
indicates high aﬃnity of the polymer for the lipid bilayer. This
value is in the same range as that determined for the blue
cationic polyelectrolyte HTMA-PFP in zwitterionic liposomes
but 1 order of magnitude lower than that determined in anionic
liposomes,27 suggesting that hydrophobic forces more than
electrostatics are responsible for the interaction between
polyelectrolyte and liposome. Simultaneously to the ﬂuorescence intensity increase (the quantum yield grew to 0.14 as
compared to 0.01 measured in buﬀer), a 17 nm blue-shift and a
slight narrowing of the emission spectrum of the polyelectrolyte
was observed after incorporation into the vesicles (Figure 5 and
Table 1). These results evidence a clear reduction in the
polymer aggregation as a consequence of membrane interaction. Probably, once HTMA-PFNT is added to the liposome
suspension, self-assembled aggregates rapidly interact with the
lipid membranes. This interaction should induce the disruption
of aggregates through a mechanism mediated by hydrophobic
interactions between the conjugated backbone of the polymer
and the lipid molecules. The breakup of aggregates separates
the polymeric backbones, decreasing the eﬀective conjugation
length and thus reducing self-quenching. It results in a blueshift of the emission maximum and a several-fold ampliﬁcation
of the ﬂuorescence emission. The fact that the ﬂuorescence
spectrum maximum is even more shifted to the blue than that
found in ethanol (Table 1) suggests that incorporation of the
polyelectrolyte into the bilayer causes a twist of the main chain,
reducing the planarity of the backbone and therefore the
conjugation length.
In order to explore if the polyelectrolyte-membrane
interaction destabilizes the liposome bilayer structure, various
types of experiments were carried out. First, DLS measurements of DOPC vesicles were performed before and after
polymer addition. In the absence of polyelectrolyte, a single
distribution was observed centered at 99 ± 39 nm (Table 2).
When HTMA-PFNT 1.5 μM was added to this lipid
suspension, a similar distribution was recorded centered at
110 ± 54 nm, and no additional population was detected.
These results conﬁrm that polymer aggregates are not found in
the buﬀer, and therefore all the polymer chains are interacting
with liposomes and suggest that the integrity of the lipid
vesicles is retained after HTMA-PFNT interaction since no
vesicle fusion or decomposition into small fragments is
detectable. This hypothesis was supported by TEM images

Figure 6. a) Fluorescence intensity of CF encapsulated in DOPC
liposomes recorded at 525 nm in the absence and the presence of
HTMA-PFNT (1.5 μM) and after addition of Triton (10%). b)
Stern−Volmer plots for quenching of HTMA-PFNT (1.5 μM) by
AQS in buﬀer (ο) and vesicles of DOPC (■).

DOPC liposomes in the absence and the presence of HTMAPFNT (1.5 μM) and after addition of Triton (10%) which
induces the complete lysis of the vesicles. Results show that the
presence of polyelectrolyte at 1.5 μM does not modify the
ﬂuorescence intensity of CF, conﬁrming that the integrity of the
lipid vesicles is maintained at this polymer concentration.
Although the above experiments conﬁrm the interaction of
HTMA-PFNT with the lipid vesicles, preserving their integrity
to yield ﬂuorescent nanoparticles, they do not inform if the
polyelectrolyte remains located close to the surface or
embedded in the lipid bilayer. To gain more insight into this
subject quenching experiments of the polyelectrolyte, in the
presence and in the absence of lipid vesicles, were carried out
using the anionic electron acceptor AQS. This molecule has
been reported to be an excellent quencher for cationic
conjugated polyelectrolytes, and it is soluble in water but not
in lipid bilayer.32,47 When increasing concentrations of AQS
were added to both samples, a decrease in the ﬂuorescence
signal was observed, being this eﬀect higher in buﬀer than in
the vesicle suspension (Figure 6b). The Stern−Volmer plots
were linear in the range studied (up to 10 μM), with Ksv = 1.1
± 0.2 × 106 and Ksv = 5.9 ± 0.2 × 104 for buﬀer and lipid
vesicles, respectively (see eq 1), indicating that the polymeric
chains are inserted in the lipid bilayer close to the membrane
surface, relatively accessible to the quenchers, and not in the
deep hydrophobic core. According to all these results
(ﬂuorescence spectra, DLS, TEM, leakage, and quenching
experiments), we have proposed a model for the interaction
between HTMA-PFNT and liposomes, which is shown in
Scheme 2.
The ability of these ﬂuorescent nanoparticles to be used as
drug carriers was investigated, as for polymer-HSA complexes,
using DPH as a model compound for a hydrophobic drug.
Experiments were carried out at low lipid concentrations to be
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Figure 7. a) Eﬀect of storage time, b) temperature, and c) continuous radiation of HTMA-PFNT incorporated in DOPC liposomes. For
temperature experiments the sample was heated from 15 to 60 °C (■) and subsequently cooled to the starting temperature (ο). Insets:
Fluorescence emission spectra recorded at the beginning (black line) and end (dots) of each experiment. (λexc = 510 nm).

To test the above possibility, preliminary ﬂuorescence and
phase contrast microscopy experiments were performed with
the human keratinocyte cell line HaCaT. The microscopy
images were obtained before and after addition of the liposomebased nanoparticles. Figure 8 shows the cells in the presence of

sure that all the liposomes were in contact with the
polyelectrolyte. The ﬂuorescence spectra and anisotropies of
DPH were recorded in lipid vesicles in the presence and the
absence of polyelectrolyte. Results are shown in Figure S9 and
Table 2. The fact that the ﬂuorescence intensity and anisotropy
values were similar in both samples (with and without
polyelectrolyte) indicates that HTMA-PFNT binding onto
the liposome is not aﬀecting the insertion of the DPH in the
lipid bilayer, conﬁrming the use of these ﬂuorescent nanoparticles as nanocarriers for hydrophobic drugs. Liposomes can
also be used to transport polar compounds in its inner aqueous
phase. The previous leakage experiments made with CF to
conﬁrm the integrity of the liposome coated with HTMAPFNT serve also to show their ability to carry hydrophilic
molecules.
Taking into account the interesting properties of these
nanoparticles we decided to explore their stability as a function
of storage time and temperature, monitoring the ﬂuorescence
spectra and plotting the area of each spectrum as a function of
these parameters. Results show that when samples are kept in
the dark at 4 °C, the ﬂuorescence signal and the spectrum
shape were unaltered at least for 3 days after preparation,
indicating that aggregation between vesicles is not taking place
(Figure 7a). The absence of aggregation was veriﬁed from DLS
experiments since similar distributions, centered around 110
nm, were obtained for the same sample with 2 h of diﬀerence
(Table 2). Thermal stability of the nanoparticles was evaluated
from 15° to 60 °C and from 60 to 15 °C for the same sample
(Figure 7b). Fluorescence intensity showed a slight decrease in
the temperature range explored when temperature was
increased, which have been also reported for other conjugated
polyelectrolytes.48,49 The fact that the initial ﬂuorescence
intensity was recovered after cooling indicates that the
reduction of intensity is mainly caused by the increase of
probability of nonradiative transitions at higher temperatures,
and not by aggregation of nanoparticles induced by temperature, with the subsequent deposition of the aggregates formed.
In addition to the storage time and temperature studies, we
have explored the photostability by monitoring the ﬂuorescence
signal of the nanoparticles under continuous radiation,
recording the emission spectra at the beginning and the end
of the radiation (Figure 7c). No photobleaching was observed
during this period indicating that the ﬂuorescent nanoparticles
are photostable and, therefore, particularly suited as bioimaging
probes.

Figure 8. Microscopy images of HaCaT cells in the presence of
liposome-based nanoparticles (0.2 μM ﬁnal polymer concentration)
observed under a) phase contrast and b) visible-light using the Leica
DsRed ﬁlter set containing an excitation ﬁlter at 555/25 nm band-pass
and an emission ﬁlter at 620/60 nm band-pass.

the ﬂuorescent nanoparticles (ﬁnal concentration 0.2 μM in
polymer) observed by phase contrast microscopy (a) and upon
excitation with Vis-light using an excitation ﬁlter at 555/25 nm
band-pass and an emission ﬁlter at 620/60 nm band-pass (b).
Both images correspond to the same ﬁeld and were taken 5 min
after nanoparticle addition. Results show that nanoparticles
rapidly interact with the cells, allowing for their visualization
under ﬂuorescence microscopy. The fact that similar images
were observed after 1 h of incubation indicates that
nanoparticles do not aﬀect the integrity of the cellular
membrane and conﬁrms the ability of these structures to be
used as ﬂuorescent probes for biological imaging.

■

CONCLUSIONS
In conclusion, a new red-emitting ﬂuorene-based conjugated
polyelectrolyte HTMA-PFNT has been synthesized by
incorporation of the chromophore naphtha[2,3c][1,2,5]
thiadiazole (NTD) on ﬂuorene backbone, extending the
conjugation length in the polymer chain. The polyelectrolyte
shows poor solubility in buﬀer, leading to aggregates of very
low ﬂuorescent quantum yield. Complexation of HTMA-PFNT
with two biological systems which are known to be used as
nanocarriers, HSA and lipid vesicles, allows for its stabilization
in buﬀer without perturbing the biomolecule structure and
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vesicle integrity, leading to red ﬂuorescent nanostructures of
similar size but diﬀerent composition. The properties of the
protein nanoparticles are consistent with polyelectrolyte
aggregates covered with HSA molecules. Furthermore, the
ability of the protein to bind nonpolar compounds is preserved
after interaction with the polyelectrolyte, allowing for the
transport of small hydrophobic drugs. The liposome-based
nanoparticles consist of lipid vesicles coated with polyelectrolyte and are much more ﬂuorescent than the previous one,
showing a high stability with time, temperature, and light. Since
the integrity of the lipid vesicles is maintained after
polyelectrolyte incorporation, we checked their ability to
transport hydrophilic and hydrophobic compounds, therefore
extending the applications of these ﬂuorescent nanoparticles to
those typical of liposomes.28 Finally, the capacity of the
nanoparticles to be used as ﬂuorescent probes for biological
imaging was demonstrated by studies performed with HaCaT
cells. All these results support the potential use of these novel
nanostructures as multifunctional platforms in important
biomedical applications such as bioimaging and drug
delivery.50−52 To our knowledge this is the ﬁrst time that
nanoparticles composed of liposomes coated with conjugated
polyelectrolytes have been made and used to ﬂuorescently label
the cell membrane of live cells as well as to carry hydrophobic
and hydrophilic compounds. This work therefore represents an
important step toward designing and applying conjugated
polyelectrolyte based nanoparticles that function in both
imaging and therapeutic applications.
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Figure S8. Kinetics of interaction of HTMA-PFNT (1.5 M) with a) HSA (6 M))
and b) LUVs of DOPC (1mM). exc=510 nm; em=650 nm.
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vesicles (LUVs) of DOPC with HTMA-PFNT.

S-8

8. Annexes

Publication 8.4

179

8. Annexes

Selective Recognition and Imaging of Bacterial Model
Membranes over Mammalian Ones by Using Cationic Conjugated
Polyelectrolytes

Zehra Kahveci, Rebeca Vázquez-Guilló, Amalia Mira, Lorena Martinez, Alberto Falcó,
Ricardo Mallavia and C. Reyes Mateo
Instituto de Biología Molecular y Celular, Universidad Miguel Hernández, 03202
Elche, Spain
Analyst, 2016
DOI: 10.1039/c6an01427e

Impact Factor: 4.033

181

Analyst
View Article Online

Published on 07 September 2016. Downloaded by Universidad de Granada on 26/09/2016 12:43:57.

PAPER

Cite this: DOI: 10.1039/c6an01427e

View Journal

Selective recognition and imaging of bacterial
model membranes over mammalian ones by using
cationic conjugated polyelectrolytes†
Z. Kahveci,* R. Vázquez-Guilló, A. Mira, L. Martinez, A. Falcó, R. Mallavia and
C. R. Mateo*
The development of new tools for the detection and ﬂuorescence imaging of bacteria is of great interest
in clinical diagnosis and food and environmental safety. In this work, we have explored the ability of two
cationic ﬂuorene-based conjugated polyelectrolytes, HTMA-PFP and HTMA-PFNT, emitting in the blue
and red spectral regions respectively, to selectively label bacterial over mammalian cells. With this end in
view, vesicles with lipid compositions mimicking those of bacterial or mammalian membranes were used
as model membranes to explore the interaction of the polyelectrolytes with both systems in samples
containing either a single type of vesicle or a mixture of both. Changes in the intrinsic ﬂuorescence of
HTMA-PFP and HTMA-PFNT were used to quantify the aﬃnity of these polyelectrolytes for the model
lipid membranes, while quenching experiments were employed to evaluate their selectivity to each lipid
system. In addition, ﬂuorescence microscopy experiments were performed to check the ability of polyelectrolytes to label the vesicles without aﬀecting their integrity. Results showed that both polyelectrolytes
rapidly label the model vesicles but they preferentially bind to those mimicking bacterial membranes,
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HTMA-PFNT being much more selective to this type of membranes than HTMA-PFP. Preliminary experi-

DOI: 10.1039/c6an01427e

ments with living bacteria and mammalian cells support this conclusion, showing that in samples with
both types of cells together, HTMA-PFNT only images the bacterial cells, thus evidencing its potential use
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for the selective recognition and imaging of bacterial presence.

Introduction
Bacteria are among the most ubiquitous of living organisms.
They are extremely adaptable and able to quickly colonize and
grow in a wide range of environments, even under extreme
conditions.1 Conventional, laboratory-based methods of bacterial detection often require specialized equipment, particular
reagents, and trained users; therefore, they are costly and
entail long processing times.2,3 In the case of pathogenic bacteria, their rapid detection and identification in, for instance,
clinical samples and food and beverages, are critical for either
the prevention or early treatment of many problems related to
health. As a result, there is an obvious need to develop fast
and highly sensitive assays that could detect very small
numbers of pathogenic bacterial cells in these types of
samples.4,5

Instituto de Biología Molecular y Celular, Universidad Miguel Hernández,
03202 Elche, Alicante, Spain. E-mail: rmateo@umh.es, zkahveci@umh.es
† Electronic supplementary information (ESI) available: Additional fluorescence
studies and equations. See DOI: 10.1039/c6an01427e
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Fluorescence imaging of bacterial contamination by selectively targeting the bacterial cell membranes over the mammalian cell membranes has emerged as a powerful and fast tool
in clinical diagnosis and food and environmental safety.6–9
Most of the existing membrane fluorescent markers (generally,
small organic fluorophores and fluorescent proteins) exhibit
interesting properties; for instance, they can adapt to diﬀerent
experimental conditions and possess tunable optical properties. However, these fluorescent materials also show important limitations such as photobleaching, self-quenching and
chemical decomposition, which restrict their applications.10,11
Among them, the most known alternative is semiconductorbased quantum dots (QDs), but the potential cytotoxicity risk
associated with their heavy metal components, for instance,
cadmium, remains a major concern for the use of these nanoparticles in biological studies.12–14 Recently, a new class of
fluorescent carbon nanomaterials, i.e. carbon quantum dots
(CQDs), has been developed. These materials, which have been
used for bacterial detection recently,8 possess the attractive
properties shown by QDs with the added advantage of being
biocompatible as well.15 However, complex processes of
passivation and anchoring of recognition molecules using
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expensive and, in occasions, toxic coupling agents are
currently indispensable in the functionalization of CQDs for
selective targeting.16 In addition, long incubation times are
required before cell visualization using these materials.8
Therefore, the improvement of synthesis methods for the
biofunctionalization or development of new fluorescent
markers targeting bacterial membranes continues to be a
significant challenge.
Ideal membrane markers should be highly fluorescent,
water-soluble, biocompatible, photostable and composed of
two structural components: a group with aﬃnity for the
membrane surface and a reporter group. Recently, much interest has been generated in synthesizing novel highly-fluorescent
conjugated polyelectrolytes (CPEs). These materials are photostable polymers with delocalized π-electron systems which
show strong absorption and high fluorescent quantum
yields17,18 and contain ionic side groups to facilitate their
water solubility and their electrostatic interaction with species
of opposite charge. Electron delocalization facilitates rapid
intra- and inter-chain exciton migration, conferring collective
optical responses and amplified signals when compared to
conventional fluorophores. Their potential biocompatible and
biodegradable characteristics enable the use of CPEs in vitro
without risking the cellular viability.19,20 Moreover, another
advantage is the ease of attaching reactive groups to these
CPEs as side chains, which consequently allows, for instance,
bioconjugation of extra recognition elements.21 Given these
properties, CPEs have received great attention in biomedical
applications, especially as potential fluorescence sensors for
small molecules, metal ions and biomolecules22–25 and as
promising alternatives in cell imaging as novel fluorescent
probes.26–35 In addition, certain CPEs have been demonstrated
to exhibit antimicrobial and antitumoral activities through
diﬀerent mechanisms.36,37
Fluorene-based CPEs contain a rigid hydrophobic backbone
with flexible charged side chains, which shows an interesting
aggregation behaviour. They represent an attractive class of
CPEs due to their high fluorescence quantum yield, good
chemical and thermal stability and easy substitution at the
fluorene C9 position enabling the grafting of diﬀerent side
chains. Polyfluorenes emitting at diﬀerent wavelengths can be
obtained, among others, by copolymerizing the fluorene
monomer with appropriate aryl monomers. In this sense, our
group has synthesized a blue-emitter cationic CPE, copoly{[9,9-bis(6′-N,N,N-trimethylammonium) hexyl]-2,7-(fluorine)alt-1,4-( phenylene)} bromide (HTMA-PFP), which incorporates
a phenyl group on the fluorene backbone, and a red-emitter
cationic
polyfluorene,
copoly-{[9,9-bis(6′-N,N,N-trimethylammonium)hexyl]-2,7-(fluorene)-alt-1,4-(naphtho[2,3c]-1,2,5thiadiazole)} bromide (HTMA-PFNT), which incorporates the
chromophore naphtha[2,3c][1,2,5] thiadiazole (NTD) (Scheme 1).
Incorporation of the NTD group induces a long red shift in the
emission spectrum, which can be due to either an extension of
the conjugation length in the polymer backbone or to an
extensive charge transfer between fluorene and NTD entities.
Both CPEs have been characterized in aqueous solutions as
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Scheme 1
(right).

