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Abstract of the Dissertation

Organic/Biological Hybrid Nanomaterials for Biosensing and Energy Conversion:
from Fundamentals to Applications

by

Zhongwei Liu

Doctor of Philosophy

in

Materials Science and Engineering

Stony Brook University

2014

Water-soluble conjugated polymers have emerged as cost-effective, light
harvesting materials for the development of highly sensitive and selective
biosensing platforms where the detection of a target is recognized through
changes in the spectroscopic properties of the conjugated polymer. My dis-
sertation describes fundamental studies of interaction in water-soluble conju-
gated polymers/DNA organic/biological hybrids and the application of such
hybrids in DNA sensing and energy conversion. In particular, I demonstrated
a conjugated poly(phenylene vinylene (PPV)/DNA hybrid with sequence de-
pendent photoluminescence and chiroptical properties, for which the PPV’s
photoluminescence was found to be enhanced as high as seven fold upon bind-
ing with DNA. These sequence specific spectroscopic and structural changes
resulted from hydrophobic interactions in the form of π-π stacking between
the PPV’s backbone and DNA bases. In this study I also demonstrated the
importance of electrostatic interactions between PPV’s charged side groups
and DNA phosphate backbone in promoting hydrophobic interactions lead-
ing to sequence specific properties of the hybrid. I then developed a label-free
DNA sensor based on Förster Resonant Energy Transfer (FRET) between a
water soluble PPV and an intercalating dye, malachite green chloride where
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the detection of target DNA is read through FRET sensitized fluorescence
of the intercalated dye. In the proposed sensor, the PPV bound to DNA
experiences photoluminescence enhancement due to a chain conformation
change induced by DNA and this enhancement provides improved FRET
efficiency and increased FRET sensitized fluorescence from the intercalated
dye, the transducing signal for the DNA sensor. Moreover, the particular
small dye used by me intercalates hybridized DNA at a maximum, one-to-
one dye-to-base pair ratio, which in combination with the FRET sensitization
provides a wide range for base pair mismatch detection, from one up to five
base pair mismatches for 25 mer single stranded DNA probe and target. Fi-
nally, I demonstrated the ability of DNA to promote photoinduced charge
transfer between same-charge sign, cationic donor and acceptor moieties,
here PPV and fullerene, with efficiencies approaching those observed for op-
positely charged donor and acceptor molecules with similar backbones and
without DNA. In this same study I also demonstrated the ability to tune the
charge transfer rate between same charge type donor and acceptor molecules
by replacing single stranded DNA with double stranded (hybridized) DNA
and I provided a detailed description of the mechanisms of quenching by
charge transfer for the studied donor-acceptor hybrids.
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Chapter 1

Introduction

1.1 Water Soluble Conjugated Polymers

Conjugated polymers (CPs) have been widely used in plastic optoelectronic

devices, such as organic photovoltatics (OPVs), organic field effect transistors

(OFETs) and organic light emitting diodes (OLEDs), owing to their efficient ab-

sorption and emission properties, easy and cost-effective synthesis, and their esy

mechanical processability. [1–5] Structurally, CPs contain two parts, a conjugated

backbone and side groups. (Figure1.1) After light absorption, CPs can generate

delocalized excitons, or Coulombically bound electron/hole pairs formed in the

π-conjugation system of the backbone. Such excitons can readily move in the

conjugation system along the polymer chain (intra-chain) and/or among stacks of

polymer chains (inter-chain). Upon reaching an energy trap, excitons can decay

by various paths such as thermal vibrations, photoluminescence (PL) emission,

Förster resonance energy transfer (FRET) to energy acceptors, or charge transfer

to electron/hole acceptors. Similar to the doping of semiconductive materials, CPs

of n-type or p-type can be produced by reduction or oxidation of π-system elec-

trons. [2,4,5] With relatively good charge mobility and good mechanical properties,

CPs are expected to substitute the more expensive materials such as monocrys-

talline silicon in solar panels. The opto-electronic properties of a CP strongly de-

pend on the chain conformation and aggregation state of the polymer. [6–8]To sat-

isfy different application requirements, CPs with different designs of backbones and

side chains have been synthesized and some examples of organic soluble CPs are

1



shown in Figure 1.1. Organic light emitting diodes have been built with CPs with

Figure 1.1. Examples of Conjugated Polymers: polypyrrole (PPy), Poly(p-
phenylene vinylene)(PPV), polyanilines (PANI), poly(3,4-ethylenedioxythiophene) (PE-
DOT), polythiophenes (PT), polyacetylenes (PA), poly(phenylene) (PP), polyfluorene
(PF). Reprinted with permission from Ref [9] Copyright (2014) The Royal Society of
Chemistry.

emission colors covering the entire visible spectrum while CP-based photovoltaic

devices have achieved over 11% light-to-energy conversion efficiency. [3–5,10] There

are comprehensive reviews on the utilization of various types of CPs both in solar

cell and in light emitting diode applications, exemplifying synthetic and morpho-

logical approaches taken at improving the performance of such devices as well

spectroscopic characterization of charge transport in such materials. [8, 11, 12]To

enhance the efficiency of energy conversion in OPVs and OLEDs, detailed studies

have been performed on light absorption, charge generation and separation, and

collection of charge carriers at electrodes. [6, 7] The exciton migration and charge

mobility have been studied either along single polymer chains by single particle

methods or in solvent-casted polymer films incorporated in devices. [13–17]

Functionalization of CPs with hydrophilic side groups renders water solubil-

ity, opening the possibility to develop various chemical/biological sensors. [18–

21] Among other applications, CPs have been prepared into nanoparticles/dots

(CPNs/CP-dots) for in vivo/vitro imaging assays. [22] Compared to organic dyes

and quantum dots, CPNs and CP-dots possessed higher photostability and lower

toxicity. [23–27]

The CPs used in the fabrication of organic optoelectronic devices are usually

dispensable in non-polar organic solvents and insoluble in polar solvents like water.
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+ 

Figure 1.2. Examples of Water Soluble Conjugated Polymers: cationic con-
jugated polymer (CCP): poly(fluorene phenylene)-NMe3+ (PFP-NMe3+),
Poly(fluorene-co-benzothiadiazole)-NMe3+(PFBT-NMe3+); anionic conjugated
polymers: poly(phenylene ethynylene)-carboxl sodium (PPE)-COO−2 , bipoly(phenylene
ethynylene)-sulforic sodium (PPE)-SO−3 ; non-ionic conjugated polymer(NCP):
poly(phenylene ethynylene)-gluocose(PPE-gluco); polyfluorene-thiolated gluocose
(PF-thiogluco). Reprinted with permission from Ref [28] Copyright (2012) National
University of Singapore.

To develop chemical/biological sensors based on CPs, researchers have synthesized

water soluble CPs (WSCPs) by introducing hydrophilic side groups to CPs. [21,

27–33] According to the charge existent on the side groups in aqueous solution,

WSCPs can be of three types: cationic CPs (CCPs), anionic CPs (ACPs), and

nonionic CPs (NCPs) and some examples are shown in 1.2.
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Like their organic soluble counterparts, WSCPs have also attracted interests

for the development of organic opto-electronic devices, such as OPVs, OLEDs and

OFETs. [4, 34, 34–36] Compared with their organic soluble counterparts, WSCPs

possess three advantages for the development of opto-electronic devices: 1) the

spincoating of WSCPs only needs high polar solvents like water or alcohols, as

opposed to the spincoating of hydrophobic CPs where orthogonal solvents are

needed in order to avoid dissolution of the underlying layers; 2) Owing to their

water solubility and charged side groups, WSCPs can be combined with oppositely

charged acceptor materials by employing layer-by-layer assembly methods to real-

ize devices; 3) WSCPs also show higher charge injection leading to enhanced device

performance. [34–36] For example, Schanze and coworkers fabricated an organic so-

lar cell utilizing layer-by-layer electrostatic assembly of oppositely charged anionic

poly(p-phenylene ethynylene)s (PPEs) and cationic fullerene. [37] This WSCPs

based solar cell showed 5.5 % energy conversion efficiency at maximum absorption

of the PPEs. It should be noted that, from previous reports and from our own

Figure 1.3. Scheme of the WSCPs based solar cell structure fabricated by layer-by-layer
assembly of water soluble PPEs and fullerene. Reprinted with permission from Ref [37]
Copyright (2005) American Chemical Society

experience, WSCPs also have some obvious disadvantages for fabrication of opto-

electronic devices: 1) the solubility of many WSCPs is still too low in polar solvents

when compared that of hydrophobic CPs in organic solvents. As a result, after

spun on substrate, WSCPs cannot form uniform and thick enough layers, which

are required for high performance organic opto-electronic devices. 2) as previously

shown by others and from our own results, WSCPs can form micelle-like aggregates

with self-quenched defects leading to lower PL quantum yield, which can hamper

the performance of OLED or OPVs. Although the field of WSCP-based OLED
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and OPV is relatively recent, there exists already several comprehensive reviews

about the utilization of such materials in optoelectronic devices. [34–36,38,39]

WSCPs have been intensively studied for the development of biologi-

cal/chemical sensors. [21, 29, 32]The research described in this thesis includes

fundamental studies on the mechanism of interaction between biomolecules

like DNA and WSCPs and the development of a WSCP-based DNA sensor.

Therefore, in the following sections, a brief literature review is given on WSCPs

based sensors.