Chemical structure of HTMA-PFP (left) and HTMA-PFNT

well as in the presence of biological systems such as lipid
vesicles and proteins.38–41 These studies show the rapid interaction of both CPEs with the biomolecules and indicate their
potential use as fluorescent membrane markers. In particular,
in the case of the blue polymer HTMA-PFP, an exhaustive
study was carried out with anionic and zwitterionic model
lipid membranes, showing that this CPE displays a higher
aﬃnity for anionic lipids than that for zwitterionic lipids, as
has been also found for other cationic CPEs,42 selectively labeling and imaging the anionic vesicles over zwitterionic ones.40
It is known that one of the most characteristic diﬀerences
between bacterial and mammalian cells is in the composition
of their cell membranes. For instance, the outer leaflet of
bacterial membranes contains abundant negatively charged
lipids, while it is predominantly zwitterionic for human
eukaryotic cell membranes.43 The diﬀerent behaviour of
HTMA-PFP towards anionic and zwitterionic membranes
suggests that this kind of CPE could be used for the selective
recognition and imaging of bacteria over mammalian cells
and, therefore, as a rapid tool to detect the presence of bacteria. In the present work we have investigated this possibility
by exploring, on the one hand, the interaction of HTMA-PFP
with unilamellar vesicles with lipid compositions mimicking
those in mammalian or bacterial membranes and, on the
other hand, the capacity of the CPE to fluorescently label and
diﬀerentiate bacterial cells from mammalian cells. In addition,
a similar study has been performed with the red CPE
HTMA-PFNT, and the abilities of both polymers to selectively
bind bacterial cell membranes have been compared.

Experimental section
Materials
The synthetic phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoetanolamine
(DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium
salt (DOPG), cholesterol (Chol), and cardiolipin sodium salt
from bovine heart (CA) were from Sigma-Aldrich and were
used as received. The cationic CPEs HTMA-PFP (Mn [g mol−1] =
4170; Mw [g mol−1] = 8340) and HTMA-PFNT (Mn [g mol−1] =
4507; Mw [g mol−1] = 8990) were obtained and characterized in
our laboratory. Briefly, batches of the neutral polymers,
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poly[bis(6′-bromohexyl)fluorene-phenylene] and copoly-{9,9-bis
(6-bromohexyl)-2,7-fluorene-alt-1,4-(naphto[2,3c]-1,2,5-thiadiazole)}, were synthesized by Suzuki coupling reaction with
Pd(II) as a catalyst and treated with gas-phase trimethylamine
in order to obtain the corresponding cationic CPEs HTMA-PFP
and HTMA-PFNT, respectively.41,44,45 Stock solutions of
HTMA-PFP and HTMA-PFNT were prepared in DMSO with a
final concentration of 3.65 × 10−4 M (in repeat units) and
stored at −20 °C before use. The quencher 9,10-anthraquinone-2,6-disulfonic acid (AQS) was obtained from SigmaAldrich (St Louis, MO, USA) and dissolved in water (5 mM) just
before use. All other solvents were of spectroscopic reagent
grade (Uvasol, Merck). Sodium phosphate buﬀer (50 mM,
0.1 M NaCl, pH 7.4) was prepared with water which was
previously double distilled in all-glass apparatus and deionized
using Milli-Q equipment (Millipore, Madrid, Spain).
Preparation of large unilamellar vesicles (LUVs)
Chloroform/methanol solutions containing 3 mg of lipid mixtures for each model membrane (for the bacterial model membrane: DOPE : DOPG : CA (67 : 23.2 : 9.8, molar ratio) and for
the mammalian model membrane: DOPC : Chol (70 : 30, molar
ratio)) were first dried by evaporation under a dry nitrogen gas
stream and subsequently under vacuum for 3 h. Multilamellar
vesicles (MLVs) were formed on resuspending the dried
mixture of lipids in a certain volume of buﬀer to reach the
required final concentrations. The vesicle suspension was then
vortexed several times. Large unilamellar vesicles (LUVs) of the
model membranes were prepared from these MLVs by pressure
extrusion through 0.1 µm polycarbonate filters (Nucleopore,
Cambridge, MA, USA). All samples were used on the same day
they were prepared.
Preparation of giant unilamellar vesicles (GUVs)
Giant
unilamellar
vesicles
(GUVs)
composed
of
DOPE : DOPG : CA and DOPC : Chol were prepared with the
gentle hydration method instead of the most widely used electroformation method because the presence of charged lipids
or cholesterol is a limitation to the electroformation of
vesicles.46 Briefly, lipids were dissolved in chloroform/methanol at a final lipid concentration of 5 mM. Then, 10 µl of this
solution was dropped on a microscope slide which was previously washed with alcohol and dried. This sample was left to
dry at room temperature for a few seconds and subsequently
under vacuum for 2 h. Afterwards, the lipid film was hydrated
with 15 µl of a sucrose solution (0.2 M) in a humid chamber
overnight. To better observe the synthesized GUVs under the
microscope, 400 μL of a 0.2 M glucose solution were previously
added to the wells in order to settle 50 μL of GUVs to the
bottom of the chamber. Samples were preserved for 2 h at
10 °C before microscopy visualization.
Preparation of CPE/lipid samples
Aliquots of HTMA-PFP and HTMA-PFNT in DMSO were externally added to the lipid vesicle suspension. In all cases, the
proportion of DMSO in the aqueous samples was always lower
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than 1% (v/v). In the fluorescence studies, the final concentration of the CPEs was 1.5 µM (in terms of repeat units).
Previous studies by our group have reported that at this
concentration, these CPEs do not perturb the membrane
integrity.39–41
Fluorescence measurements
Fluorescence spectra and fluorescence intensity measurements
were performed using a QuantaMaster spectrofluorometer
(PTI, Birmingham, NJ, USA). The experimental samples were
placed in 10 mm × 10 mm path length quartz cuvettes.
Samples were excited at 380 nm (HTMA-PFP) and 510 nm
(HTMA-PFNT). Background intensities were always checked
and subtracted from the sample when necessary. All fluorescence spectra were corrected for the variations in photomultiplier response over wavelength.
Partition coeﬃcient measurements
Changes in the fluorescence intensity of HTMA-PFP and
HTMA-PFNT as a function of lipid concentration were used to
estimate the partition coeﬃcient of the CPE between the lipid
membrane and the aqueous phase (KP), which is defined in
terms of molar concentrations as:
KP ¼

nL =VL
nW =VW

ð1Þ

where ni represents the moles of the compound in phase i and
Vi represents the volume of phase i. The phase is either
aqueous (i = W) or lipidic (i = L). The quantitation of Kp was
done according to:47
ΔI ¼

ΔImax ½L
1=ðKp γÞ þ ½L

ð2Þ

where ΔI (ΔI = I − I0) represents the diﬀerence between the
fluorescence intensities (or emission spectrum areas) of the
CPEs measured in the presence (I) and absence (I0) of lipid
vesicles, ΔImax = I∞ − I0 is the maximum value of this diﬀerence once the limiting value is reached (I∞) upon increasing
the lipid concentration [L], and γ is the phospholipid molar
volume, which is 0.763 M−1 for fluid phases.48
Fluorescence quenching experiments
Fluorescence emissions of the CPEs HTMA-PFP and
HTMA-PFNT in buﬀer and incorporated in model membrane
LUVs were studied in the absence and presence of diﬀerent
concentrations of AQS. This molecule is an electron acceptor
and acts as a quencher of cationic CPEs, forming static
quenching complexes via attractive electrostatic interactions.49,50 Stern–Volmer analysis was applied to the
fluorescence quenching data according to eqn (3):
I0
¼ 1 þ KSV ½Q
I

ð3Þ

where I0 and I represent the steady-state fluorescence intensities in the absence and presence of the quencher, respec-
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tively, [Q] is the quencher concentration and KSV is the Stern–
Volmer constant, which represents the association constant for
complex formation in the case of static quenching.49 The
percentage of quenching eﬃciency was calculated as (1 − I/I0)
× 100. In samples containing LUVs of bacterial and mammalian lipid compositions at diﬀerent proportions, the expected
intensity was obtained taking into account the fluorescence
intensity ratio of the CPE in both systems as well as the
fraction of each system (see ESI†).
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bacteria per mL, 105 HeLa cells per mL and 0.2 μM of either
HTMA-PFP or HTMA-PFNT, in a total volume of 300 μL final
volume per mL in PBS. Microscopy images were taken in the
absence and presence of the CPEs separately or combining
both bacteria and cells.

Results and discussion
HTMA-PFP in model membranes

Microscopy experiments
Fluorescence microscopy images were recorded using a Leica
DMI 3000B inverted microscope equipped with a Leica EL6000
compact light source and a Leica DFC3000G digital camera.
The imaging was performed using 63× magnification with
0.7 objective and the filter DAPI (Ex: BP 350/50, Em: BP
460/50) or DsRed (Ex: BP 555/25, Em: BP 620/60). Data acquisition was monitored by manually formatting and processing
with Leica Application Suite AF6000 Module Systems.
Bacterial and mammalian cell imaging
The bacterial strain used in this study was Escherichia coli Top
10 F′. A culture of this strain that was grown in LB medium at
37 °C overnight was used to make 20% glycerol stock aliquots,
which were then stored at −80 °C until use. The concentration
of bacteria was determined as the number of colony forming
units per ml (CFUs per ml) from one of these stock aliquots.
The human cell line HeLa was cultured in high glucose
DMEM (Sigma Aldrich) supplemented with 2 mM L-glutamine,
10% FBS, penicillin–streptomycin (100 units penicillin per mL
and 0.1 mg streptomycin per mL; Sigma Aldrich) at 37 °C in a
humidified incubator under a 5% CO2 atmosphere. For
microscopy images, HeLa cells were previously trypsinized,
harvested and resuspended in phosphate-buﬀered saline
(PBS).
For the fluorescence microscopy assays, 8-well plates were
used. The final concentrations were 106 E. Coli Top 10 F′

As was already mentioned above, the cationic conjugated CPE
HTMA-PFP (Scheme 1) interacts with lipid vesicles displaying
higher aﬃnity for anionic lipid membranes than that for
zwitterionic lipid membranes, i.e. selectively labeling and
imaging the anionic vesicles over the zwitterionic ones.51 This
result suggests that this CPE could be used for the selective
recognition and imaging of bacterial cell membranes rich in
anionic lipids. To test this possibility, as a first step, we have
explored the interaction of the CPE with bacterial and mammalian membrane models. In order to mimic the diﬀerent
membranes, the mixture of phospholipids of DOPE (% 67),
DOPG (% 23.2) and CA (% 9.8) was selected as the component
of the bacterial model membrane, which corresponds with the
composition of the outer membrane of the bacteria E. coli,
while the mixture of DOPC (% 70) and cholesterol (% 30) was
used for the mammalian model membrane.52–54 The aﬃnity of
HTMA-PFP to both membranes was studied by recording its
fluorescence emission spectrum after addition (1.5 μM final
concentration) to samples containing increasing amounts of
the corresponding lipid vesicles, from 0 to 1 mM (Fig. 1a and
b). Note that changes in absorbance spectra were not used to
determine the aﬃnity because of their being not very pronounced and due to the high scattering induced by liposomes
(Fig. S2†). For the bacterial model, a strong enhancement of
the fluorescence intensity was observed as a function of lipid
concentration a few seconds after CPE addition, together with
a blue shift of the emission spectrum. Higher concentrations

Fig. 1 Fluorescence emission spectra, recorded upon excitation at 380 nm, for HTMA-PFP (1.5 µM) in buﬀer and at increasing concentrations (up to
1 mM) of (a) the bacterial model membrane and (b) the mammalian model membrane. (c) Area of the emission spectrum of HTMA-PFP at diﬀerent
concentrations of bacterial (squares) and mammalian (circles) model membranes. Insets in (a) and (b) represent the normalized emission spectra
recorder in buﬀer (black) and in the presence of 1 mM of lipid (grey).
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of lipid, above 0.125 mM, practically did not modify the fluorescence signal. This behaviour, which was also observed for
the CPE in the presence of LUVs of pure DMPG,39 indicates
that HTMA-PFP interacts with high aﬃnity with the lipid
bilayer. As a consequence of this interaction, the polymer
chains become more extended than in buﬀer, where it forms
metastable aggregates, and the probability of polymer–polymer
interaction, and therefore the self-quenching eﬃciency, is
reduced, increasing the fluorescence quantum yield. For the
mammalian model, a blue-shift was also observed in the emission spectrum of the polymer, supporting the existence of
interaction, but it was slightly lower than that observed for the
bacterial lipids (Fig. 1b). In addition, the increase in fluorescence intensity was slower and clearly lower, reaching its
maximum value at higher lipid concentrations (about
0.3 mM). This result indicates a lower aﬃnity of the polyelectrolyte for the mammalian membrane model as well as a
diﬀerent mechanism of interaction, and suggests that aggregates of HTMA-PFP are better solubilized in the bacterial membrane model than in the mammalian membrane model.
The partition coeﬃcient of the CPE between the lipid and
the aqueous phase (Kp) was determined plotting the area of
each spectrum as a function of lipid concentrations (Fig. 1c)
using eqn. (2). This value was obtained from a two-parameter
(ΔImax and Kp) fitting procedure. Results are shown in Table 1
and compared with those obtained in lipid vesicles of pure
zwitterionic (PC) and anionic (PG) lipid vesicles.39–41 The
diﬀerent obtained Kp values are indicative of a preference of
HTMA-PFP for bacterial over mammalian membranes, but this
preference is lower than that observed for pure anionic over
zwitterionic membranes. The value obtained for the bacterial
model is slightly lower than that determined for pure anionic
vesicles, probably due to the presence of zwitterionic lipids in
its composition. However, both values are in the same scale,
suggesting that the mechanism of interaction between the CPE
and the bacterial membranes is mainly based on electrostatic
interactions between the quaternary amine groups of the CPE
(Scheme 1) and the anionic surface of the bacterial membrane.
The fact that the Kp for the mammalian system is about 4
times lower than that for the bacterial one, but still high
despite the absence of negative surface charge on the vesicles,
indicates that the hydrophobic eﬀect and van der Waals forces
that dominate the partition to the neutral systems can also
account for an important part of the polymer–membrane
interaction.48

To gain more insight into the membrane–CPE interactions,
we took advantage of the fact that the fluorescence of
HTMA-PFP can be quenched by anionic electron acceptors
such as AQS, which is soluble in water but not in lipid membranes.40,49,50 When the AQS concentration was increased in
bacterial and mammalian model membrane suspensions
containing HTMA-PFP, diﬀerent behaviours were observed. In
the bacterial model, only a slight decrease in the fluorescence
signals of the CPE was detected, while the quenching eﬀect
was much more pronounced in the mammalian model. Fig. 2a
shows the Stern–Volmer plots corresponding to these experiments. Using eqn (3), KSV values of 1.3 ± 0.3 × 103 M−1 and
2.2 ± 0.3 × 104 were obtained from the slope of the plots for
bacterial and mammalian models, respectively (Table 1). This
result was used to estimate the most probable location of the
CPE in the diﬀerent systems. A lower quenching and thus a
lower KSV for HTMA-PFP in the presence of vesicles would indicate its protection from the quencher and hence its insertion
into the lipid bilayer. In the buﬀer, in the absence of lipid vesicles, the KSV value is 1.6 × 107 M−1;39 therefore, the lower
values determined for HTMA-PFP in the presence of both
model membranes confirm its interaction. However, the fact
that KSV in the mammalian model is about 17 times higher
than that in the bacterial model indicates that the CPE

Fig. 2 (a) Stern–Volmer plots for the quenching of HTMA-PFP (1.5 µM)
by AQS in model bacterial (squares) and mammalian (circles) membranes. (b) Quenching induced by [AQS] = 50 µM in the ﬂuorescence
intensity of HTMA-PFP (1.5 µM) in samples containing mammalian LUVs
coexisting with increasing concentrations of bacterial LUVs. Inset:
Quenching eﬃciency versus increased bacterial vesicle percentage (blue
diamonds) compared with the theoretical quenching eﬃciency obtained
if the CPE had the same preference for both model membranes (blue
circles).