1.2 Sensors based on Water Soluble Conjugated

Polymers

Cost-effective sensors play a crucial role in clinical diagnosis, forensics and

pathogen detection. [40–42] Traditional detection methods for biomolecules, like

polymerase chain reaction (PCR) or enzyme-linked immune-sorbent assay (ELISA)

require expensive instruments, highly skilled operators and many hours of labori-

ous work. [18,41–43] WSCPs have attracted intense research interests as potential

candidate materials for the development of cost-effective chemical/biological sen-

sors since late 1990s. [31, 44]

After binding with oppositely charged biomolecules like DNA or proteins,

WSCPs can undergo chain conformation/aggregation changes resulting in changes

of their optical properties (absorption, PL). This allows the detection of target

biomolecules to be transduced into measurable optical signals from WSCPs.

Compared with organic dyes, WSCPs have higher photostability and brightness

due to their multi-chromophoric π-conjugated system. WSCPs have been applied

in various sensors: detection of metal ions, [45] small molecules [46, 47] and large

biomolecules like proteins and DNA, [48,49] and more recently in cellular imaging,

photothermal-therapy, drug delivery and release, gene delivery, or disease-related

biomarkers. [22,27] Sensors based on WSCPs are classified into: 1)turn-off, [50–53]

2)turn-on, [54,55] 3)colorimetric, [21,56] 4)FRET-based. [49,57]

Turn-off biological/chemical sensors were first developed based on the quench-

ing of WSCP’s PL induced by binding with target molecules. The concentra-
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tion of target molecules could be quantified from Stern-Volmer PL quenching

plots. [51–53, 58] Quenching in such WSCPs based turn-off sensors was achieved

either by photo- induced charge transfer (PCT) with the target molecule or by

formation of self-quenched WSCP aggregates by the target molecules. In a PCT

based sensor, the target molecules act as charge acceptor and quench the PL of

WSCPs. For example, an anionic PPV was used to detect cytochrome C a heme-

protein known to act as an electron acceptor. The concentration of cytochrome

C was quantified from a Stern-Volmer plot of the anionic PPV’s PL quenched by

charge transfer with cytochrome C and occurring as a result of electrostatic binding

between the polymer and protein. [50] The second type of WSCP-based turn-off

sensor exploits formation of target-induced self-quenched WSCP aggregates. Af-

ter binding with oppositely charged target molecules, aggregates of WSCPs/target

complex form due to the decrease of surface charge resulting from charge neutral-

ization. These aggregates contain more defects, which facilitate self quenching

by inter/intra-chain energy transfer. For example, a WSCP-based protein sen-

sor based on such a principle used a cationic poly(p-phenyleneethynylene) (PPE)

for the detection of Concanavalin A from bacteria. [51] After binding with Con-

canavalin A, the cationic PPE chains were induced to form more self-quenched ag-

gregates due to surface charge neutralization. The concentration of Concanavalin

A could be read through a Stern-Volmer plot of the cationic PPE.

Turn-on sensors detect target molecules by the increased PL of WSCPs binding

with target molecules. [54–56] Two mechanisms for the PL enhancement are re-

ported: quench-tether-ligand (QTL) [60] and chain conformation/aggregation state

change. For example, Schanze proposed a specific pyrophosphate (PPi) detection

based on QTL utilizing an anionic PPE, PPE-COO−2 . [59]The PL of the anionic

CP was first quenched by copper ions, which bind with the side groups of anionic

CP by relatively weak metal-coordination force.(’off’ step in scheme Figure.1.4)

Upon addition of pyrophosphate, copper ions were taken away by the stronger

association with PPi, and the PL of the anionic CP would be restored.(’on’ step

in scheme and PL spectrum Figure.1.4)

With respect to turn-on sensors based on chain conformation/aggregation

change of WSCPs, the self-quench defects in WSCPs chain/aggregation are

reduced after binding with target molecules. For example, Liu developed a
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Figure 1.4. Chemical structure of PPE-COO−2 ; Schematic illustration of indicator
displacement mechanism for pyrophosphate detection; PL spectra of PPE-COO−2 /copper
solution with increasing PPi concentration. Reprinted with permission from Ref [59]
Copyright (2007) The Royal Society of Chemistry.

turn-on heparin sensor based on a cationic polyfluorene. [61] After binding with

heparin, the PL showed enhancement of over 20 times. They attributed the PL

enhancement to ’aggregation-induced emission’ in WSCP/heparin complex. In

a more recent work, [48] they further studied the ’aggregation-induced emission’

from WSCP/protein complex and found out that electrostatic and hydrophobic

interaction contribute together to the PL enhancement. As discussed in Chapter

2, our experimental results also showed that hydrophobic interaction between

DNA and a cationic PPV contributed to PL enhancement of the cationic

conjugated polymer.