Table 1 Partition coeﬃcient, Kp, values obtained from the ﬁt of eqn (2), and Stern–Volmer constants, KSV, determined for HTMA-PFP and
HTMA-PFNT in diﬀerent lipid membrane models in the presence of the quencher, AQS

KSV (M−1)

Kp
System
Mammalian
Bacterial
PC
PG

HTMA-PFP

HTMA-PFNT
4

2.9 ± 0.1 × 10
1.2 ± 0.3 × 105
1.3 ± 0.8 × 104
2.9 ± 1.3 × 105

This journal is © The Royal Society of Chemistry 2016

HTMA-PFP
4

2.2 ± 0.4 × 10
4.7 ± 0.6 × 105
1.1 ± 0.1 × 104
1.1 ± 0.1 × 106

HTMA-PFNT
4

2.2 ± 0.3 × 10
1.3 ± 0.3 × 103
1.4 ± 0.2 × 105
0

5.1 ± 0.1 × 103
4.0 ± 0.3 × 102
5.9 ± 0.2 × 104
0
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remains located close to the membrane surface in the mammalian model, while it penetrates more deeply into the lipid
bilayer of the bacterial membrane. Comparing these KSV values
with those determined in lipid vesicles of PC and PG
(Table 1 39–41), we can conclude that HTMA-PFP in the bacterial
model is eﬀectively embedded in the bilayer but it resides less
close to the hydrophobic core than for pure anionic lipids,
where no quenching is observed. This eﬀect could be due to
the lipid composition of the bacterial membrane, containing
67% of zwitterionic phospholipids (DOPE), which reduces the
anionic net charge of the membrane surface and thus
decreases the level of penetration of the CPE into the bilayer.
The above results suggest the existence of diﬀerent mechanisms for the interaction of HTMA-PFP with bacterial and
mammalian membrane models, which are caused by the
variations in the net membrane surface charge. In this sense,
although the fast and higher aﬃnity of HTMA-PFP for the
anionic membrane is mainly attributed to electrostatic interactions, the final location of the CPE indicates that hydrophobic forces also contribute to its solubilisation in the
bilayer, thus reducing its aggregation and increasing the fluorescence quantum yield in bacterial membranes compared to
mammalian ones. This diﬀerent behaviour supports the
hypothesis of HTMA-PFP being selective for bacterial over
mammalians membranes and, therefore, suggests its potential
use as a bacterial membrane marker. However, to confirm this
selectivity it is necessary to know the behaviour of the CPE in
samples containing both types of vesicles.
The fact that the extent of quenching by AQS is clearly
diﬀerent in bacterial and mammalian membranes can be
used as a tool to monitor this behaviour. To this end,
diﬀerent samples containing LUVs of mammalian lipid
composition were prepared, coexisting with increasing concentrations of bacterial LUVs, from 0% to 100% (the final
total lipid concentration was 1 mM). A constant concentration of HTMA-PFP (1.5 µM) and AQS (50 µM) was added to
each sample, the fluorescence spectra were recorded and the
quenching eﬃciency was analysed. According to Fig. 2a, for
the sample containing only mammalian vesicles, the quenching eﬃciency is around 50% at [AQS] = 50 µM, while for the
sample containing only bacterial vesicles, it is ∼7–8%. Fig. 2b
(and its inset) illustrates the experimental decrease observed
in the quenching eﬃciency as the proportion of bacterial vesicles increases. This plot is also compared with the theoretical
data expected if HTMA-PFP had the same preference for bacterial and mammalian membranes. The theoretical curve
shows that, for a sample containing the same amounts of
both vesicles, a quenching eﬃciency of around 26% would be
obtained (see eqn (S1) in the ESI† and the inset in Fig. 2b).
However, this result was not observed and the eﬃciency
determined experimentally under these conditions was
instead much lower. In fact, an increase in the proportion of
bacterial vesicles rapidly decreased the quenching eﬃciency,
reaching similar eﬃciencies in a sample still containing 80%
of mammalian membranes and another one containing only
bacterial LUVs. This result confirms the selectivity of
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HTMA-PFP to bacterial over mammalian model membranes,
as was previously suggested.
HTMA-PFNT in model membranes
In a recent paper we have already reported the synthesis and
characterization of a new fluorene-based CPE, HTMA-PFNT
(Scheme 1), which emits in the red region of the visible spectrum.41 This CPE is unstable in buﬀer, showing a low fluorescence quantum yield and a high tendency to self-aggregate.
However, it shows high aﬃnity for zwitterionic lipid vesicles,
increasing its fluorescence signal and leading to stable structures. From the aﬃnity studies, a Kp value of 1.1 ± 0.1 × 104
was obtained between the zwitterionic membrane and the
aqueous phase, which was in a similar range as that determined for HTMA-PFP 39–41 (Table 1). The fact that both CPEs
have similar structures, containing side chains with cationic
quaternary amine groups, suggests that HTMA-PFNT could
also have a preference for anionic lipid over zwitterionic ones.
To explore this possibility, firstly we determined the CPE
aﬃnity for pure anionic vesicles composed of DOPG. With this
aim, a fixed concentration of HTMA-PFNT (1.5 µM) was added
to samples containing increasing concentrations of lipid and
the fluorescence emission spectra were recorded and analyzed.
An enhancement in fluorescence intensity, with several folds
of amplification of the quantum yield, was observed in a lipid
concentration-dependent manner, as well as a slight blue-shift
of the emission maximum, which indicates the interaction of
the CPE with the anionic membrane (ESI, Fig. S1†). From these
results, Kp = 1.1 × 106 was determined using eqn (1) (Table 1).
This value was two orders of magnitude greater than that
obtained using the zwitterionic system, indicating that the preference of HTMA-PFNT for anionic lipids over zwitterionic ones
is even higher than that determined for HTMA-PFP. Therefore,
the CPE could be used for selective recognition of bacterial cell
membranes, probably with more eﬃcacy than HTMA-PFP. To
test this possibility, we explored the interaction of the CPE with
bacterial and mammalian membrane models following the
same procedure as was previously shown with HTMA-PFP. Fig. 3
shows the fluorescence emission spectra of the CPE recovered at
increasing concentrations of both membrane models. As was
found for DOPG LUVs, an increase in the fluorescence intensity
and a blue-shift were observed depending on the lipid concentration. In the case of the bacterial model, a very little amount
of lipid was required to reach the maximum fluorescence
signal, in contrast to that observed for the mammalian model.
The partition curves were plotted for each lipid system and the
Kp was extracted from these curves using eqn (1) (Fig. 3c and
Table 1). Thus, the Kp recovered for the bacterial model is about
one half of the value corresponding to that obtained with pure
PG vesicles, but 20 times higher than with the mammalian
model. Comparing the Kp values of both CPEs for the diﬀerent
systems, we can conclude that HTMA-PFNT would be more
selective than HTMA-PFP for bacterial membranes, as was
previously suggested.
The location of HTMA-PFNT in the diﬀerent lipid models
was explored using AQS, as previously described for the blue

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Fluorescence emission spectra, recorded upon excitation at 530 nm, for HTMA-PFNT (1.5 µM) in buﬀer and at increasing concentrations (up
to 1 mM) of (a) the bacterial model membrane and (b) the mammalian model membrane. (c) Area of the emission spectrum of HTMA-PFNT at
diﬀerent concentrations of bacterial (squares) and mammalian (circles) model membranes. Insets in (a) and (b) represent the normalized emission
spectra recorded in buﬀer (black) and in the presence of 1 mM of lipid (grey).

CPE. When increasing concentrations of the quencher were
added to DOPG vesicles containing HTMA-PFNT, no quenching was observed, indicating that the CPE is well embedded in
the lipid bilayer (Table 1). However, the addition of AQS to
mammalian and bacterial vesicles induced a decrease in the
fluorescence, this eﬀect being higher in the mammalian
model than in the bacterial one (Fig. 4a). The Stern–Volmer
plots were linear in the range studied, with KSV = 5.1 × 103 M−1
and KSV = 4.0 × 102 M−1 for mammalian and bacterial models,
respectively (Table 1). These values are lower than the value of
KSV = 1.1 × 106 M−1 obtained in buﬀer,41 which confirms that
in both membrane models the CPE is incorporated into the
bilayer. However, the higher value determined for the mammalian model indicates that in this system the polymeric chains
are inserted in the lipid bilayer close to the membrane surface,
relatively accessible to the quenchers, while in the bacterial
model, HTMA-PFNT is located deeper inside the lipid bilayer.
As for HTMA-PFP, we have taken advantage of the fact that
the extent of quenching is diﬀerent in bacterial and mamma-

lian model membranes in order to explore the selectivity of the
CPE in samples with both types of vesicles together. Samples
containing mixtures of bacterial and mammalian model membranes were prepared by increasing the proportion of the
model bacterial membrane in the mixture from 0 to 100%
(final lipid concentration 1 mM). The same concentration of
CPE was added to all the samples (1.5 µM) and the fluorescence spectra were recorded before and after the addition of
AQS (200 µM). Fig. 4b shows the experimental decrease
observed in the quenching eﬃciency as the proportion of bacterial vesicles increases. The plot is compared with the theoretical data expected if the CPE had the same preference for
bacterial and mammalian membranes (inset). From this plot
we can conclude that a very small proportion of bacterial vesicles rapidly decreases the quenching eﬃciency and that when
HTMA-PFNT is added to a sample containing 95% of mammalian membranes and 5% of bacterial membranes, all the
polymer chains are incorporated into the bacterial LUVs and
not in the mammalian ones.
This result evidences the high preference of the CPE for
these vesicles, and confirms that HTMA-PFNT has higher
selectivity and sensitivity for bacterial model membranes than
HTMA-PFP.
HTMA-PFP and HTMA-PFNT as cell membrane markers

Fig. 4 (a) Stern–Volmer plots for quenching of HTMA-PFNT (1.5 µM) by
AQS in model bacterial (squares) and mammalian (circles) membranes.
(b) Quenching induced by [AQS] = 200 µM in the ﬂuorescence intensity
of HTMA-PFNT (1.5 µM) in samples containing mammalian LUVs coexisting with increasing concentrations of bacterial LUVs. Inset: Quenching
eﬃciency versus increased bacterial vesicle percentage (red triangles)
compared with the theoretical quenching eﬃciency obtained if the CPE
had the same preference for both model membranes (red circles).

This journal is © The Royal Society of Chemistry 2016

The above results suggest the possibility of using the CPEs,
especially HTMA-PFNT, to detect bacterial contamination by
selectively targeting bacterial membranes over mammalian
cells. Before testing this possibility, firstly we explored whether
the CPEs were able to label and image the two types of cells
separately, preserving their integrity. The study was performed
by fluorescence microscopy, initially with model membranes
and later with bacterial and mammalian cells. For the study
with model membranes, GUVs composed of DOPE : DOPG : CA
and DOPC : Chol were prepared as described in Experimental
section. Microscopy images were recorded before and after the
addition of HTMA-PFP or HTMA-PFNT. In the absence of CPE,
both types of vesicles were visualized by phase contrast
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Fig. 5 (a) Phase contrast image of GUVs of model bacterial membranes
in the absence of CPEs. (b) Fluorescence microscopy images of GUVs of
model bacterial membranes in the presence of HTMA-PFP and (c)
HTMA-PFNT, recorded upon irradiation with UV- and visible-light,
respectively. (d) Phase contrast image of GUVs of model mammalian
membranes in the absence of CPEs. (e) Fluorescence microscopy
images of GUVs of model mammalian membranes in the presence of
HTMA-PFP and (f ) HTMA-PFNT, recorded upon irradiation with UV- and
visible-light, respectively.

microscopy (Fig. 5a and d), and no fluorescence was detected
when the samples were excited with UV or visible light. CPEs
were added to the same samples and fluorescence images were
taken 5 min after addition. Samples containing HTMA-PFP
were excited with UV-light (Fig. 5b and e), while those containing HTMA-PFNT were excited with visible-light (Fig. 5c and f ).
Results show that both CPEs rapidly interact with the two
types of GUVs, labelling the membrane and allowing for their
visualization, without altering their spherical morphology.
For the in vitro studies with bacterial and mammalian cells,
E. coli Top 10 F′ strain and human HeLa cells were used. The
microscopy images were obtained before and after adding the
CPEs (0.2 µM final concentration). Fig. 6a and b show the fluorescence images observed 5 min after the addition of
HTMA-PFP, upon excitation with UV-light. Results show the
ability of this CPE to label in blue both, bacterial and mammalian cells. In the same way, addition of HTMA-PFNT to the
samples and excitation with visible-light allowed for the
visualization in red color of the two types of cells (Fig. 6c and
d). CPEs were photostable, preserving their fluorescence
during the acquisition without suﬀering from photobleaching.

Fig. 6 Top: Fluorescence microscopy images of bacteria E. coli (a) and
HeLa cells (b) after the addition of HTMA-PFP and irradiation with UVlight. Bottom: Fluorescence microscopy images of bacteria E. coli (c)
and HeLa cells (d) after the addition of HTMA-PFNT and irradiation with
visible-light.

human HeLa cells coexisting in the sample. The image in
Fig. 7b corresponds to the same field as Fig. 7a and was
obtained after excitation with UV-light. The image shows that
HTMA-PFP is able to label both types of cells without, apparently, any preference for one over the other.

Selective imaging of bacteria over mammalian cells
Once it was proven that the CPEs are able to label and image
bacterial and mammalian cells separately, we explored the
possibility of using them to detect bacterial contamination by
carrying out a preliminary experiment where both types of
cells were together in the same sample. To this end, PBS resuspended HeLa cells (100 000 cells per mL) and bacteria
E. coli Top10 F′ (1 000 000 bacteria per mL) were mixed in a
total volume of 300 μL in a microscopy plate. Then, HTMA-PFP
and HTMA-PFNT were added separately (0.2 µM final concentration), and phase contrast and fluorescence microscopy
images were taken 5 min after addition (Fig. 7). In Fig. 7a it is
possible to visualize both populations of bacteria E. coli and
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Fig. 7 Microscopy images of human HeLa cells contaminated with bacteria E. coli after the addition of HTMA-PFP in phase contrast (a) and
upon irradiation with UV-light (b). Microscopy images of human HeLa
cells contaminated with bacteria E. coli after the addition of
HTMA-PFNT in phase contrast (c) and upon irradiation with visible light
(d). Arrows are included to better visualize the bacteria population.

This journal is © The Royal Society of Chemistry 2016
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It should be noted that the higher fluorescence intensity
coming from the HeLa cells is due to their bigger size, and
this eﬀect masks the fluorescence from the bacteria and
makes more diﬃcult their visualization.
Therefore, in spite of the results obtained with model
systems, the above experiments suggest that HTMA-PFP can be
used as a fluorescent membrane marker, but it is not a good
candidate to selectively recognize and image bacteria over
mammalian cells, at least with the bacterial strains and cell
lines used in this study. Results obtained with HTMA-PFNT
were totally diﬀerent (Fig. 7c and d). No HeLa cells were
observed after excitation with visible light, but the bacterial
population could be detected. This result indicates that the
CPE was only bound to E. coli without apparently labelling the
HeLa cells. This is a very interesting result which supports the
conclusions obtained for HTMA-PFNT with model membranes
and confirms the potential use of this CPE as a rapid diagnostics tool to detect bacterial contamination.

Conclusions
In this study, the ability of the cationic CPEs HTMA-PFP and
HTMA-PFNT to selectively label bacteria over mammalian cells
was explored using fluorescence spectroscopy and microscopy
in model membranes and cells. Experiments performed with
biomimetic LUVs, representative of mammalian and bacterial
membranes, indicate that both CPEs rapidly label the vesicles
but preferentially interact with the bacterial biomimetic membrane model, probably due to electrostatic interactions between
the quaternary amine groups of the CPEs and the anionic
surface of the bacterial membrane. In spite of their similar
structures, HTMA-PFNT is much more selective towards this
type of membrane than HTMA-PFP, as was confirmed from
quenching experiments carried out in samples containing simultaneously bacterial and mammalian LUVs. The fluorescence
microscopy images obtained from E. coli bacteria and Hela
cells, in separate samples, reveal the ability of HTMA-PFP and
HTMA-PFNT to rapidly label in blue and red, respectively, both
bacterial and mammalian cells. However, in samples containing
simultaneously E. coli bacteria and Hela cells, a diﬀerent behaviour was observed for the two CPEs: HTMA-PFP was able to
label both types of cells without apparently any preference for
one over the other, while HTMA-PFNT was bound only to the
bacteria E. coli. This result indicates that CPE HTMA-PFNT is a
better candidate than HTMA-PFP to selectively recognize and
image bacteria over mammalian cells, and thus could be potentially used as a fast diagnosis tool for detecting bacterial contamination in diﬀerent samples.
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Theoretical curve in figure 2b and 4b (inset) were obtained by using following equation
by calculating the theoretical quenching efficiency (expected) :

 expected = (1-It/I0t) x 100

(eq. S1)

where, I0t and It stand for the CPEs fluorescence intensities in the absence and presence
of the quencher, respectively. The values expected for these intensities if the CPE had
the same preference for both model membranes can be estimated as:
I0t = (M IPM) + (B IB)
It = (M IM M/100) + (B IB B/100)

M and B are the lipid molar fraction of the mammalian and bacterial model systems in
the mixture, respectively.
IM and IB are the fluorescence intensities obtained experimentally from CPE either in
mammalian or bacterial model membrane, respectively . For HTMA-PFP, the ratio IB /
IM = 1.35 (Figure 1c), while for HTMA-PFNT, IB/ IM = 1 (Figure 3c).

M and B are the percentage of quenching efficiencies when the sample contains 100%
of mammalian or bacterial membranes, respectively. These values were M =50% and

B =92% for HTMA-PFP and HTMA-PFNT in the presence of 50 and 200 µM of AQS,
respectively (Figures 2a and 4a).

Figure S1: Fluorescence emission spectra of HTMA-PFNT (1.5 µM) in buffer with
increasing concentrations of DOPG. Inset: Differences in fluorescence intensity by
increasing the DOPG concentration compared to DOPC (λexc=510 nm).