Besides changes in PL intensity in the case of turn-on and turn-off sensors,

colorimetric changes, that is, peak position shift in Uv-vis absorption and/or PL

spectra, could also be induced by the binding of WSCPs and target molecules and

utilized as a transduction mechanism. Based on this mechanism, researchers built

label free biological/chemical sensors. [21, 56, 62] As shown in Figure.1.6, Leclerc
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Figure 1.5. Left: Chemical structures of PFBT-NMe+3 and heparin. Right: PL spectra
of PFBT-NMe+3 with increasing heparin concentration, the PL quantum yield of PFBT-
NMe+3 was enhanced over 20 times at highest heparin concentration. Reprinted with
permission from Ref [61] Copyright (2009) Wiley and Sons.

reported a specific potassium ions sensing based on a cationic polythiophene’s

chain conformational change induced by guanine rich single stranded DNA (G-rich

ssDNA). [63] (Figure.1.6) In presence of single valent ions other than potassium

ions, like lithium, sodium and rubidium ions, the G-rich ssDNA could not fold into

a specific G-quadruplex secondary structure. In turn, the cationic polythiophene

chain would only follow identical conformations and result same spectral redshift

after binding with the G-rich(Figure.1.6,Path A and b,c,e curves in absorption

spetrum) In contrast, with the stabilization of potassium ions (Figure.1.6,Path B),

the guanine (G) rich ssDNA takes a specific secondary structure, G-quadruplex.

After binding with the G-quadruplex, the cationic polythiophene chain will follow

the conformation of G-quadruplex, resulting in a specific redshift in absorption

spetrum (Figure.1.6 Path B and curve d in absorption spectrum ).

Owing to the multi-chromphoric π-conjugated system, WSCPs have high ex-

tinction coefficient and are efficient light harvesting materials capable to enhance

PL signals of acceptor molecules (dyes) by FRET. The energy transfer process is

initiated by the biding between oppositely charged WSCPs and the complex formed

by acceptor dyes and target molecules. Researchers have built sensors based on

8



Figure 1.6. Chemical structure of a cationic polythiophene derivative; Scheme of a
color-change based potassium ions detection utilizing the chain conformational change of
the cationic polythiophene derivative induced by G-quadruplex; Uv-vis absorption of the
cationic polythiophene alone (a) and in presence of lithium (b), sodium (c), potassium
(d), rubidium (e) ions and G-rich ssDNA. Reprinted with permission from Ref [63]
Copyright (2004) American Chemical Society.

FRET for the detection of metal ions, small molecules, large biomolecules, enzy-

matic activity. [21, 29–32, 43] As shown in Figure.1.7, a FRET-based potassium

detection was developed based on using a cationic polyfluorene (PF) as donor and

a dye labeled on guanine rich (G-rich) ssDNA as acceptor. [45] Without potas-

sium ions in presence, very weak FRET occurs due to the relatively weak electro-

static interaction between the random coiled G-rich ssDNA and the cationic PF.

Upon addition of potassium ions, efficient FRET would occur assisted by stronger

electrostatic attraction in the tetraplex structure formed by the cationic PF and

potassium ions induced G-quadruplex. As a result, higher FRET sensitized sig-

nal from the dye could be observed in the presence of potassium ions than other
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Figure 1.7. Chemical structure of cationic polyfluorene (PF); Schematic illustration
of a potassium ions assay based on FRET from the cationic PF to the dye labeled
on G-quadruplex; Normalized PL spectra of the cationic PF/G-rich ssDNA complex in
presence of different ions. Reprinted with permission from Ref [45] Copyright (2005)
American Chemical Society

ions. [45, 64–66]

Since chapters 2 and 3 report results on the fundamental interaction of a WSCP

and DNA and a DNA sensor based on this particular WSCP, the next paragraphs

in this current chapter provide a detailed literature review on current DNA sensors.

Comprehensive reviews about WSCPs based biosensors and optoelectronic devices

can be found in [21,29–32,44].

1.3 A brief review of DNA Sensors

Maxam and Gilbert reported the first DNA sensor based on chemical mod-

ification of DNA and subsequent cleavage at specific bases in 1977. [67] Target

DNA was radioactive labeled and chemically treated to generate DNA segments

which were detected in gels with X-ray radiation. Frederick Sanger optimized

Maxam-Gilbert method by using less toxic chemicals and radioactive labeling and
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developed Sanger sequencing. [68]

Polymerase chain reaction (PCR) is still the most popular DNA detection tech-

nique. [69] First, target double stranded DNA (dsDNA) is first heated over melting

temperature producing two single stranded DNA (ssDNA); then the two ssDNA

strands act as template for DNA polymerase to selectively amplify the target DNA.

This DNA sensor platform utilizes cycles of DNA hybridization to amplify target

DNA. [70] So far, the majority of commercial DNA sensing instruments are built

on the PCR technique, such as 454 Life Sciences and SOLid sequencing from Life

Technologies. PCR is also widely incorporated into later emerging nanotechnology

to develop next generation of DNA sensor. During the prevailing applications from

1980’s to mid 2000’s, PCR sequencing first produced human genome in 2001 and

brought the cost per genome from 100 million to 10,000. [71] However, these meth-

ods require radioactive labeling, complex assay process, expensive instruments and

highly skilled operators, making them expensive in biomedical applications. [72,73]

Alternative DNA detection methods to PCR have been developed, for example

mechanical, electrical/electrochemical, and optical DNA sensors. [74, 75] 1) Me-

chanical DNA sensors are based on the mass change during DNA hybridization

process, [76] which can be read/transduced onto force changes by the cantilever

probe of an atomic force microscope [77] or a resonance frequency change of a

quartz crystal microbalance, [78] or a surface acoustic wave on a fabricated sili-

con surface. [79] The mechanical DNA sensor can give real-time detection results

with picomolar sensitivity and single base mismatch sequence specificity. 2) Elec-

trical/electrochemical DNA sensors can detect DNA hybridization from electro-

chemical signals resulting from redox reactions by voltammetry, electrochemical

impedance spectroscopy or field transistors. [80] Electrochemical DNA sensors have

been applied in lab-on-a-chip platforms, such as microarrays. [81, 82] 3)Magnetic

DNA sensors utilize micron-sized magnetic beads and giant magneto-resistance

(GMR). [83] 4)Optical DNA sensors are categorized into reagent and reagentless

(label-free). One example of reagentless sensor functions based on surface plasmon

resonance (SPR), [84] where a DNA probe is immobilized on a plasmonic noble

metal surface like a thin film or nanoparticles. After hybridization, the refractive

index of the plasmonic surface could be readily altered leading to changes in SPR

which in turn provided signal transduction for the sensor. Even though such sen-
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sors did not require labeling reagents, they are affected by unspecific binding and

hard to quantify. Reagent optical DNA sensors have the probe usually labeled

with a fluorescent dye or a quantum dot and they can provide quantitative results

through colorimetric and/or fluorimetric assays. [23, 85]A comparison of different

DNA sensors can be found in Appendix 1.

1.4 DNA Sensors based on Water Soluble Con-

jugated Polymers

1.4.1 DNA Sensors based on Chain Conformation and Ag-

gregation Changes

Label-free DNA sensing based on WSCPs can be accomplished by monitoring

alterations in the optical properties (absorption and PL peak intensity or wave-

length) of the conjugated polymer upon binding with negatively charged DNA.

These DNA sensing schemes rely on changes in WSCPs chain conformation or

aggregation state induced by DNA binding to the polymer leading to alterations

in the extent of electronic delocalization, which in turn result in alternations of

WSCPs’ optical properties. In diluted solutions (lower than 1 µM polymer con-

centration), conjugated polymer chains can adopt flexible, coil-like conformation

or stretched conformation. The later conformation exhibits an extended electronic

conjugation with red shifted absorption and emission spectra and sometimes with

increased PL quantum yield. [86] In concentrated solutions or in thin films, con-

jugated polymers experience inter-chain interactions which can lead to formation

of aggregate with red shifted absorption and PL properties and at the same time

severely quenched PL. [88] For example, Leclerc first reported a colorimetric (color

change) and at the same time fluorimetric (intensity change) DNA assay based

on a water-soluble zwitterionic polyfluorene derivative(Figure.1.8) to detect single

stranded DNA (ssDNA) with high sensitivity (10−11M) and selectivity (1 base

pair mismatch). [87] As shown in Figure. 1.8, the author proposed that after form-

ing duplex with probe ssDNA, the cationic polythiophene (PT) undergoes chain

conformation change from coiled to stretched and form more self-quenched aggre-
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Figure 1.8. Left: chemical structure of the cationic polythiophene; Schematic descrip-
tion of a DNA sensor based on chain conformation/aggregation state change of a the
cationic polytheiophene. Upper right: the Formation Polythiophene/Single-Stranded
Nucleic Acid Duplex and Polythiophene/Hybridized Nucleic Acid Triplex. Bottom right:
Uv-Vis absorption spectrum of a solution (7.9× 10−5 M, on a monomeric unit basis) of
(a) polymer 1, (b) polymer 1/X1 duplex, (c) polymer 1/X1/Y1 perfect match triplex,
(d) polymer 1/X1/Y2 mixture with two mismatches, and (e) polymer 1/X1/Y3 mixture
with one mismatch. Reprinted with permission from Ref [87] Copyright (2004) Wiley
and Sons.

gation. The duplex of PT/probe-ssDNA was then found to show redshift in absorp-

tion and decreased PL. After addition of complementary target ssDNA,followed by

hybridization, the cationic PT chain would undergo a recoiled conformation in the

’triplex’ leading to blue-shift in absorption and PL spectra. At the same time,

the aggregation of duplex was also broken, so the PL of the assay solution was

recovered due to less self-quenched aggregates. Otherwise, if base mismatch ex-

ists in the target ssDNA, the PT chain would remain streched in ’triplex’ and the

self-quenched aggregates of PT/probe-ssDNA will not be broken. Then, the ab-

sorption and PL of the assay solution would not be changed, and the PL remained
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quenched.