Figure S2: Absorption spectra of HTMA-PFP (1.5 µM) in buffer (black), bacterial (red)
and mammalian (blue) model membranes.
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SRO\HOHFWURO\WHVOLSLGYHVLFOHVSKRVSKDWHLRQSDUDQLWURSKHQRO
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$%675$&7

7KLV ZRUN GHVFULEHV WKH GHYHORSPHQW RI D QRYHO IOXRUHVFHQW ELRVHQVRU EDVHG RQ WKH
LQKLELWLRQRIDONDOLQHSKRVSKDWDVH $/3 7KHELRVHQVRUZDVFRPSRVHGRIWKHHQ]\PH
$/3 DQG WKH FRQMXJDWHG FDWLRQLF SRO\IOXRUHQH +70$3)3 7KH ZRUNLQJ SULQFLSOH RI
WKH ELRVHQVRU LV EDVHG RQ WKH IOXRUHVFHQFH TXHQFKLQJ RI WKLV SRO\HOHFWURO\WH E\
SDUDQLWURSKHQRO 313  D SURGXFW RI WKH K\GUROLVLV UHDFWLRQ RI JO\FHUROSKRVSKDWH
3133 FDWDO\]HGE\$/36LQFH+70$3)3IRUPVXQVWDEOHDJJUHJDWHVLQEXIIHUZLWK
ORZ IOXRUHVFHQFH HIILFLHQF\ SUHYLRXV VWDELOL]DWLRQ RI WKH SRO\HOHFWURO\WH ZDV UHTXLUHG
EHIRUH WKH GHYHORSPHQW RI WKH ELRVHQVRU +70$3)3 ZDV VWDELOL]HG WKURXJK LWV
LQWHUDFWLRQ ZLWK OLSLG YHVLFOHV WR REWDLQ VWDEOH EOXHHPLWWLQJ QDQRSDUWLFOHV 13V 
)OXRUHVFHQW 13V ZHUH FKDUDFWHUL]HG DQG WKH DELOLW\ WR EH TXHQFKHG E\ 313 ZDV
HYDOXDWHG7KHVHQDQRSDUWLFOHVZHUHFRXSOHGWR$/3DQGHQWUDSSHGLQDVRO±JHOPDWUL[
WRSURGXFHDELRVHQVRUWKDWFDQVHUYHDVDVFUHHQLQJSODWIRUPWRLGHQWLI\$/3LQKLELWRUV
7KH FRPSRQHQWV RI WKH ELRVHQVRU ZHUH H[DPLQHG EHIRUH DQG DIWHU VROJHO HQWUDSPHQW
DQGWKHELRVHQVRUZDVRSWLPL]HGWRDOORZWKHGHWHUPLQDWLRQRISKRVSKDWHLRQLQDTXHRXV
PHGLXP
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,1752'8&7,21
7KH HQ]\PH DONDOLQH SKRVSKDWDVH $/3  QRQVSHFLILFDOO\ FDWDO\]HV WKH K\GURO\VLV RI
SKRVSKRU\OHVWHUVLQDONDOLQHPHGLD7KLVORZELRFDWDO\WLFVHOHFWLYLW\HQDEOHVWKHXVHRI
WKH HQ]\PH IRU D ZLGH UDQJH RI VXEVWUDWHV LQ HQ]\PH DFWLYLW\ DVVD\V RQH RI ZKLFK LV
JO\FHUROSKRVSKDWHRUSQLWURSKHQ\OSKRVSKDWH 3133 ,QWKHODVW\HDUVWKHFDWDO\WLF
DFWLYLW\ RI $/3 KDV EHHQ H[SORLWHG LQ WKH GHVLJQ RI LPPXQRVHQVRUV DQG ELRVHQVRUV
HLWKHU IRU GLUHFW PRQLWRULQJ RI DQDO\WHV HQ]\PHV RU VXEVWUDWHV  RU IRU LQGLUHFW
PRQLWRULQJRIRUJDQLF LHSHVWLFLGHV RULQRUJDQLFVDOWV LHSKRVSKDWHKHDY\PHWDOV 
ZKLFK DFW DV LQKLELWRUV 6WXGLHV RI $/3 DFWLYLW\ DQG VFUHHQLQJ RI LWV LQKLELWRUV DUH
UHTXLUHGLQFOLQLFDOGLDJQRVLVWRGHYHORSSRWHQWLDOGUXJWKHUDSLHVIRUGLIIHUHQWGLVHDVHV
DVZHOODVLQHQYLURQPHQWDOPRQLWRULQJRISROOXWDQWV7KHFKRLFHRIWKHVXEVWUDWHVIRU
WKHVH DQDO\WLFDO DSSOLFDWLRQV GHSHQGV RQ WKH WUDQVGXFWLRQ PHWKRGV LH IOXRUHVFHQFH
FKHPLOXPLQHVFHQFH RU DPSHURPHWU\ DQG RQ WKH SXUSRVH RI WKH DQDO\WLFDO
PHDVXUHPHQWV8SWRGDWHYDULRXVIOXRULPHWULFDVVD\VDQGIOXRUHVFHQWELRVHQVRUVEDVHG
RQ $/3 DFWLYLW\ KDYH EHHQ UHSRUWHG XVLQJ RUJDQLF G\HV LQRUJDQLF VHPLFRQGXFWRU
TXDQWXP GRWV 4'V  DQG FDUERQ TXDQWXP GRWV DV IOXRURPHWULF LQGLFDWRUV 0DQ\ RI
WKHVH IOXRURSKRUHV VXIIHU GUDZEDFNV VXFK DV SRRU VWDELOLW\ RI G\HV RU KLJK WR[LFLW\ RI
4'VZKLFKFRQVWLWXWHLPSRUWDQWFRQFHUQVIRUWKHSUDFWLFDODSSOLFDWLRQ5HFHQWO\PXFK
LQWHUHVW KDV EHHQ JHQHUDWHG LQ V\QWKHVL]LQJ QRYHO KLJKO\IOXRUHVFHQW FRQMXJDWHG
SRO\HOHFWURO\WHV &3(V



7KHVHPDWHULDOVDUHSKRWRVWDEOHSRO\PHUVZLWKGHORFDOL]HG

ʌHOHFWURQ V\VWHPV ZKLFK VKRZ VWURQJ DEVRUSWLRQ DQG KLJK IOXRUHVFHQFH TXDQWXP
\LHOGV



 (OHFWURQ GHORFDOL]DWLRQ IDFLOLWDWHV UDSLG LQWUD DQG LQWHUFKDLQ H[FLWRQ

PLJUDWLRQ FRQIHUULQJ FROOHFWLYH RSWLFDO UHVSRQVHV DQG DPSOLILHG VLJQDOV ZKHQ
FRPSDULQJ WR FRQYHQWLRQDO IOXRURSKRUHV  7KHLU ELRFRPSDWLEOH DQG ELRGHJUDGDEOH
FKDUDFWHULVWLFVHQDEOHWKHXVHRI&3(VLQYLWURZLWKRXWULVNLQJWKHFHOOXODUYLDELOLW\
ϯ
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*LYHQ WKHVH SURSHUWLHV &3(V KDYH UHFHLYHG JUHDW DWWHQWLRQ LQ ELRPHGLFDO DQG
HQYLURQPHQWDO DSSOLFDWLRQV HVSHFLDOO\ DV SRWHQWLDO IOXRUHVFHQW VHQVRUV IRU VPDOO
PROHFXOHVPHWDOLRQVDQGELRPROHFXOHV
7KH DPSOLILHG TXHQFKLQJ RI &3(V XSRQ ELQGLQJ WR DQ RSSRVLWH FKDUJH PROHFXOH LV
IUHTXHQWO\XVHGLQWKHGHVLJQRI&3(VEDVHGVHQVRUVRUELRVHQVRUV&KHQHWDO
GHPRQVWUDWHGWKDWWKHIOXRUHVFHQFHRIWKH&3(VFDQEHYHU\HIILFLHQWO\TXHQFKHGYLDD
SKRWRLQGXFHG HOHFWURQ WUDQVIHU PHFKDQLVP 3(7  E\ HOHFWURQ DFFHSWRUV RI RSSRVLWH
FKDUJH )OXRUHVFHQFH FDQ DOVR EH TXHQFKHG GXH WR IOXRUHVFHQFH UHVRQDQFH HQHUJ\
WUDQVIHU )5(7 EHWZHHQWKH&3(VDQGPROHFXOHVZLWKDEVRUSWLRQVSHFWUDRYHUODSSLQJ
WKH SRO\HOHFWURO\WH HPLVVLRQ VSHFWUXP ,Q D SUHYLRXV ZRUN LW ZDV VKRZQ WKDW S
QLWURSKHQRO 313  DQ HOHFWURQ DFFHSWRU WKDW DEVRUEV DW  QPLQ LWV DQLRQLF IRUPLV
DEOHWRTXHQFKWKHIOXRUHVFHQFHLQWHQVLW\RIEOXHHPLWWHUFDWLRQLFSRO\IOXRUHQHVVXFKDV
SRO\^ ELV ƍ111WULPHWK\ODPPRQLXP 

KH[\O@IOXRUHQHSKHQ\OHQH`

EURPLGH

+70$3)3 SUHVXPDEO\YLDDFRPELQDWLRQRI3(7DQG)5(7PHFKDQVLPV&DR
HWDOXVHGWKLVSURSHUW\WRGHYHORSDIOXRULPHWULFDVVD\LQEXIIHUIRUWKHVFUHHQLQJRIĮ
JOXFRVLGDVHLQKLELWRUVWDNLQJLQWRDFFRXQWWKDWWKLVHQ]\PHFDWDO\]HVWKHK\GURO\VLVRI
SQLWURSKHQ\OĮ'JOXFRS\UDQRVLGHWR313313LVDOVRWKHHQGSURGXFWRIK\GURO\VLVRI
3133 FDWDO\]HG E\ $/3 7KHUHIRUHDIOXRUHVFHQW $/3 ELRVHQVRU FRXOGEHGHYHORSHG
E\ FRXSOLQJ RI WKH SRO\HOHFWURO\WH +70$3)3 WR WKLV HQ]\PH $W D FRQVWDQW
FRQFHQWUDWLRQRI3133WKLVELRVHQVRUFRXOGEHFDSDEOHRIGHWHFWLQJWKH$/3DFWLYLW\LQ
DEVHQFHDQGSUHVHQFHRILQKLELWRUV
7KH IOXRUHVFHQFH TXHQFKLQJ RI +70$3)3 DQG VLPLODU SRO\IOXRUHQHV KDV EHHQ DOVR
XVHGDVDWRROWRGHWHUPLQH'1$PHWDORUJDQLFLRQVRUSURWHLQVLQZDWHU+RZHYHU
RXUJURXSUHFHQWO\UHSRUWHGWKDWWKLVSRO\HOHFWURO\WHLVQRWVWDEOHLQDTXHRXVVROYHQWV,Q
SDUWLFXODUZHLQYHVWLJDWHGWKHEHKDYLRXURI+70$3)3LQEXIIHUFRPSDULQJWKHUHVXOWV
ϰ
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ACS Applied Materials & Interfaces

ZLWKWKRVHREWDLQHGLQDJRRGVROYHQW7KHSRO\HOHFWURO\WHVKRZHGDORZIOXRUHVFHQFH
TXDQWXP\LHOG DQG D UHGVKLIW RI WKH HPLVVLRQ VSHFWUXP LQ EXIIHU 7KLV UHVXOW ZDV
DWWULEXWHGWRWKHIRUPDWLRQRIDJJUHJDWHVE\VHOIDVVHPEO\RIWKHSRO\PHUK\GURSKRELF
FKDLQV DQG WR WKH H[LVWHQFH RI QRQVSHFLILF HOHFWURVWDWLF LQWHUDFWLRQV EHWZHHQ WKHVH
DJJUHJDWHVDQGDQLRQLFVSHFLHVFRQWDLQHGLQWKHEXIIHU7KHDYHUDJHVL]HRIDJJUHJDWHV
ODUJHO\ LQFUHDVHG WKURXJK WKH WLPH LQGXFLQJ WKH FRUUHVSRQGLQJ GHFUHDVH LQ WKHLU
IOXRUHVFHQFHLQWHQVLW\7KLVEHKDYLRXULVFRPPRQWRRWKHU&3(VDQGPXVWEHWDNHQLQWR
DFFRXQWWRGHILQHWKHUHDOZRUOGVHQVLQJDSSOLFDWLRQVRIWKLVFODVVRISRO\PHUVEHFDXVH
WKHIOXRUHVFHQFHGHFUHDVHFDQEHGXHQRWRQO\WRWKHSUHVHQFHRIDVSHFLILFDQDO\WHEXW
DOVRWRWKHFRQWLQXRXVDJJUHJDWLRQSURFHVV$VDFRQVHTXHQFHSUHYLRXVVWDELOL]DWLRQRI
WKH&3(LQEXIIHULVXVXDOO\QHHGHGEHIRUHWKHGHYHORSPHQWRITXHQFKLQJEDVHGVHQVRU
V\VWHPV
,QWKHSUHVHQWZRUNZHKDYHLQFRUSRUDWHG+70$3)3LQOLSLGYHVLFOHVWRREWDLQVWDEOH
IOXRUHVFHQWQDQRSDUWLFOHV 13V 13VZHUHFKDUDFWHUL]HGDQGWKHDELOLW\WREHTXHQFKHG
E\ DQLRQLF 313 DW DONDOLQH S+  ZDV HYDOXDWHG 7KHVH QDQRSDUWLFOHV ZHUH FRXSOHG WR
$/3 DQG HQWUDSSHG LQ D VRO±JHO PDWUL[ WR GHYHORS D ELRVHQVRU WKDW FDQ VHUYH DV D
VFUHHQLQJSODWIRUPWRLGHQWLI\$/3LQKLELWRUV7KHELRVHQVRUZDVH[DPLQHGEHIRUHDQG
DIWHUWKHVROJHOHQWUDSPHQWRILWVFRPSRQHQWVDQGZDVXVHGWRGHWHUPLQHSKRVSKDWHLRQ
D FRPSHWLWLYH LQKLELWRU RI $/3 'HWHUPLQDWLRQ RI WKLV DQDO\WH LV YHU\ LPSRUWDQW LQ
FOLQLFDO DQG HQYLURQPHQWDO VWXGLHV VLQFH YDULDWLRQV LQ LWV RSWLPDO FRQFHQWUDWLRQV DUH
DVVRFLDWHG WR GLIIHUHQW SDWKRORJLHV DQG WR WKH TXDOLW\ RI ZDWHU 7KH VFKHPH DQG
ZRUNLQJSULQFLSOHRIWKHELRVHQVRULVVKRZQLQ6FKHPH
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6FKHPH  :RUNLQJ SULQFLSOH RIWKH ELRVHQVRU7KH 313SURGXFHG DIWHU K\GURO\VLV RI
3133 FDWDO\]HG E\ $/3 TXHQFKHV WKH IOXRUHVFHQFH RI 13V OHDGLQJ WR IOXRUHVFHQFH
WXUQRII7KHSUHVHQFHRILQKLELWRUVLQDFWLYHWKH$/3DQGWKHIOXRUHVFHQFHRIWKHV\VWHP
WXUQVRQ

0$7(5,$/6$1'0(7+2'6
7KH V\QWKHWLF SKRVSKROLSLG 'LDF\OVQJO\FHURSKRVSKR UDFJO\FHURO  3* 
HQ]\PHDONDOLQHSKRVSKDWDVH $/3  (&IURPERYLQHLQWHVWLQDOPXFRVD
8P/  VXEVWUDWH QLWURSKHQ\O SKRVSKDWH 3133  DQG WKH TXHQFKHU SQLWURSKHQRO
313 ZHUHREWDLQHGIURP6LJPD$OGULFK 6W/RXLV0286$ DQGXVHGDVUHFHLYHG
6WRFNVROXWLRQVRI$/33133DQG313ZHUHGLVVROYHGLQ7ULVEXIIHU P0S+ 
DW  8P/  P0 DQG  P0 UHVSHFWLYHO\ MXVW EHIRUH XVH 7HWUDHWK\O RUWKRVLOLFDWH
7(26  ZDV REWDLQHG IURP 6LJPD$OGULFK 6SDLQ  $OO RWKHU VROYHQWV ZHUH RI
VSHFWURVFRSLF UHDJHQW JUDGH 89$62/ 0HUFN  7ULV EXIIHU  P0 S+   ZDV
SUHSDUHG ZLWK ZDWHU ZKLFK ZDV WZLFH GLVWLOOHG LQ DOOJODVV DSSDUDWXV DQG GHLRQL]HG
XVLQJ 0LOOL4 HTXLSPHQW 0LOOLSRUH 0DGULG 6SDLQ  (Q]\PH LQKLELWRU VRGLXP
SKRVSKDWH GLEDVLF 1D+32  ZDV SXUFKDVHG IURP 6LJPD$OGULFK 6SDLQ  6WRFN
VROXWLRQRI1D+32ZDVSUHSDUHGZLWK0LOOL4ZDWHUDWP0
ϲ
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3UHSDUDWLRQRIWKH&DWLRQLF3RO\HOHFWURO\WH+70$3)3
7KHFDWLRQLF&3(+70$3)3 0Z JPROUHSHDWXQLWPROHFXODUZHLJKW 0X 
 JPRO Q  EDVHG RQ SROLIOXRUHQH FDOLEUDWLRQ  ZDV REWDLQHGDQG FKDUDFWHUL]HG LQ
RXUODERUDWRU\%ULHIO\DORZPROHFXODUEDWFKRIWKHQHXWUDOSRO\PHUSRO\>ELV 
EURPRKH[\O IOXRUHQHSKHQ\OHQH@ZDVV\QWKHVL]HGE\WKH6X]XNLFRXSOLQJUHDFWLRQZLWK
3G ,,  DV FDWDO\VW DQG WUHDWHG ZLWK JDVSKDVH WULPHWK\ODPLQH LQ RUGHU WR REWDLQ WKH
FRUUHVSRQGLQJ FDWLRQLF SRO\HOHFWURO\WH +70$3)3 6WRFN VROXWLRQV RI +70$3)3
ZHUHSUHSDUHGLQ'062ZLWKILQDOFRQFHQWUDWLRQVRI[0 LQUHSHDWXQLWV DQG
VWRUHGDW&EHIRUHXVH

)RUPDWLRQRI3*/LSRVRPHV
&KORURIRUPPHWKDQROVROXWLRQVFRQWDLQLQJPJRI3*ZDVGULHGILUVWE\HYDSRUDWLRQ
XQGHU GU\ QLWURJHQ JDV VWUHDP DQG VXEVHTXHQWO\ XQGHU YDFXXP IRU  K 0XOWLODPHOODU
YHVLFOHV 0/9V  ZHUH IRUPHGE\UHVXVSHQGLQJ WKH GULHG SKRVSKROLSLGLQ WKH EXIIHUWR
WKH UHTXLUHGILQDO FRQFHQWUDWLRQV  P0 7KH YHVLFOH VXVSHQVLRQ ZDV WKHQ YRUWH[HG
VHYHUDO WLPHV /DUJH XQLODPHOODU YHVLFOHV /89V  RI PRGHO PHPEUDQHV ZHUH SUHSDUHG
IURP WKHVH 0/9V E\ SUHVVXUH H[WUXVLRQ WKURXJK  P SRO\FDUERQDWH ILOWHUV
1XFOHRSRUH&DPEULGJH0$86$ 

3UHSDUDWLRQRI)OXRUHVFHQW13V
$OLTXRWV RI +70$3)3 ILQDO FRQFHQWUDWLRQ RI  0 LQ WHUPV RI UHSHDW XQLWV  LQ
'062ZHUHH[WHUQDOO\DGGHGWRWKH/89VVXVSHQVLRQ P0LQOLSLG DQGLQFXEDWHG
GXULQJPLQDWURRPWHPSHUDWXUH,QDOOFDVHVWKHSURSRUWLRQRI'062LQWKHDTXHRXV
VDPSOHZDVDOZD\VORZHUWKDQ 99 
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3UHSDUDWLRQRIWKH$/3%LRVHQVRULQ6ROXWLRQ
7KH$/3ELRVHQVRUZDVSUHSDUHGIURPWKHDGGLWLRQRIWKHHQ]\PH$/3VWRFNVROXWLRQ
 8P/  WR WKH VROXWLRQ RI IOXRUHVFHQW 13V  P0LQ OLSLG DW  8P/ IRUDOO WKH
VWXGLHV