Despite the high sensitivity and selectivity of DNA sensors based on WSCPs’

chain conformation/aggregation state, there is conflicting hypothesis on the mecha-

nism of conjugated polymer/DNA interaction leading to the observed color changes

and PL quenching. [89–97] A more detailed study focused on the mechanism of

interaction between conjugated polymers and DNA is necessary to explain spectral

behavior and to control such spectral changes towards better detection sensitivity

and improved specificity in further development of DNA sensory methods.

1.4.2 DNA Sensors based on FRET

FRET is a dipole-dipole interaction between two chromophores, a donor and

an acceptor, leading to non-radiative transfer of excitation energy from a photoex-

cited donor to an acceptor if there is spectral overlap between donor emission and

acceptor absorption, and if proper orientation and distance exist [98].Figure.1.9

Due to the high sensitivity to the distance between donor and acceptor, FRET has

been proposed as a ’molecular spectroscopic ruler’ in many biophysical/chemical

studies. [49, 57, 99] FRET based biosensing is much more sensitive and quantita-

tive than colorimetric approaches, providing large and predictable color changes

(switch from donor to acceptor emission) and ratiometric measurements (accep-

tor vs donor intensity changes). [100–102] In WSCP, FRET based sensors, donor

WSCP and an acceptor in the form of a dye are usually brought in close proximity

by electrostatic interaction induced by the target molecule. FRET rate falls off

with the sixth power of donor-acceptor distance according to [103]

kFRET (R) =
1

r6
κ2J(λ) (1.1)

with R, donor-acceptor distance, κ2, orientation factor, J(λ), overlap integral de-

noting the overlap between donor emission and acceptor absorption spectra.

Owing to their large absorption cross-section (as high as 106M−1cm−1), conju-

gated polymers can serve as sensitizers/amplifiers of the PL of other dyes attached

to DNA by FRET. Conjugated polymers can then enhance the sensitivity of a DNA

biosensor and therefore the detection limit of DNA by FRET sensitized PL from

a dye attached to a probe. FRET based DNA biosensors were first proposed by
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Figure 1.9. Illustration of FRET dependency on r, distance between donor and accep-
tor, and spectral overlap J(λ) of donor’s emission and acceptor’s absorption. Reprinted
with permission from Ref [98] Copyright (2012) The Royal Society of Chemistry.

Heeger and Bazan [104], and in the form of a cationic polyfluorene (PF) as donor

an a FITC dye labeled on peptide nucleic acid (PNA) as acceptor. As shown in

Figure.1.10, in absence of target ssDNA, the cationic PF and the dye on PNA are

well separated so that the dye’s PL could not be sensitized at the excitation of

the cationic PF. If the target ssDNA is present, negatively charged PNA/ssDNA

could form a complex by hybridization and the cationic PF could be brought by

electrostatic attraction close to the dye to promote efficient FRET from the poly-

mer to the dye upon polymer excitation. Due to the large absorption cross section

of a multi-chromphoric system like the cationic PT, the signal from the acceptor

dye was sensitized eight fold by FRET, and the DNA detection sensitivity was

enhanced to 10−11 M ssDNA. Despite the enhanced sensitivity by FRET in this

scheme, the proposed sensing method was expensive by PNA synthesis and dye

labeling, making it cost effectiveless in practical clinic application. Meanwhile, be-

cause of the non-specific binding between PNA and non-target ssDNA, the FRET

based DNA sensor lacked sequence specificity.

To further improve the sequence specificity and reduce associated costs for PNA

synthesis, the same group proposed later on a DNA sensor based on a cationic

polyfluorene (PF) and a two-step FRET scheme, introducing an intercalating dye,

ethidium bromide (EB), and replacing the dye labeled PNA with a dye labeled

ssDNA. [49] As shown in Figure.1.11, if the target ssDNA is non-complementary
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Figure 1.10. a) Chemical structure of the cationic polyfluorene. b) Scheme of DNA
sensor based on FRET from the cationic polyfluorenes to a dye labled PNA (C*-PNA).
Reproduced from Ref. [104] Copyright (2002) with Permission of National Academy of
Sciences of the United States of America.

to the dye (C*) labeled ssDNA probe, hybridization with ssDNA probe would

not occur and EB would not intercalate to become fluorescent. This way, only

the first FRET step could be realized, from the cationic PF to the dye C* la-

beled on ssDNA probe. In the presence of complementary ssDNA, EB intercalates

to become fluorescent and the dye C* labeled on ssDNA acts as an energy gate

during the two-step FRET from the cationic PF to EB. Benefiting from the im-

proved spectral overlap and closer distance between the energy gate and EB, the

emission of EB could be enhanced through the two-step FRET to achieve high

detection sensitivity. The sequence specificity of this DNA sensing scheme was

also improved due to the introduction of the intercalating EB. Even though those

proposed DNA sensing platforms achieved high sensitivity and sequence specificity,

the requirement for chemical labeling of DNA probes makes it difficult for prac-

tical applications. Xu developed a DNA sensor based on FRET from a cationic

PF to an intercalating dye, Picogreen, without requiring chemical labeling. [105]