6RO*HO,PPRELOL]DWLRQRIWKH)OXRUHVFHQW13V
6LOLFDVWRFNVROXWLRQZDVSUHSDUHGXVLQJ7(26DVSUHFXUVRU%ULHIO\P/RIWKLV
SURGXFW ZHUH PL[HG XQGHU YLJRURXV VWLUULQJ ZLWK  P/ RI +2 DQG  P/ +&O
0 DW&LQDFORVHGYHVVHO$IWHUKRXUP/RIWKHUHVXOWLQJVROZDVPL[HG
ZLWK  P/ RI GHLRQLVHGGRXEO\ GLVWLOOHG ZDWHUDQGVXEPLWWHG WR URWDHYDSRUDWLRQ IRU D
ZHLJKW ORVV RI  J WKH DOFRKRO PDVV UHVXOWLQJ IURP DONR[\GH K\GURO\VLV 
,PPRELOL]HGIOXRUHVFHQWQDQRSDUWLFOHVZHUHSUHSDUHGE\DGGLQJ / RIIOXRUHVFHQW
QDQRSDUWLFOHV 3*+70$3)3  P0 0  WR  / RI WKH DTXHRXV VRO LQ DQ LFH
FRROHG SRO\VW\UHQH FXYHWWH *HODWLRQ RFFXUV UHDGLO\ DIWHU PL[LQJ )ROORZLQJ JHODWLRQ
WUDQVSDUHQWPRQROLWKVKDYLQJDVL]HRIa[[PPZHUHZDVKHGWKUHHWLPHVZLWK
7ULVEXIIHUVROXWLRQDQGZHUHZHWDJHGLQP/RIWKHVDPHEXIIHUDW&GXULQJK
&XYHWWHVZHUHFRYHUHGZLWKSDUDILOPDQGVWRUHGLQWKHGDUNDWWKDWWHPSHUDWXUHEHIRUH
XVH,PPRELOL]DWLRQRI3*OLSRVRPHV LQWKHDEVHQFHRI+70$3)3 ZDVUHTXLUHGDVD
FRQWUROIRUWKHGLVSHUVLW\RIWKHVDPSOHV

6RO*HO,PPRELOL]DWLRQRIWKH(Q]\PH$/3
6LOLFD VWRFN VROXWLRQ ZDV SUHSDUHG XVLQJ 7(26 DV SUHFXUVRU IROORZLQJ WKH VDPH
SURWRFRO DV GHVFULEHG DERYH ,PPRELOL]HG $/3 ZDV SUHSDUHG E\ DGGLQJ  / RI
EXIIHUHG$/3 8P/ VROXWLRQWR/RIWKHVROVWRFNVROXWLRQLQDGLVSRVDEOH
SRO\VW\UHQH FXYHWWH *HODWLRQ RFFXUUHG UHDGLO\ DIWHU PL[LQJ 7KH IUHVKO\ IRUPHG

ϴ
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PRQROLWKV a[[PP FRQWDLQLQJWKHLPPRELOL]HGHQ]\PHZHUHULQVHGZLWK7ULV
EXIIHU VROXWLRQ WKUHH WLPHV DQG ZHUH ZHW DJHG LQ  P/ RI WKH VDPH EXIIHU DW &
WHPSHUDWXUHLQWKHGDUNEHIRUHXVH1RWHWKDWIRUIOXRUHVFHQFHLQWHQVLW\PHDVXUHPHQWV
RI $/3 JODVV PRQROLWKV ZHUH SUHSDUHG XVLQJ D KLJKHU FRQFHQWUDWLRQ RI HQ]\PH ILQDO
FRQFHQWUDWLRQ8P/ 

3UHSDUDWLRQRIWKH$/3%LRVHQVRULQ6RO*HOPDWUL[
6ROXWLRQVFRQWDLQLQJIOXRUHVFHQWQDQRSDUWLFOHVDQGHQ]\PH$/3ZHUHVLPXOWDQHRXVO\
LPPRELOL]HGLQVROJHOPDWUL[,QEULHI/RIDVROXWLRQRIIOXRUHVFHQWQDQRSDUWLFOHV
3*+70$3)3P00 DQGHQ]\PH$/3 8P/ LQ7ULVEXIIHUZHUHPL[HG
ZLWK/RIDVLOLFDVROVWRFNVROXWLRQLQDGLVSRVDEOHSRO\VW\UHQHFXYHWWH)ROORZLQJ
JHODWLRQ WUDQVSDUHQW PRQROLWKV ZHUH ZDVKHG WKUHH WLPHV ZLWK 7ULV EXIIHU VROXWLRQ DQG
ZHUHVHDOHGZLWKSDUDILOPDQGVWRUHLQGDUNDW&WHPSHUDWXUHEHIRUHXVH

)OXRUHVFHQFH0HDVXUHPHQWV
)OXRUHVFHQFH VSHFWUD DQG IOXRUHVFHQFH LQWHQVLW\ PHDVXUHPHQWV ZHUH SHUIRUPHG RQ D
4XDQWD0DVWHU VSHFWURIOXRURPHWHU 37, %LUPLQJKDP 1- 86$  7KH H[SHULPHQWDO
VDPSOHV ZHUH SODFHG LQ  PP î  PP SDWK OHQJWK TXDUW] FXYHWWHV ([FLWDWLRQ
ZDYHOHQJWK DW  QP IRU +70$3)3 ZDV XVHG %DFNJURXQG LQWHQVLWLHV ZHUH DOZD\V
FKHFNHGDQGVXEWUDFWHGIURPWKHVDPSOHZKHQQHFHVVDU\

'\QDPLF/LJKW6FDWWHULQJ '/6 
7KH VL]H RI QDQRSDUWLFOHV ZDV H[SORUHG E\ '/6 WHFKQLTXHV XVLQJ D %URRNKDYHQ 
3OXV1DQRSDUWLFOH6L]H$QDO\]HULQVWUXPHQWHTXLSSHGZLWKDP:UHGGLRGHODVHU Ȝ
QP DVOLJKWVRXUFHZLWKDVFDWWHULQJDQJOHRIOHFWXUHIRUVL]HPHDVXUHPHQWV
$OOPHDVXUHPHQWVZHUHSHUIRUPHGLQGLVSRVDEOHFXYHWWHVLQWULSOLFDWH
ϵ
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5(68/76$1'',6&866,21

'HVLJQRI)OXRUHVFHQW1DQRSDUWLFOHV 13V 
$V ZDV PHQWLRQHG LQ WKH ,QWURGXFWLRQ +70$3)3 DQG LQ JHQHUDO &3(V KDYH KLJK
WHQGHQF\ WR DJJUHJDWH LQ DTXHRXV HQYLURQPHQW OHDGLQJ WR GHWULPHQWDO HPLVVLRQ
TXHQFKLQJ6HYHUDOPHWKRGVDUHEHLQJGHYHORSHGWRVWDELOL]HDQGLQFUHDVHWKHTXDQWXP
\LHOGRIWKH&3(VE\RYHUFRPLQJWKHDJJUHJDWLRQ,QWKHSUHVHQWZRUNVWDELOL]DWLRQRI
WKH+70$3)3ZDVREWDLQHGWKURXJKWKHLQFRUSRUDWLRQRIWKHSRO\HOHFWURO\WHLQ/89V
XVLQJ WKH VDPH VWUDWHJ\ SUHYLRXVO\ UHSRUWHG E\ RXU JURXS LQ WKH VWDELOL]DWLRQ RI RWKHU
SRO\IOXRUHQHV :H VHOHFWHG SKRVSKDWLG\OJO\FHURO 3*  OLSLG YHVLFOHV GXH WR WKH KLJK
DIILQLW\ RI +70$3)3 IRU DQLRQLF YHVLFOHV DQG LWV LQVHUWLRQ LQ WKH OLSLG ELOD\HU 
9HVLFOHV ZHUH SUHSDUHG LQ 7ULV EXIIHU S+  ZKLFK LV DQ DGHTXDWH S+ IRU $/3
DFWLYLW\7KHOLSLGFRQFHQWUDWLRQZDVIL[HGWRP0WROLPLWWKHWXUELGLW\RIVDPSOHV
ZKLFKEHFRPHVDQREVWDFOHIRUIOXRUHVFHQFHPHDVXUHPHQWV7KHSRO\PHUFRQFHQWUDWLRQ
ZDV  P0 WR HQVXUH WKDW DOO WKH SRO\PHU FKDLQV ZHUH LQFRUSRUDWHG LQ WKH YHVLFOHV
WDNLQJLQWRDFFRXQWLWVSDUWLWLRQFRHIILFLHQWEHWZHHQOLSLGDQGDTXHRXVSKDVH)LJXUH
VKRZV WKH HPLVVLRQ VSHFWUD DQG WKH VWDELOLW\ SORW REWDLQHG DW WKHVH FRQGLWLRQV IRU
+70$3)3LQ3*DQG7ULVEXIIHU7KHORZIOXRUHVFHQFHLQWHQVLW\DQGLWVGHFUHDVHDVD
IXQFWLRQ RIWLPHFRQILUPWKHIRUPDWLRQ RIDJJUHJDWHV RI SRO\HOHFWURO\WH LQEXIIHU 7KH
LQFRUSRUDWLRQRIWKH+70$3)3LQWRWKHYHVLFOHVLVHYLGHQFHGIURPWKHLQFUHDVHLQWKH
IOXRUHVFHQFHLQWHQVLW\DQGWKHEOXHVKLIWRIWKHIOXRUHVFHQFHVSHFWUXPZKHQFRPSDUHGWR
WKH EXIIHU 7KLV EHKDYLRU LV SUREDEO\ GXH WR WKH WUDQVIRUPDWLRQ RI WKH LQLWLDOO\ IRUPHG
SRO\PHUDJJUHJDWHVLQWROLSRVRPDOQDQRSDUWLFOHV 13V ZLWKLQZKLFKSRO\PHUVHJPHQWV
DUH VHSDUDWHG E\ WKH OLSLG PROHFXOHV 7KH IDFW WKDW WKH IOXRUHVFHQFH LQWHQVLW\ ZDV
FRQVWDQWDVDIXQFWLRQRIWLPHFRQILUPVWKHWRWDOLQFRUSRUDWLRQRIWKHSRO\PHUFKDLQVLQ
WKHYHVLFOHV
ϭϬ
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)LJXUHD )OXRUHVFHQFHHPLVVLRQVSHFWUDDQGE 1RUPDOL]HGIOXRUHVFHQFHHPLVVLRQVSHFWUD
RI +70$3)3 LQ /89V RI 3* VROLG  DQG 7ULV EXIIHU S+  GDVK  F  1RUPDOL]HG
IOXRUHVFHQFH LQWHQVLW\ DW WKH PD[LPXP HPLVVLRQ ZDYHOHQJWK RI +70$3)3 LQ /89V RI 3*
VTXDUHV DQG7ULVEXIIHUS+ WULDQJOHV UHFRUGHGDVDIXQFWLRQRIWLPH ȜH[F  


7KH IRUPHG 13V ZHUH IXUWKHUO\ FKDUDFWHUL]HG E\ '/6 7KLV WHFKQLTXH ZDV XVHG WR
FRQILUP WKHLU IRUPDWLRQ DV ZHOO DV WR FKHFN WKHLU VL]H DQG VWDELOLW\ WKURXJK WLPH 7KH
K\GURG\QDPLFUDGLXV 5K RIWKHYHVLFOHVZDVPHDVXUHGEHIRUHDQGDIWHUWKHDGGLWLRQRI
+70$3)3 DQG ZDV FRPSDUHG WR WKDW REWDLQHG IRU WKH SRO\HOHFWURO\WH LQ WKH 7ULV
EXIIHU5HVXOWVREWDLQHGLQWKHEXIIHUVROXWLRQFRQILUPWKHIRUPDWLRQRIDJJUHJDWHVDQG
WKHLU LQVWDELOLW\ WKURXJK WLPH 7DEOH   )RU WKHYHVLFOHV LQDEVHQFH RI+70$3)3D
VLQJOH GLVWULEXWLRQ ZDV REVHUYHG ZLWK 5K a  QP :KHQ WKH SRO\HOHFWURO\WH ZDV
LQFRUSRUDWHG LQWR WKH YHVLFOHV WR IRUP WKH IOXRUHVFHQW 13V D VLPLODU GLVWULEXWLRQ
FHQWHUHG DW  QP ZDV REWDLQHG DQG QR DGGLWLRQDO SRSXODWLRQ ZDV GHWHFWHG 7KH '/6
UHVXOWV VXSSRUW WKDW +70$3)3 LV ZHOO LQVHUWHG LQWR WKH OLSLG PHPEUDQH EHFDXVH WKH
VL]H RI WKH YHVLFOH SUDFWLFDOO\ GRHV QRW FKDQJH DIWHU SRO\PHU LQWHUDFWLRQ 7KH IDFW WKDW
WKH VDPH UHVXOW ZDV REWDLQHG  K DIWHU WKH SUHSDUDWLRQ FRQILUPV RQ RQH KDQG WKDW
SRO\PHUDJJUHJDWHVDUHQRWIRXQGLQWKHEXIIHUDQGWKHUHIRUHDOOWKHSRO\PHUFKDLQVDUH
IRUPLQJWKH13VDQGRQWKHRWKHUKDQGWKDWWKHLQWHJULW\RIWKHOLSLGYHVLFOHVLVUHWDLQHG

ϭϭ
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DIWHU +70$3)3 LQFRUSRUDWLRQ VLQFH QR YHVLFOH IXVLRQ RU GHFRPSRVLWLRQ LQWR VPDOO
IUDJPHQWVZDVGHWHFWDEOH1DQRSDUWLFOHVUHPDLQHGVWDEOHHYHQKDIWHUSUHSDUDWLRQDV
FDQEHLQIHUUHGIURPWKH5KYDOXHVPHDVXUHGGXULQJWKLVWLPHSHULRG 7DEOH 


^ĂŵƉůĞ

ZŚ;ŶŵͿ
ƚсƚϬнϭŚ
ϴϵ

ƚϬ
ϴϲ

W'>hsƐ

EWƐ

,dDͲW&WͬƵĨĨĞƌ


ƚсƚϬнϮϰŚ
ϴϵ

ϴϵ

ϴϵ

ϴϴ

ϴϱ

ϭϯϬ

ϭϴϬ



7DEOH  $YHUDJH K\GURG\QDPLF 5DGLL 5K GHWHUPLQHG E\ '/6 PHDVXUHPHQWV IRU
GLIIHUHQW VDPSOHV 3* /89V 13V +70$3)33* /89V  DQG +70$3)3 LQ 7ULV
EXIIHUS+UHFRUGHGDWGLIIHUHQWWLPHVDIWHUSUHSDUDWLRQ

2QFHWKHVWDELOLW\RIWKHIOXRUHVFHQW13VZDVFRQILUPHGWKHDELOLW\WREHTXHQFKHGE\
313 ZDV H[SORUHG DV DQ HVVHQWLDO UHTXLUHPHQW IRU WKH ELRVHQVRU FRQVWUXFWLRQ  7KH
LQFUHDVLQJFRQFHQWUDWLRQVRI313 WR0 ZHUHDGGHGWRDVXVSHQVLRQRI13VDQG
WKHLU HPLVVLRQ VSHFWUD ZHUH UHFRUGHG DIWHU HDFK DGGLWLRQ )LJXUH   5HVXOWV LQGLFDWH
WKDWLQVSLWHRI+70$3)3LVLQFRUSRUDWHGLQWRWKHYHVLFOHV313LVVWLOODEOHWRTXHQFK
LWV IOXRUHVFHQFH 7KH LQVHW RI )LJXUH  VKRZV WKDW WKH GHSHQGHQFH RI WKH IOXRUHVFHQFH
LQWHQVLW\ RQ WKH TXHQFKHU FRQFHQWUDWLRQ LV OLQHDU EHLQJ GHVFULEHG E\ D 6WHUQ9ROPHU
SORWZLWKDYDOXHRI.VY [07KLVYDOXHLVODUJHEXWDERXWIROGORZHU
WKDQWKHYDOXHUHSRUWHGIRUWKHVDPHSRO\HOHFWURO\WHLQEXIIHU$GHFUHDVHLQTXHQFKLQJ
HIILFLHQF\ KDV EHHQ DOVR UHSRUWHG IRU RWKHU &3(V LQ SUHVHQFH RI VXUIDFWDQWV  DQG
UHIOHFWV D ORZHU DVVRFLDWLRQ FRQVWDQW EHWZHHQ TXHQFKHU DQG SRO\PHU ,Q RXU FDVH WKLV
FRXOG EH DWWULEXWHG WR WZR IDFWRUV ILUVWO\ WKH ORZHU DFFHVVLELOLW\ RI WKH 313 WR WKH
ϭϮ
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SRO\HOHFWURO\WHZKLFKLVH[WHQGHGDQGLQWHUFDODWHGEHWZHHQWKHOLSLGFKDLQVVHFRQGO\D
UHGXFWLRQ LQ WKH HOHFWURVWDWLF DWWUDFWLRQ EHWZHHQ 313 DQG +70$3)3 EHFDXVH WKH
SRO\HOHFWURO\WH FDWLRQLF FKDUJH LV SDUWLDOO\ QHXWUDOL]HG E\ LQWHUDFWLRQV ZLWK WKH DQLRQLF
OLSLGKHDGV,QDGGLWLRQWKHKLJKTXHQFKLQJHIILFLHQF\UHSRUWHGIRUWKH+70$3)3LQ
EXIIHU FRXOG EH DOVR RYHUHVWLPDWHG EHFDXVH RI WKH FRQWLQXRXV DJJUHJDWLRQ SURFHVV
SUHYLRXVO\ GHVFULEHG ZKLFK ODUJHO\ GHFUHDVHV WKH IOXRUHVFHQFH LQWHQVLW\ GXH WR VHOI
TXHQFKLQJ


)LJXUHD )OXRUHVFHQFHHPLVVLRQVSHFWUDRI13VDWLQFUHDVLQJFRQFHQWUDWLRQVRI313
,QVHW 6WHUQ9ROPHU SORWV IRU TXHQFKLQJ RI 13V E\ 313 EODFN VTXDUHV  DQG DIWHU
DGGLWLRQRI3133 P0 WR13VLQSUHVHQFHRI$/3 8P/  FLUFOHV 

'HYHORSPHQWRIWKH$/3%LRVHQVRU6WXG\LQ6ROXWLRQ
2QFH SURYHG WKH TXHQFKLQJ RI WKH IOXRUHVFHQW QDQRSDUWLFOHV E\ 313 ZH LQYHVWLJDWHG
WKHLU DELOLW\ WR GHWHFW $/3 DFWLYLW\ WDNLQJ LQWR DFFRXQW WKDW WKLV HQ]\PH FDWDO\VHV WKH
K\GURO\VLVRI3133WR313:LWKWKLVHQGILUVWO\ZHUHFRUGHGWKHHPLVVLRQVSHFWUDRI
WKH13VLQDEVHQFHDQGSUHVHQFHRI$/3 8P/ DQGWKHDUHDVXQGHUWKHVSHFWUDZHUH
SORWWHG LQ )LJXUH D 7KH IDFW WKDW WKLV DUHD ZDV QRW DIIHFWHG E\ WKH SUHVHQFH RI WKH