As shown in Figure.1.12 after hybridization of ssDNA probe and target ssDNA,

the intercalating dye Picogreen was brought close proximity to the cationic PF to
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Figure 1.11. a) Chemical structure of the intercalating dye ethidium bromide (EB).
b)Scheme of two-step FRET based DNA sensor based on a cationic PF, a dye labeled on
ssDNA and intercalating dye ethidium bromide; Reprinted with permission from Ref. [49]
Copyright (2004) American Chemical Society.

Figure 1.12. a) Chemical structures of the cationic PF and the intercalating dye
Picogreen; b) Scheme of DNA sensor based on FRET from the cationic PF to intercalat-
ing picogreen dye. Reprinted with permission from Ref [105] Copyright (2008) American
Chemical Society
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achieve FRET sensitized emission from Picogreen. The DNA detection limit was

enhanced to 10−9 M target concentration with a sequence specificity down to 1

base mismatch.

1.4.3 Optimization of Water Soluble Conjugated Polymers

based DNA Sensor

To improve the performance of DNA sensors based on FRET, various parame-

ters and conditions can be optimized. [106] WSCPs with various backbones and side

chains have been synthesized in order to achieve improved spectral overlap with

acceptor dyes. Woo varied the counterions on the side groups of the WSCP to tune

the electrostatic interaction with DNA in an attempt to enhance FRET, [107] and

Liu [106,108]tested how salt concentration and buffer affect sensor sensitivity. Here

it should be noted that not only FRET can be possible, but also photo-induced

charge transfer (PCT) can occur between WSCP and dye following WSCP ex-

citation and this process can be detrimental to FRET by quenching the FRET

sensitized PL of the dye. To enhance FRET and decrease PCT, Liu and Bazan

found it is important to optimize the relative alignment of molecular energy or-

bitals of WSCPs and acceptors. [109] As shown in Figure 1.13 (left panel), an ideal

situation for FRET is the one where the molecular energy orbitals of an acceptor

dye are aligned within the bandgap of the donor ones, as this makes FRET the

dominant process while PCT is inhibited. Otherwise, if the molecular energy or-

bitals of the acceptor are outside those of the donor as shown in Figure 1.13 (right

panel), PCT becomes dominant, leading to quenching of both donor and acceptor

molecules.

Since WSCPs have hydrophilic side groups and hydrophobic backbones, they

tend to form micelle-like aggregates in aqueous solution. Such WSCPs aggregates

usually have lower PL quantum yield, improper orientation with FRET accep-

tors. This results in reduced FRET sensitized signals from acceptors. To solve

these problems, several groups reported breakage of aggregates formed upon tar-

get binding by using buffers with different pH, mixed-solvents and surfactants.

[106, 110–114] Taking advantage of nanotechnology to enhance sensitivity and se-

lectivity, Liu incorporated silica nanoparticles into FRET based DNA sensors. Dye
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Figure 1.13. Effect of the relative alignment of molecular energy orbitals on FRET (left
panel) versus PCT (right panel) preferences. Reprinted with permission from Ref [109]
Copyright (2006) American Chemical Society

labeled ssDNA probes were grafted onto silica nanoparticles to minimize the self-

quenching of dyes and to increase the local concentration of WSCPs-dyes donor-

acceptor pairs to achieve enhanced FRET. [115] Wang demonstrated that the se-

lectivity of the FRET based DNA sensors was enhanced by immobilization of ss-

DNA probe on magnetic nanoparticles. [116] FRET based DNA sensors were also

transferred to substrates such as microarrays, biochips, to achieve high throughput

screening and easier operation. [57, 117,118]

1.4.4 Studies of the Mechanism of the Interaction between

Water Soluble Conjugated Polymers and DNA

Understanding the interactions between WSCPs and DNA is essential for ra-

tional design of improved WSCP-based DNA sensors. Tapia and coworkers sys-

tematically studied DNA induced chain conformation/aggregation state change to

a cationic polyfluorene. [119] SsDNA was found to induce larger spectral change

to the polymer’s absorption and PL spectra than dsDNA did, and this was ra-

tionalized in terms of different charge density, flexibility and hydrophboic interac-

tion, which agreed with previous study. [89] The molecular weight of the cationic

polyfluorene was observed to contribute to the hydrophobic interaction between

the polymer backbone and DNA bases. WSCPs with higher molecular weight

showed stronger π-π interaction between polymer backbone and DNA bases, lead-
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ing to enhanced chain conformation/aggregation state changes at similar molar

ratio of polymer and DNA. Surin reported that cationic the DNA inducued chiral-

ity to a series of cationic polythiophenes with different types of positive charged