ϭϯ


ACS Paragon Plus Environment

ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Page 14 of 29

HQ]\PH VXJJHVWV WKDW QR LQWHUDFWLRQ LV RFFXUULQJ EHWZHHQ WKHP $GGLWLRQ RI VXEVWUDWH
3133  0  WR WKH VDPSOH FRQWDLQLQJ WKH HQ]\PH LQGXFHG D VWURQJ GHFUHDVH LQ WKH
IOXRUHVFHQFH LQWHQVLW\ RI WKH 13V ZKLFK ZDV PRQLWRUHG DV D IXQFWLRQ RI WLPH )LJXUH
E  7KH IOXRUHVFHQFH LQWHQVLW\ SUDFWLFDOO\ UHDFKHG LWV PLQLPXP YDOXH a   RI WKH
LQLWLDOYDOXH LQWKHILUVWPLQDIWHUDGGLWLRQRIVXEVWUDWHUHIOHFWLQJWKHNLQHWLFVRIWKH
HQ]\PDWLF DFWLYLW\ 7R FRQILUP WKDW WKH IOXRUHVFHQFH TXHQFKLQJ ZDV GXH WR WKH 313
IRUPHG IURP WKH K\GURO\VLV RI 3133 LQFUHDVLQJ FRQFHQWUDWLRQV RI VXEVWUDWH  WR 
0  ZHUH DGGHG WR D VDPSOH FRQWDLQLQJ 13V DQG $/3 )OXRUHVFHQFH VSHFWUD ZHUH
UHFRUGHGDIWHUPLQRILQFXEDWLRQIRUHDFKVXEVWUDWHFRQFHQWUDWLRQ7KHLQVHWRI)LJXUH
 VKRZV WKH 6WHUQ9ROPHU SORW FRUUHVSRQGLQJ WR WKLV H[SHULPHQW 7KH 6WHUQ9ROPHU
FRQVWDQWH[WUDFWHGIURPWKHOLQHDOSORW .69 [0 ZDVYHU\FORVHWRWKDW
REWDLQHGZKHQ313ZDVGLUHFWO\DGGHGWRWKH13VVXVSHQVLRQHYLGHQFLQJWKHDGHTXDWH
RSHUDWLRQRIWKHELRVHQVRULQVROXWLRQ


)LJXUHD )OXRUHVFHQFHLQWHQVLWLHVUHSUHVHQWHGDVLQWHJUDWHGDUHDVXQGHUWKHHPLVVLRQ
VSHFWUXPIRUWKHIOXRUHVFHQW13VZLWKRXWDQGZLWK$/3 8P/ DQGLQSUHVHQFHRI
$/3DQG3133 0 DIWHUPLQRILQFXEDWLRQE )OXRUHVFHQFHLQWHQVLW\NLQHWLFVRI
13VLQSUHVHQFHRI$/3 8P/ UHFRUGHGDIWHUDGGLWLRQRI3133 0  ȜH[F 
QPȜHP QP 

ϭϰ
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$V ZDV GHVFULEHG LQ WKH ,QWURGXFWLRQ WKLV ELRVHQVRU FRXOG EHXVHGIRU $/3 LQKLELWRUV
VFUHHQLQJ DQG WR GHWHUPLQH WKH FRQFHQWUDWLRQ RI D VSHFLILF LQKLELWRU LQ D VDPSOH 7KH
PHFKDQLVP RI VHQVLQJ LV VKRZQ LQ 6FKHPH  DQG LV EDVHG RQ WKH IOXRUHVFHQFH WXUQ
RIIWXUQRQ7KH313SURGXFHGDIWHUK\GURO\VLVRI3133TXHQFKHVWKHIOXRUHVFHQFHRI
13VOHDGLQJWRIOXRUHVFHQFHWXUQRIIEXWLQWKHSUHVHQFHRILQKLELWRUVWKHIOXRUHVFHQFH
RI WKH V\VWHP WXUQV RQ 7KLV SRWHQWLDO DSSOLFDWLRQ ZDV H[SORUHG XVLQJ SKRVSKDWH LRQ
ZKLFKLVDFRPSHWLWLYHLQKLELWRURIWKHHQ]\PH7RFDUU\RXWWKLVVWXG\GLIIHUHQWVDPSOHV
FRQWDLQLQJ WKH IOXRUHVFHQW 13V LQ SUHVHQFH RI $/3  8P/  DQG LQFUHDVLQJ
FRQFHQWUDWLRQVRISKRVSKDWHLRQ WRP0 ZHUHSUHSDUHG7KHVDPHFRQFHQWUDWLRQRI
3133 P0 ZDVDGGHGWRDOOWKHVDPSOHVDQGWKHTXHQFKLQJRIIOXRUHVFHQFH ZKLFK
UHIOHFWV WKH $/3 DFWLYLW\  ZDV UHFRUGHG DV D IXQFWLRQ RI WLPH IRU HDFK VDPSOH 7KH
TXHQFKLQJNLQHWLFVZDVIRXQGWREHVORZHUDVWKHFRQFHQWUDWLRQRISKRVSKDWHLQFUHDVHV
HYLGHQFLQJ D VLJQLILFDQW GHFUHPHQW LQ WKH HQ]\PDWLF DFWLYLW\ )LJXUH D  7KLV UHVXOW
LQGLFDWHV WKDW RXU PHWKRG LV VHQVLWLYH WR WKH SUHVHQFH RI WKH SKRVSKDWH LRQV DQG
WKHUHIRUH LW FRXOG EH XVHG IRU WKH GHWHUPLQDWLRQ RI LQKLELWRUV 5HVXOWV DUH VKRZQ LQ
)LJXUHELQIRUPRIFDOLEUDWLRQFXUYH7KHSORWUHSUHVHQWVWKHPD[LPXPIOXRUHVFHQFH
LQWHQVLW\ RI WKH 13V UHFRUGHG  PLQXWHV DIWHU 3133 DGGLWLRQ YHUVXV SKRVSKDWH LRQ
FRQFHQWUDWLRQ7KLVSORWZDVOLQHDULQWKHUDQJHRIFRQFHQWUDWLRQVVWXGLHG XSWRP0 
ZLWKDOLPLWRIGHWHFWLRQ /2' RIP0HTXLYDOHQWWRWKUHHWLPHVWKHEODQNYDOXH
7KLV /2' LV ORZHU WKDQ WKH FRQFHQWUDWLRQ RI SKRVSKDWH ZKLFK LV QRUPDOO\ SUHVHQW LQ
KXPDQEORRGVHUXP P0 DQGLVVLPLODUWRWKDWUHFHQWO\UHSRUWHGIRUDQ$/3
FRQGXFWLPHWULFELRVHQVRU


ϭϱ
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)LJXUH  D  7LPHGHSHQGHQW IOXRUHVFHQFH LQWHQVLW\ RI 13V LQ SUHVHQFH RI $/3 
8P/  DQG LQFUHDVLQJ FRQFHQWUDWLRQV RI SKRVSKDWH LRQV DIWHU DGGLWLRQ RI 3133 
0  E  3KRVSKDWH LRQ FDOLEUDWLRQ FXUYH 7KH IOXRUHVFHQFH LQWHQVLWLHV ZHUH WDNHQ 
PLQXWHVDIWHUWKHDGGLWLRQRI3133WRHDFKVDPSOH ȜH[F QPȜHP QP 

'HYHORSPHQWRIWKH$/3%LRVHQVRU,PPRELOL]DWLRQRI&RPSRQHQWV
7KH SUDFWLFDO DSSOLFDWLRQ RI WKH ELRVHQVRU GHVFULEHG DERYH UHTXLUHV WKH SUHSDUDWLRQ RI
GLIIHUHQWVDPSOHV IOXRUHVFHQW13VIUHVKVROXWLRQVRIWKHHQ]\PHHWF DIWHUHDFKXVH
ZLWK WKH FRQVHTXHQW WLPH DQG HFRQRPLF EXUGHQ ,PPRELOL]DWLRQ RI WKH ELRVHQVRU
FRPSRQHQWV ZRXOG IDFLOLWDWH WKHLU KDQGOLQJ HQDEOLQJ WKHLU UHXWLOL]DWLRQ DQG WKXV
UHGXFLQJ WKHFRVW RI WKHSURFHGXUH ,Q WKH ODVW WZR GHFDGHVWKH UHQDLVVDQFH RI VRO±JHO
FKHPLVWU\ KDV SURYLGHG D YHUVDWLOH PHWKRG IRU LPPRELOL]LQJ DQG VWDELOL]LQJ D ZLGH
YDULHW\RIELRORJLFDOV\VWHPVVXFKDVHQ]\PHVDQGOLSRVRPHVLQWUDQVSDUHQWLQRUJDQLF
PDWULFHV  &RPSDUHG WR RWKHU LPPRELOL]DWLRQ PHWKRGV WKH VRO±JHO JODVVHV VKRZ
QXPHURXV DGYDQWDJHV LQFOXGLQJ HQWUDSPHQW RI ODUJH DPRXQW RI PDFURPROHFXOHV
WKHUPDO DQG FKHPLFDO VWDELOLW\ RI WKH PDWUL[ HQKDQFHG VWDELOLW\ RI WKH HQFDSVXODWHG
ELRPROHFXOHVDQGIOH[LELOLW\LQFRQWUROOLQJSRUHVL]HDQGJHRPHWU\)XUWKHUPRUHWKDQNV
WR WKH SRURXV QDWXUH RI WKH PDWUL[ WKH LPPRELOL]HG V\VWHPV UHPDLQ DFFHVVLEOH WR

ϭϲ
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LQWHUDFW ZLWK H[WHUQDO VSHFLILF DQDO\WHV ZLWK QHJOLJLEOH ELRPROHFXOH OHDFKLQJ ,Q WKLV
ZRUN ZH KDYH VHOHFWHG WKH VROJHO PHWKRGRORJ\ WR VLPXOWDQHRXVO\ HQFDSVXODWH WKH
ELRVHQVRUFRPSRQHQWV$/3DQG13VLQWKHSRUHVRIDVLQJOHPDWUL[WRREWDLQDVWDEOH
HDV\WRXVH DQG UHXVDEOH GHYLFH IRU GHWHFWLRQ RI $/3 LQKLELWRUV )LUVWO\ HDFK
FRPSRQHQW RI WKH ELRVHQVRU ZDV LPPRELOL]HG VHSDUDWHO\ WR FKHFN WKH HIIHFWV RI WKH
LPPRELOL]DWLRQSURFHVVRQLWVSURSHUWLHVDVLVGHVFULEHGEHORZ
$SUHOLPLQDU\DQDO\VLVZDVGRQHWRGHPRQVWUDWHWKDWWKHLPPRELOL]DWLRQSURFHVVGLGQRW
DIIHFWWKHIOXRUHVFHQWSURSHUWLHV RI 13V )OXRUHVFHQFH VSHFWUDRI WKHLPPRELOL]HG 13V
ZHUH GLUHFWO\ UHFRUGHGIURPWKH VROJHO PRQROLWKDQGDUHVKRZQ LQ WKH LQVHW RI)LJXUH
D 7KH VKDSH DQG VSHFWUDO SRVLWLRQ DV ZHOO DV WKH IOXRUHVFHQFH LQWHQVLW\ ZHUH YHU\
VLPLODUWRWKRVHREVHUYHGIRUWKHVSHFWUXPRI13VLQEXIIHUVXJJHVWLQJWKHVXLWDELOLW\RI
WKHLPPRELOL]DWLRQPHWKRG
7REHWWHUFKDUDFWHUL]HWKHLPPRELOL]HG13VZHH[SORUHGWKHLUVWDELOLW\DVDIXQFWLRQRI
VWRUDJH WLPH S+ DQG WHPSHUDWXUH 6WDELOLW\ ZDV DVVHVVHG PRQLWRULQJ WKH IOXRUHVFHQFH
VSHFWUD RI WKH 13V DQG SORWWLQJ WKHDUHD RI HDFK VSHFWUXP DV DIXQFWLRQ RI WLPH GD\V
DIWHU SUHSDUDWLRQ  S+ DQG WHPSHUDWXUH )OXRUHVFHQW VSHFWUD ZHUH UHFRUGHG DW URRP
WHPSHUDWXUH ZLWK H[FHSWLRQ RI WKH WKHUPDO VWDELOLW\ H[SHULPHQWV )LJ D VKRZV WKH
VWDELOLW\DVDIXQFWLRQRIVWRUDJHWLPHIRUVDPSOHVZKLFKZHUHSUHSDUHGDQGNHSWDW&
IRU XS WR  GD\V 'XULQJ WKLV SHULRG RI WLPH VPDOO IOXFWXDWLRQV RI WKH IOXRUHVFHQFH
LQWHQVLW\ZHUHGHWHFWHGEXWLQJHQHUDOWKHEHKDYLRXUZDVVWDEOH,QDGGLWLRQWKHVKDSH
DQG SRVLWLRQ RI WKH IOXRUHVFHQFH PD[LPD ZHUH QRW DOWHUHG ZLWK WKH WLPH LQVHW LQ )LJ
D  /DUJHUVWDELOLW\ XSWRPRQWKV ZDVDOVRIRXQGZKHQWKHPRQROLWKZDVVWRUHGDW
& DQG SUHVHUYHG IURP OLJKW GDWD QRW VKRZQ  7KHVH UHVXOWV VXJJHVW WKDW DW WKH
VHOHFWHGFRQGLWLRQVWKHLPPRELOL]HG13VDUHSK\VLFDOO\DQGFKHPLFDOO\VWDEOHDQGWKDW
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WKH OHDFKLQJ RI WKH 13V IURP WKH PDWUL[ LV SUDFWLFDOO\ QHJOLJLEOH GXULQJ DW OHDVW VL[
PRQWKV
6WDELOLW\ RI WKH FRPSOH[HV DV D IXQFWLRQ RI S+ ZDV HYDOXDWHG E\ LPPHUVLRQ RI WKH
PRQROLWKVFRQWDLQLQJ13V LQ ZDWHUVDPSOHVDWGLIIHUHQWS+V IURPS+ WRS+  
IRU  PLQXWHV EHIRUH WKH PHDVXUHPHQW )LJ E GLVSOD\V WKH QRUPDOL]HG IOXRUHVFHQFH
LQWHQVLW\GHWHUPLQHGDWWKHGLIIHUHQWS+VDVZHOODVWKHIOXRUHVFHQFHVSHFWUDUHFRYHUHG
IRUHDFKVDPSOH LQVHWLQ)LJXUHE 5HVXOWVVKRZWKDWWKHLQFRUSRUDWLRQRIWKHPRQROLWK
LQDQDFLGRUEDVLFVROXWLRQSUDFWLFDOO\GRHVQRWPRGLI\WKHLQWHQVLW\VKDSHRUVSHFWUDO
SRVLWLRQRIWKHLPPRELOL]HG13VLQGLFDWLQJWKDWWKH\DUHVWDEOHXQGHUWKHVHFRQGLWLRQV͘
)LQDOO\ WKHUPDO VWDELOLW\ ZDV HYDOXDWHG UHFRUGLQJ WKH HPLVVLRQ VSHFWUXP RI WKH
LPPRELOL]HG13VDWGLIIHUHQWWHPSHUDWXUHV )LJF 7KHLQFUHDVHRIWHPSHUDWXUHIURP
WR&LQGXFHGDVOLJKWGHFUHDVHLQWKHIOXRUHVFHQFHLQWHQVLW\ZKLFKKDYHEHHQDOVR
UHSRUWHG IRU RWKHU FRQMXJDWHG SRO\PHUV

 

 7KHVH FKDQJHV LQ LQWHQVLW\ ZHUH

DFFRPSDQLHGE\DEDUHO\SHUFHSWLEOHEOXHVKLIWRIWKHHPLVVLRQVSHFWUXPIROORZHGE\D
ORZHU UHVROXWLRQ LQ WKH YLEUDWLRQDO VWUXFWXUH VXJJHVWLQJ DQ LQFUHDVH LQ WKH GHJUHH RI
IUHHGRP RI WKH SRO\PHU FKDLQV ZLWKLQ WKH ELOD\HU LQVHW LQ )LJXUH F  :KHQ WKH
PRQROLWK ZDV FRROHG WR & WKH LQLWLDO IOXRUHVFHQFH VSHFWUXP ZDV UHFRYHUHG 7KLV
UHVXOW LQGLFDWHV WKDW WKH UHGXFWLRQ RI LQWHQVLW\ LV PDLQO\ FDXVHG E\ WKH LQFUHDVH RI
SUREDELOLW\RIQRQUDGLDWLYHWUDQVLWLRQVDWKLJKHUWHPSHUDWXUHVDQGQRWE\GHJUDGDWLRQRI
13V7KHKLJKVWDELOLW\RIWKHVROJHOLPPRELOL]HG13VXQGHUGLIIHUHQWFRQGLWLRQVRSHQ
WKH SRVVLELOLW\ RI XVLQJ WKLV V\VWHP QRW RQO\ IRU WKH $/3 ELRVHQVRU EXW DOVR IRU WKH
GHYHORSPHQWRIPDQ\RWKHUVHQVLQJDSSOLFDWLRQV
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)LJXUH  (IIHFW RI D  VWRUDJH WLPH E  S+ DQG F  WHPSHUDWXUH RQ WKH VWDELOLW\ RI WKH
LPPRELOL]HG 13V PHDVXUHG DV WKH DUHD XQGHU WKH IOXRUHVFHQFH VSHFWUXP ,QVHW
)OXRUHVFHQW HPLVVLRQ VSHFWUD RI WKH LPPRELOL]HG 13V UHFRUGHG DV D IXQFWLRQ RI D 
VWRUDJH WLPH E  S+ DQG F  WHPSHUDWXUH )RU WHPSHUDWXUH H[SHULPHQWV WKH VDPSOH ZDV
KHDWHGIURPWR& VTXDUHV DQGVXEVHTXHQWO\FRROHGWRURRPWHPSHUDWXUH FLUFOH 
OH[F QP 

2QFHWKHVWDELOLW\RIWKHLPPRELOL]HG13VZDVFRQILUPHGZHH[SORUHGWKHSRVVLELOLW\RI
EHLQJTXHQFKHGE\313:LWKWKLVHQGDPRQROLWKFRQWDLQLQJ13VZDVLQWURGXFHGLQD
313VROXWLRQ 0 DQGWKHIOXRUHVFHQFHVSHFWUXPRIWKHPRQROLWKZDVUHFRUGHGDV
DIXQFWLRQRIWLPH&RQWUDU\WRWKDWIRXQGIRUIUHH13VLQVROXWLRQQRLQWHQVLW\GHFUHDVH
ZDV REVHUYHG LQ WKH ILUVW VHFRQGV DQG ORQJHU WLPHV ZHUH QHFHVVDU\ WR TXHQFK WKH
IOXRUHVFHQFHRI13V )LJXUHD 7KLVUHVXOWFRQILUPVWKDWWKHLPPRELOL]HG13VFDQEH
VWLOOTXHQFKHGE\313EXWLQGLFDWHVWKDW313GLIIXVHVPXFKPRUHVORZO\WKURXJKPDWUL[
WKDQ WKURXJK WKH EXIIHU 7KLV EHKDYLRXU KDV EHHQ REVHUYHG IRU RWKHU DQDO\WHV DQG LV
DWWULEXWHGWRWKHVWHULFUHVWULFWLRQVLPSRVHGE\WKHVROJHOPDWUL[7KHVDPHH[SHULPHQW
ZDVFDUULHGRXWZLWKRWKHUWZRPRQROLWKVLQRUGHUWRH[SORUHWKHUHSURGXFLELOLW\RIWKH
DVVD\ $ VLPLODU TXHQFKLQJ NLQHWLFV ZDV REWDLQHG IRU WKH WKUHH PRQROLWKV FRQILUPLQJ
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WKDWWKHEHKDYLRXURIWKH13VLPPRELOL]HGLQWKHVROJHOPDWULFHVLVKLJKO\UHSURGXFLEOH
)LJXUHD 
2QFHWKHVXLWDELOLW\RIWKHHQFDSVXODWHG13VWREHTXHQFKHGE\313ZDVGHPRQVWUDWHG
ZH FKHFNHG WKH FDSDELOLW\ RI UHXVLQJ WKH DERYH PRQROLWKV DIWHU ZDVKLQJ WR HOLPLQDWH
3130RQROLWKVZHUHLPPHUVHGLQ7ULVEXIIHUHYHU\KRXUIRUWLPHV)LJXUHEVKRZV
WKH TXHQFKLQJ NLQHWLFV UHFRUGHG IRU D VDPH PRQROLWK EHIRUH DQG DIWHU ZDVKLQJ ZLWK
EXIIHU %RWK FXUYHV ZHUH YHU\ VLPLODU FRQILUPLQJ WKH SRVVLELOLW\ RI XVLQJ WKH VDPH
PRQROLWKLQPRUHWKDQRQHRFFDVLRQZLWKRXWORVLQJHIILFDF\


)LJXUH)OXRUHVFHQFHTXHQFKLQJNLQHWLFVRILPPRELOL]HG13VDIWHUDGGLWLRQRI313
D 5HSURGXFLELOLW\RIWKHDVVD\XVLQJWKUHHGLIIHUHQWPRQROLWKVE 5HXWLOL]DWLRQRIWKH
PRQROLWKVILUVW VTXDUHV DQGVHFRQG FLUFOHV XVH

$VIRULPPRELOL]HG13VDSUHOLPLQDU\H[SHULPHQWZDVSHUIRUPHGWRFKHFNWKHHIIHFWV
RIVROJHOHQFDSVXODWLRQRQWKHSURSHUWLHVRI$/3E\IROORZLQJFKDQJHVLQLWVLQWULQVLF
IOXRUHVFHQFH PDLQO\IURPWU\SWRSKDQ 7KHIOXRUHVFHQFHRIWU\SWRSKDQLVYHU\VHQVLWLYH
WR WKH SRODULW\ RI LWV HQYLURQPHQW SURYLGLQJ D FRQYHQLHQW SUREH WR GLVWLQJXLVK QDWLYH
DQG XQIROGHG VWDWHV RI SURWHLQV 7R REWDLQ IOXRUHVFHQFH VSHFWUD RI JRRG TXDOLW\ WKH
FRQFHQWUDWLRQRIWKHIUHHDQGLPPRELOL]HGSURWHLQZDVLQFUHDVHGWR8P/GXHWRLWV
ϮϬ
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ORZ IOXRUHVFHQFH TXDQWXP \LHOG )LJXUH  VKRZV WKH HPLVVLRQ VSHFWUD UHFRUGHG LQ
VROXWLRQDQGDIWHUVROJHOLPPRELOL]DWLRQ7KHIDFWWKDWERWKVSHFWUDDUHDOPRVWLGHQWLFDO
LQGLFDWHVWKHVXLWDELOLW\RIWKHLPPRELOL]DWLRQPHWKRG
$IWHU$/3ZDVVXFFHVVIXOO\HQFDSVXODWHGLQWKHVROJHOPDWUL[WKHNLQHWLFSURSHUWLHVRI
WKHSURWHLQZHUHWHVWHGE\LPPHUVLRQRIWKHPRQROLWKLQDVROXWLRQFRQWDLQLQJ3133DQG
IOXRUHVFHQW13V1RWHWKDWIRUWKLVVWXG\WKHSURWHLQFRQFHQWUDWLRQLQWKHPDWUL[ZDV
8P/DVIRUWKHDVVD\LQVROXWLRQ(PLVVLRQVSHFWUDUHFRUGHGIURPWKHVROXWLRQZHUH
WDNHQ HDFK  PLQXWHV ,QVHW LQ )LJXUH  VKRZV WKH GHFUHDVH RI WKH IOXRUHVFHQFH
LQWHQVLW\DVDIXQFWLRQRIWKHLQFXEDWLRQWLPH



)LJXUH  )OXRUHVFHQFH HPLVVLRQ VSHFWUD RI IUHH VROLG  DQG LPPRELOL]HG GDVK  $/3
8P/  OH[F QP ,QVHW)OXRUHVFHQFHLQWHQVLW\NLQHWLFVRI13VPHDVXUHGLQ
D3133VROXWLRQ 0 DIWHULPPHUVLRQRIWKHSURWHLQFRQWDLQLQJPDWUL[ 8P/ 

7KH IOXRUHVFHQFH GHFUHDVH FRQILUPV WKH IRUPDWLRQ RI 313 DQG WKHUHIRUH WKH
IXQFWLRQLQJRIWKHHQ]\PH+RZHYHUWKHNLQHWLFVZDVODUJHO\VORZHUWKDQWKDWREWDLQHG
IRU WKH HQ]\PH LQ VROXWLRQ $V ZDV GLVFXVVHG IRU WKH LPPRELOL]HG 13V WKLV UHVXOW

Ϯϭ
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VXJJHVWVWKDWGLIIXVLRQRI313DQG3133WKURXJKWKHPDWUL[LVUHVWULFWHGOLPLWLQJWKH
UHVSRQVHWLPHRIWKHVROJHOELRVHQVRU$VLPLODUUHVXOWZDVREWDLQHGE\*DUFtD6iQFKH]
HW DO ZKHQ LPPRELOL]HG $/3 LQ D VROJHO PDWUL[ WR REWDLQ D ELRVHQVRU IRU WKH
GHWHUPLQDWLRQRISHVWLFLGHV

$ONDOLQH3KRVSKDWDVH%LRVHQVRULQ6RO*HO0DWULFHV
7KH DERYH UHVXOWV LQGLFDWH WKH VXLWDELOLW\ RI WKH LPPRELOL]DWLRQ PHWKRGRORJ\ IRU WKH
FRPSRQHQWV VHSDUDWHO\ DQG VXJJHVW WKDW WKH VORZ GLIIXVLRQ RI 3133 DQG 313 WKURXJK
WKHVROJHOPDWUL[VORZVGRZQWKHIOXRUHVFHQFHTXHQFKLQJ7KHIROORZLQJVWHSZDVWKH
FRLPPRELOL]DWLRQRIERWK13VDQG$/3LQWKHVDPHVROJHOPRQROLWKWRREWDLQWKHILQDO
IRUPRIWKHELRVHQVRU7KLVPRQROLWKZDVLPPHUVHGLQDVROXWLRQFRQWDLQLQJ3133DQG
LWV IOXRUHVFHQFH ZDV PHDVXUHG DW GLIIHUHQW LQFXEDWLRQ WLPHV 7R UHGXFH WKH UHVSRQVH
WLPH RI WKH ELRVHQVRU GXH WR GLIIXVLRQDO UHVWULFWLRQV WKHFRQFHQWUDWLRQ RI VXEVWUDWH ZDV
LQFUHDVHGIURP0WRDQGP0)LJXUHDVKRZVWKHUHVXOWVRIWKLVH[SHULPHQW
7KHIOXRUHVFHQFHGHFUHDVHFRQILUPVWKHIRUPDWLRQRI313DQGWKHUHIRUHWKHVXLWDELOLW\
RI WKH FRLPPRELOL]DWLRQ SURFHVV ,QFUHDVHV RI WKH 3133 FRQFHQWUDWLRQ UHVXOWHG LQ D
FOHDU LPSURYHPHQW RI WKH DVVD\ 8VLQJ  P0 RI VXEVWUDWH D  RI TXHQFKLQJ ZDV
REWDLQHG DIWHU  PLQXWHV RI LQFXEDWLRQ )LJXUH D  ZKLFK LV DQ DFFHSWDEOH WLPH RI
UHVSRQVH IRU D ELRVHQVRU 7KHVH FRQGLWLRQV ZHUH VHOHFWHG WR FKHFN WKH SRVVLEOH
UHXWLOL]DWLRQRIWKHELRVHQVRU7KHVDPHPRQROLWKZDVXVHGIRUVHYHQFRQVHFXWLYHDVVD\V
DQG WKH HIILFLHQF\ RI WKH TXHQFKLQJ ZDV PHDVXUHG DIWHU  PLQXWHV RI LQFXEDWLRQ
)LJXUH E  $IWHU HDFK DVVD\ WKH PRQROLWK ZDV ZDVKHG ZLWK 7ULV EXIIHU IRU  K E\
FKDQJLQJWKHEXIIHUHYHU\KRXUWRUHPRYHWKHUHVLGXDO3137KHIDFWWKDWWKHTXHQFKLQJ
HIILFLHQF\ LV VLPLODU LQ DOO WKH DVVD\V GHPRQVWUDWHV WKDW WKLV ELRVHQVRU FDQ EH XVHG
UHSHDWHGO\IRUYDULRXVPHDVXUHPHQWVZLWKRXWORVLQJLWVVHQVLWLYLW\
ϮϮ
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)LJXUH  D  )OXRUHVFHQFH TXHQFKLQJ NLQHWLFV PHDVXUHG LQ WKH LPPRELOL]HG ELRVHQVRU
DIWHU LWV LPPHUVLRQ LQDVROXWLRQ FRQWDLQLQJ 03133 EODFN VTXDUHV  DQG  P0
3133 FLUFOHV  E  5HXVDELOLW\ VWXG\ RI WKH ELRVHQVRU SHUIRUPHG XVLQJ WKH VDPH
PRQROLWK DIWHU ZDVKLQJ ZLWK EXIIHU IRU VHYHQ FRQVHFXWLYH DVVD\V PHDVXULQJ WKH
IOXRUHVFHQFHTXHQFKLQJSHUFHQWDJHDIWHUPLQXWHVRILQFXEDWLRQ >3133@ P0 

2QFHWKHZRUNLQJFRQGLWLRQVRIWKHELRVHQVRUZHUHRSWLPL]HGZHH[SORUHGLWVDELOLW\WR
GHWHUPLQH WKH SUHVHQFH RI LQKLELWRUV VXFK DV SKRVSKDWH LRQ )LJXUH D VKRZV WKH
IOXRUHVFHQFH TXHQFKLQJ SHUFHQWDJH REWDLQHG LQ DEVHQFH DQG SUHVHQFH RI P0 RI
SKRVSKDWH LRQ DIWHU  PLQ RI LQFXEDWLRQ 7KH GURS LQ WKH TXHQFKLQJ HIILFLHQF\
FRQILUPV WKH FDSDFLW\ RI WKH ELRVHQVRU WR GHWHFW WKH LQKLELWRU 5HVXOWV DUH VKRZQ LQ
)LJXUH E LQ WKH IRUP RI FDOLEUDWLRQ FXUYH 7R EXLOG WKLV FXUYH WKH ELRVHQVRU ZDV
LPPHUVHGLQEXIIHUVDPSOHVFRQWDLQLQJLQFUHDVLQJFRQFHQWUDWLRQVRISKRVSKDWHLRQ WR
 P0  $IWHU WKH DGGLWLRQ RI P0 3133 PRQROLWKV ZHUH LQFXEDWHG IRU  PLQ DQG
WKHQ WKHLU IOXRUHVFHQFHLQWHQVLW\ ZDV PHDVXUHG DQG SORWWHGDV DIXQFWLRQ RI SKRVSKDWH
FRQFHQWUDWLRQ7KLVSORWZDVOLQHDULQWKHUDQJHRIFRQFHQWUDWLRQVVWXGLHG XSWRP0 
ZLWKDOLPLWRIGHWHFWLRQ /2' RI0HTXLYDOHQWWRWKUHHWLPHVWKHEODQNYDOXH
7KLV /2' LV KLJKHU WKDQ WKDW REWDLQHG IRU WKH ELRVHQVRU LQ VROXWLRQ EXW LV VWLOO ORZHU
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WKDQ WKH FRQFHQWUDWLRQ RI SKRVSKDWH QRUPDOO\ SUHVHQW LQ KXPDQ EORRG VHUXP 
P0 ZLWKWKHDGYDQWDJHRIEHLQJUHXVDEOH




)LJXUHD 3HUFHQWDJHRIIOXRUHVFHQFHTXHQFKLQJDIWHUWKHDGGLWLRQRI3133 P0 
WRWKHLPPRELOL]HG$/3ELRVHQVRULQWKHDEVHQFHRILQKLELWRUFRPSDUHGWRWKDWREWDLQHG
LQWKHSUHVHQFHRILQKLELWRUSKRVSKDWHLRQ P0 E )OXRUHVFHQFHLQWHQVLWLHVUHFRUGHG
IRULPPRELOL]HG$/3ELRVHQVRULQWKHDEVHQFHDQGSUHVHQFHRIGLIIHUHQWFRQFHQWUDWLRQV
RISKRVSKDWHLRQV

&21&/86,216
,Q WKLV ZRUN ZH KDYH GHYHORSHG D IOXRUHVFHQW ELRVHQVRU IRU WKH GHWHFWLRQ RI LRQ
SKRVSKDWH D FRPSHWLWLYH LQKLELWRU RI WKH HQ]\PH $/3 7KH ELRVHQVRU LV EDVHG RQ WKH
IOXRUHVFHQFHLQWHQVLW\TXHQFKLQJRIWKHFRQMXJDWHGSRO\HOHFWURO\WH+70$3)3LQGXFHG
E\ 313 WKH $/3 FDWDO\VHG K\GURO\VLV SURGXFW RI 3133 +70$3)3 ZDV SUHYLRXVO\
VWDELOL]HG LQ EXIIHU WKURXJK LWV LQWHUDFWLRQ ZLWK OLSLG YHVLFOHV WR REWDLQ EOXHHPLWWLQJ
QDQRSDUWLFOHV 13V  7KHVH 13V ZHUH VWDEOH XQGHU S+ DQG WHPSHUDWXUH DQG WKHLU
IOXRUHVFHQFHZDVHIILFLHQWO\TXHQFKHGE\313&RXSOLQJRI13VZLWK$/3LQVROXWLRQ
ZDVXVHGWRGHYHORSDELRVHQVRUDEOHWRGHWHUPLQHLQWKUHHPLQXWHVWKHFRQFHQWUDWLRQRI
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LRQ SKRVSKDWH LQ DQ DTXHRXV VDPSOH ZLWK D /2' RI  P0 ,Q RUGHU WR LPSURYH WKH
SHUIRUPDQFH RI WKH ELRVHQVRU LWV FRPSRQHQWV 13V DQG $/3  ZHUH LPPRELOL]HG LQ D
VROJHOPDWUL[PDNLQJWKHELRVHQVRUUHXVDEOHIRUDWOHDVWVHYHQDVVD\V7KHGHYLFHZDV
VXFFHVVIXOO\XVHGIRUWKHGHWHUPLQDWLRQRILRQSKRVSKDWHZLWKD/2'KLJKHUWKDQWKDW
GHWHUPLQHGLQVROXWLRQDQGDORQJHUUHVSRQVHWLPHWKDWUHIOHFWVWKHVORZHUGLIIXVLRQRI
3133DQG313WKURXJKWKHPDWUL[7KLVPHWKRGRORJ\FRXOGEHHDVLO\H[WUDSRODWHGIRU
WKHVFUHHQLQJRILQKLELWRUVRIRWKHUHQ]\PHVVXFKDVĮJOXFRVLGDVHDQGĮJDODFWRVLGDVH
ZKLFKFDWDO\]HUHDFWLRQV\LHOGLQJ313DVILQDOSURGXFW

$&.12:/('*0(176
7KH DXWKRUV WKDQN WKH 6SDQLVK 0LQLVWHULR GH (FRQRPLD \ &RPSHWLWLYLGDG DQG
*HQHUDOLWDW

9DOHQFLDQD

IRU

ILQDQFLDO

VXSSRUW

0$75

DQG

3520(7(2UHVSHFWLYHO\

5()(5(1&(6
  $OYDUDGR*iPH] $ / $ORQVR/RPLOOR 0 $ 'RPtQJXH]5HQHGR 2 $UFRV
0DUWtQH]0-$'LVSRVDEOH$ONDOLQH3KRVSKDWDVH%DVHG%LRVHQVRUIRU9DQDGLXP
&KURQRDPSHURPHWULF'HWHUPLQDWLRQ6HQVRUV
 0LDR31LQJ//L;6KX</L*$Q(OHFWURFKHPLFDO$ONDOLQH3KRVSKDWDVH
%LRVHQVRU )DEULFDWHG ZLWK 7ZR '1$ 3UREHV &RXSOHG ZLWK ȁ ([RQXFOHDVH
%LRVHQV%LRHOHFWURQ
  0RXVW\ & .DIWDQ 2 3UHYRW 9 )RUDQR & $ONDOLQH 3KRVSKDWDVH %LRVHQVRUV
%DVHGRQ/D\HUHG'RXEOH+\GUR[LGHV0DWULFHV5ROHRI/'+&RPSRVLWLRQ6HQV
$FWXDWRUV%&KHP
  1HDJX ' 0LFKHOL / 3DOOHVFKL * 6WXG\ RI D 7R[LQ$ONDOLQH 3KRVSKDWDVH
&RQMXJDWH IRU WKH 'HYHORSPHQW RI DQ ,PPXQRVHQVRU IRU 7HWURGRWR[LQ
'HWHUPLQDWLRQ$QDO%LRDQDO&KHP
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  <LQ = /LX < -LDQJ / 3 =KX - - (OHFWURFKHPLFDO ,PPXQRVHQVRU RI 7XPRU
1HFURVLV )DFWRU D %DVHG RQ $ONDOLQH 3KRVSKDWDVH )XQFWLRQDOL]HG 1DQRVSKHUHV
%LRVHQV%LRHOHFWURQ
 :DQJ66X3+XDQJ-:X-<DQJ<0DJQHWLF1DQRSDUWLFOHV&RDWHGZLWK
,PPRELOL]HG $ONDOLQH 3KRVSKDWDVH IRU (Q]\PRO\VLV DQG (Q]\PH ,QKLELWLRQ
$VVD\V-0DWHU&KHP%
 4LDQ=6&KDL/-+XDQJ<<7DQJ&-LD6KHQ-&KHQ-5)HQJ+$
5HDO7LPH )OXRUHVFHQW $VVD\ IRU WKH 'HWHFWLRQ RI $ONDOLQH 3KRVSKDWDVH $FWLYLW\
%DVHGRQ&DUERQ4XDQWXP'RWV%LRVHQV%LRHOHFWURQ
  /LX 6 3DQJ 6 1D : 6X ; 1HDU,QIUDUHG )OXRUHVFHQFH 3UREH IRU WKH
'HWHUPLQDWLRQRI$ONDOLQH3KRVSKDWDVH%LRVHQV%LRHOHFWURQ
 'HQJ-<X3:DQJ<0DR/5HDO7LPH5DWLRPHWULF)OXRUHVFHQW$VVD\IRU
$ONDOLQH 3KRVSKDWDVH $FWLYLW\ ZLWK 6WLPXOXV 5HVSRQVLYH ,QILQLWH &RRUGLQDWLRQ
3RO\PHU1DQRSDUWLFOHV$QDO&KHP
  'XDUWH $ 3X . < /LX % %D]DQ * & 5HFHQW $GYDQFHV LQ &RQMXJDWHG
3RO\HOHFWURO\WHV IRU (PHUJLQJ 2SWRHOHFWURQLF $SSOLFDWLRQV &KHP 0DWHU 

 +RXVWRQ-(.UDIW06FKHUI8(YDQV5&6HTXHQWLDO'HWHFWLRQRI0XOWLSOH
3KDVH 7UDQVLWLRQV LQ 0RGHO %LRORJLFDO 0HPEUDQHV XVLQJ D 5HG(PLWWLQJ
&RQMXJDWHG3RO\HOHFWURO\WH3K\V&KHP&KHP3K\V
  +RXVWRQ - ( .UDIW 0 0RRQH\ , 7HUU\ $ ( 6FKHUI 8 (YDQV 5 &
&KDUJH0HGLDWHG /RFDOL]DWLRQ RI &RQMXJDWHG 3RO\WKLRSKHQHV LQ =ZLWWHULRQLF
0RGHO&HOO0HPEUDQHV/DQJPXLU
  7KRPDV ,,, 6 : -RO\ * ' 6ZDJHU 7 0 &KHPLFDO 6HQVRUV %DVHG RQ
$PSOLI\LQJ)OXRUHVFHQW&RQMXJDWHG3RO\PHUV&KHP5HY
  3X . < &DL / /LX % 'HVLJQ DQG 6\QWKHVLV RI &KDUJH7UDQVIHU%DVHG
&RQMXJDWHG3RO\HOHFWURO\WHVDV0XOWLFRORU/LJKW8S3UREHV0DFURPROHFXOHV

  -LDQJ + 7DUDQHNDU 3 5H\QROGV - 5 6FKDQ]H . 6 &RQMXJDWHG
3RO\HOHFWURO\WHV6\QWKHVLV3KRWRSK\VLFVDQG$SSOLFDWLRQV$QJHZ&KHP,QW(G

 .LP6/LP&.1D-/HH<'.LP.&KRL./HDU\-).ZRQ,&
&RQMXJDWHG 3RO\PHU 1DQRSDUWLFOHV IRU %LRPHGLFDO LQ 9LYR ,PDJLQJ &KHP
&RPPXQ
  6PLWK % $ 6PLWK % ' %LRPDUNHUV DQG 0ROHFXODU 3UREHV IRU &HOO 'HDWK
,PDJLQJDQG7DUJHWHG7KHUDSHXWLFV%LRFRQMXJDWH&KHP
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  1JR $ 7 .DUDP 3 &RVD * &RQMXJDWHG 3RO\HOHFWURO\WH/LSLG ,QWHUDFWLRQV
2SSRUWXQLWLHVLQ%LRVHQVLQJ3XUH$SSO&KHP
  /LX < 2JDZD . 6FKDQ]H . 6 &RQMXJDWHG 3RO\HOHFWURO\WHV DV )OXRUHVFHQW
6HQVRUV-3KRWRFKHP3KRWRELRO&3KRWRFKHP5HY
 :DQJ//L+&DR'&RQMXJDWHG3RO\HOHFWURO\WHV6\QWKHVLVDQG$SSOLFDWLRQ
LQ%LRPROHFXOH'HWHFWLRQ&XUU2UJ&KHP
  7DQJ < /LX < &DR $ 6WUDWHJ\ IRU 6HQVRU %DVHG RQ )OXRUHVFHQFH (PLVVLRQ
5HG 6KLIW RI &RQMXJDWHG 3RO\PHUV $SSOLFDWLRQV LQ S+ 5HVSRQVH DQG (Q]\PH
$FWLYLW\'HWHFWLRQ$QDO&KHP
  &XPPLQJ & - $NHU & )LVKHU 0 )R[ 0 /D *URQH 0 - 5HXVW '
5RFNOH\0*6ZDJHU707RZHUV(:LOOLDPV98VLQJ1RYHO)OXRUHVFHQW
3RO\PHUVDV6HQVRU\0DWHULDOVIRU$ERYH*URXQG6HQVLQJRI&KHPLFDO6LJQDWXUH
&RPSRXQGV (PDQDWLQJ IURP %XULHG /DQGPLQHV ,((( 7UDQV *HRVFL 5HPRWH
6HQV
  7RDO 6 - 7URJOHU : & 3RO\PHU 6HQVRUV IRU 1LWURDURPDWLF ([SORVLYHV
'HWHFWLRQ-0DWHU&KHP
 &KHQ/0F%UDQFK'::DQJ++HOJHVRQ5:XGO):KLWWHQ'*
+LJKO\ 6HQVLWLYH %LRORJLFDO DQG &KHPLFDO 6HQVRUV %DVHG RQ 5HYHUVLEOH
)OXRUHVFHQFH4XHQFKLQJLQD&RQMXJDWHG3RO\PHU3URF1DWO$FDG6FL86$

 6HQWKLONXPDU7$VKD6.6HOHFWLYHDQG6HQVLWLYH6HQVLQJRI)UHH%LOLUXELQLQ
+XPDQ 6HUXP XVLQJ :DWHU6ROXEOH 3RO\IOXRUHQH DV )OXRUHVFHQW 3UREH
0DFURPROHFXOHV
  4LQ & &KHQJ < :DQJ / -LQJ ; :DQJ ) 3KRVSKRQDWH)XQFWLRQDOL]HG
3RO\IOXRUHQH DV D +LJKO\ :DWHU6ROXEOH ,URQ ,,,  &KHPRVHQVRU 0DFURPROHFXOHV

 4LQ&7RQJ+:DQJ/:DWHU6ROXEOH3KRVSKDWH)XQFWLRQDOL]HG3RO\IOXRUHQH
DV )OXRUHVFHQFH %LRVHQVRUV 7RZDUG &\WRFKURPH &6FL &KLQD 6HU % &KHP 

 &DR$7DQJ</LX<1RYHO)OXRUHVFHQW%LRVHQVRUIRUD*OXFRVLGDVH,QKLELWRU
6FUHHQLQJ %DVHG RQ &DWLRQLF &RQMXJDWHG 3RO\PHUV $&6 $SSO 0DWHU ,QWHUIDFHV

  1DHHP $ .KDQ , 0 $KPDG $ 6SHFWUDO ,QYHVWLJDWLRQV RI 0XOWLSOH &KDUJH
7UDQVIHU &RPSOH[ RI 31LWURSKHQRO DV DQ (OHFWURQ $FFHSWRU ZLWK 'RQRU 3
'LPHWK\ODPLQREHQ]DOGHK\GH5XVV-3K\V&KHP$
  7DSLD 0 - 0RQWVHUtQ 0 9DOHQWH $ - 0 %XUURZV + ' 0DOODYLD 5
%LQGLQJRI3RO\QXFOHRWLGHVWR&RQMXJDWHG3RO\HOHFWURO\WHVDQGLWV$SSOLFDWLRQVLQ
6HQVLQJ$GY&ROORLG,QWHUIDFH6FL
Ϯϳ


ACS Paragon Plus Environment

ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

  0DUWtQH]7RPH 0 - (VTXHPEUH 5 0DOODYLD 5 0DWHR & 5 )RUPDWLRQ RI
&RPSOH[HV EHWZHHQ WKH &RQMXJDWHG 3RO\HOHFWURO\WH 3RO\^>%LV  
111WULPHWK\ODPPRQLXP  +H[\O@)OXRUHQH3KHQ\OHQH` %URPLGH +70$3)3 
DQG+XPDQ6HUXP$OEXPLQ%LRPDFURPROHFXOHV
 0DLWL-3RNKUHO%%RUXDK5'ROXL6.3RO\WKLRSKHQH%DVHG)OXRUHVFHQFH
6HQVRUVIRU$FLGVDQG0HWDO,RQV6HQV$FWXDWRUV%&KHP
 )DQ/=KDQJ<0XUSK\&%$QJHOO6(3DUNHU0)/)O\QQ%5
-RQHV -U : ( )OXRUHVFHQW &RQMXJDWHG 3RO\PHU 0ROHFXODU :LUH &KHPRVHQVRUV
IRU7UDQVLWLRQ0HWDO,RQ5HFRJQLWLRQDQG6LJQDOLQJ&RRUG&KHP5HY

  .DKYHFL = 0DUWtQH]7RPp 0 - 0DOODYLD 5 0DWHR & 5 8VH RI WKH
&RQMXJDWHG
3RO\HOHFWURO\WH
3RO\^>%LV  
1
1
1
7ULPHWK\ODPPRQLXP +H[\O@)OXRUHQH3KHQ\OHQH` %URPLGH +70$3)3  DV D
)OXRUHVFHQW0HPEUDQH0DUNHU%LRPDFURPROHFXOHV
  8SDGK\D\ / 6 % 9HUPD 1 5HFHQW $GYDQFHV LQ 3KRVSKDWH %LRVHQVRUV
%LRWHFKQRO/HWW
 0ROLQD5*yPH]5XL]60RQWLOOD)6DOLQDV&DVWLOOR$)HUQiQGH]$UUR\R
6 'HO 0DU 5DPRV 0 0LFRO 9 0DOODYLD 5 3URJUHVV LQ WKH 6\QWKHVLV RI
3RO\ )OXRUHQH$OW3KHQ\OHQH 
3)3
9LD
6X]XNL
&RXSOLQJ
0DFURPROHFXOHV
 0DOODYLD50DUWLQH]3HUp]'&KPHOND%)%D]DQ*&%OXH)OXRUHVFHQW
)LOPV %DVHG RQ 3RO\)OXRUHQH3KHQ\OHQH 'HULYDWLYHV %RO 6RF (VS &HUDP
9LGU
 $O$WWDU+$0RQNPDQ$3(IIHFWRI6XUIDFWDQWRQ:DWHU6ROXEOH&RQMXJDWHG
3RO\PHUXVHGLQ%LRVHQVRU-3K\V&KHP%
  .DKYHFL = 9i]TXH]*XLOOy 5 0DUWtQH]7RPp 0 - 0DOODYLD 5 0DWHR &
51HZ5HG(PLWWLQJ&RQMXJDWHG3RO\HOHFWURO\WH6WDELOL]DWLRQE\,QWHUDFWLRQZLWK
%LRPROHFXOHV DQG 3RWHQWLDO XVH DV 'UXJ &DUULHUV DQG %LRLPDJLQJ 3UREHV $&6
$SSO0DWHU,QWHUIDFHV
  .DKYHFL = 0DUWtQH]7RPp 0 - (VTXHPEUH 5 0DOODYLD 5 0DWHR & 5
6HOHFWLYH ,QWHUDFWLRQ RI D &DWLRQLF 3RO\IOXRUHQH ZLWK 0RGHO /LSLG 0HPEUDQHV
$QLRQLF9HUVXV=ZLWWHULRQLF/LSLGV0DWHU
  /ySH]&DEDUFRV ( 5HWDPD - 5 6KROLQ 9 &DUWHU 6 $ &RQWUROOLQJ WKH
3KRWROXPLQHVFHQFH RI :DWHU6ROXEOH &RQMXJDWHG 3RO\> 7KLHQ\O (WK\OR[\
%XW\OVXOIRQDWH @IRU%LRVHQVRU$SSOLFDWLRQV3RO\P,QW
 &KHQ/;X60F%UDQF':KLWWHQ'7XQLQJWKH3URSHUWLHVRI&RQMXJDWHG
3RO\HOHFWURO\WHV WKURXJK 6XUIDFWDQW &RPSOH[DWLRQ >@ - $P &KHP 6RF 


Ϯϴ


ACS Paragon Plus Environment

Page 28 of 29

Page 29 of 29
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

ACS Applied Materials & Interfaces

  7KRPVHQ 9 6FKDW]OHLQ ' 0HUFXUR ' /LPLWV RI 'HWHFWLRQ LQ 6SHFWURVFRS\
6SHFWURVFRS\
  8SDGK\D\ / 6 % 9HUPD 1 $ONDOLQH 3KRVSKDWDVH ,QKLELWLRQ %DVHG
&RQGXFWRPHWULF%LRVHQVRUIRU3KRVSKDWH(VWLPDWLRQLQ%LRORJLFDO)OXLGV%LRVHQV
%LRHOHFWURQ
  3DVWRU , (VTXHPEUH 5 0LFRO 9 0DOODYLD 5 0DWHR & 5 $ 5HDG\WRXVH
)OXRULPHWULF %LRVHQVRU IRU 6XSHUR[LGH 5DGLFDO XVLQJ 6XSHUR[LGH 'LVPXWDVH DQG
3HUR[LGDVH,PPRELOL]HGLQ6RO*HO*ODVVHV$QDO%LRFKHP
  (VTXHPEUH 5 3RYHGD - $ 0DWHR & 5 %LRSK\VLFDO DQG )XQFWLRQDO
&KDUDFWHUL]DWLRQRIDQ,RQ&KDQQHO3HSWLGH&RQILQHGLQD6RO*HO0DWUL[-3K\V
&KHP%
  (VTXHPEUH 5 3LQWR 6 1 3RYHGD - $ 3ULHWR 0 0DWHR & 5
,PPRELOL]DWLRQDQG&KDUDFWHUL]DWLRQRI*LDQW8QLODPHOODU9HVLFOHV *89V ZLWKLQ
3RURXV6LOLFD*ODVVHV6RIW0DWWHU
  3DVWRU , 6DOLQDV&DVWLOOR $ (VTXHPEUH 5 0DOODYLD 5 0DWHR & 5
0XOWLHQ]\PDWLF6\VWHP,PPRELOL]DWLRQLQ6RO*HO6OLGHV)OXRUHVFHQW6XSHUR[LGH
%LRVHQVRUV'HYHORSPHQW%LRVHQV%LRHOHFWURQ
  3DVWRU , )HUUHU 0 / /LOOR 0 3 *yPH] - 0DWHR & 5 6WUXFWXUH DQG
'\QDPLFV RI /\VR]\PH (QFDSVXODWHG LQ D 6LOLFD 6RO*HO 0DWUL[- 3K\V &KHP %

  $YQLU ' /HY 2 /LYDJH - 5HFHQW %LR$SSOLFDWLRQV RI 6RO*HO 0DWHULDOV -
0DWHU&KHP
 -LQ:%UHQQDQ-'3URSHUWLHVDQG$SSOLFDWLRQVRI3URWHLQV(QFDSVXODWHGZLWKLQ
6RO*HO'HULYHG0DWHULDOV$QDO&KLP$FWD
 0DUWtQH]7RPp0-(VTXHPEUH50DOODYLD50DWHR&5)RUPDWLRQDQG
&KDUDFWHUL]DWLRQ RI 6WDEOH )OXRUHVFHQW &RPSOH[HV EHWZHHQ 1HXWUDO &RQMXJDWHG
3RO\PHUVDQG&\FORGH[WULQV-)OXRUHVF
  7UDLSKRO 5 6DQJXDQVDW 3 6ULNKLULQ 7 .HUGFKDURHQ 7 2VRWFKDQ 7
6SHFWURVFRSLF 6WXG\ RI 3KRWRSK\VLFDO &KDQJH LQ &ROODSVHG &RLOV RI &RQMXJDWHG
3RO\PHUV (IIHFWV RI 6ROYHQW DQG 7HPSHUDWXUH 0DFURPROHFXOHV   

 *DUFtD6iQFKH])1DYDV'tD]$5DPRV3HLQDGR0&%HOOHGRQH&)UHHDQG
6RO*HO,PPRELOL]HG$ONDOLQH3KRVSKDWDVH%DVHG%LRVHQVRUIRUWKH'HWHUPLQDWLRQ
RI3HVWLFLGHVDQG,QRUJDQLF&RPSRXQGV$QDO&KLP$FWD
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