side groups. They studied the chirality as a function of DNA sequence and of

temperature and found that both electrostatic and π-π interactions contributed

to the DNA induced chirality onto polymer. [93] Using atomic force microscopy,

Bazan and coworkers investigated the aggregation state change of a FRET-based

DNA sensor combining on a cationic polyfluorene (PF) and a dye labeled ssDNA

probe. [91] They monitored the growth of aggregates formed by the cationic PF,

dye-labeled ssDNA probe, and target ssDNA during the DNA assay. Upon com-

plexing with dye-labeled ssDNA probe, the cationic PF was induced to form aggre-

gates containing self-quenched dye and weak FRET sensitized dyes emission. After

addition of target ssDNA, despite the fact that larger aggregates were induced,

the self-quenching of the dye was decreased and FRET sensitized dye emission

was enhanced in larger aggregates. Modeling has also been applied to investigate

interactions between conjugated polymers and DNA, for example, Aleman investi-

gated hydrogen bonding and π-π stacking between DNA bases and CPs backbone

units. [120,121]

1.5 Photo-induced Charge Transfer between

Conjugated Polymers and Fullerenes

Photo-induced charge (PCT) transfer plays an essential role in the perfor-

mance of OPVs. Due to its high electron affinity, fullerene (C60) was first in-

troduced as an electron acceptor next to MEH-PPV as electron donor by Heeger

and coworkers. [122] Time-resolved spectroscopy revealed ultrafast PCT in MEH-

PPV/fullerene complexes(1013/s in thin-film) [122–124]and these studies triggered

enormous interest in the development of OPVs based on various CPs and fullerene

derivatives [4, 125–127]

According to Marcus’ theory [128], the charge transfer rate, kCT follows the

equation:

kCT =
2π

~
|H2|(4πλT )−1/2exp(−(∆G0 + λ)2

4πλkBT
) (1.2)
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where H2 ≈ Cexp(−βr) is the electronic coupling between donor and acceptor,

which is a function of donor-acceptor separation distance, r, and β is a preexponen-

tial factor. ∆G0 is the Gibbs free energy change. λ is the reorganization energy; kB

is the Boltzmann constant and T is absolute temperature. A highly efficient PCT

in MEH-PPV/fullerene was attributed to good HOMO LUMO overlap, good ori-

entation from the high symmetry of fullerene, and close contact of donor-acceptor

CP-fullerene pairs, [122,129,130] together with the large inter-facial area in disor-

dered CPs/fullerenes nanostructures formed during the casting process. [131–134]

The ultrafast photo-induced charge transfer between CPs and fullerene have

been studied by monitoring PL quenching of CPs using steady state and time-

resolved PL spectroscopies, transient absorption spectroscopy and light induced

electron spin resonance. [122–124]

1.6 Motivation and Outline

As detailed so far, WSCPs have been comprehensively studied for both the de-

velopment of optoelectronic devices and of chemical/biological sensors. The DNA

detection methods based on WSCPs have reached high sensitivity and sequence

specificity, comparable to commercially available detections like PCR. Neverthe-

less, the requirement for chemical (dye) staining associated with costly purification

of free dye and in some cases with costs associated with PNA synthesis makes cur-

rent FRET based assays technologically unappealing. As such, there is increased

interest in developing cost effective, conjugated polymer based DNA sensors with

improved sensitivity and selectivity (sequence specificity). Furthermore, little is

known about the particulars of the DNA/conjugated polymers interaction such as

the contribution of electrostatic and hydrophobic components, the sequence speci-

ficity of these interactions, either or not polymers/DNA π-π stacking plays a role in

defining the strength of the interaction. More questions can be asked, for example,

why is the interaction between DNA and water soluble conjugated polymers differ-

ent for different types of polymers (for example polythiophenes vs polyvinylenes)

or from that of polyelectrolyte/polyelectrolyte interactions. Understanding this

particular type of interactions may lead to improved DNA sensing schemes. In my

thesis, I report in chapter 2 a fundamental study about the mechanism of interac-
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tion between DNA and a WSCP, a cationic poly(p-phenylene vinylene) (C-PPV)

with the observation, for the first time, of DNA sequence-dependent PL enhance-

ment in the cationic PPV, with the PL enhanced as much as 7 fold for a particular

DNA sequence. Enhancement was found to be the result of an interplay between

two interactions: electrostatic attraction between C-PPV’s side chains and DNA’s

phosphate backbone and hydrophobic interactions in the form of π-π stacking

between CP backbone and DNA bases, the later imposing the sequence-specific

PL enhancement. Inspired by the DNA induced PL enhancement, I developed a

label-free FRET based DNA sensor with the C-PPV acting as a donor and an in-

tercalating dye, malachite green chloride, as acceptor, and this study is presented

in chapter 3. In this study I showed that by using such a small dye, hybridized

DNA can be intercalated at maximum, one-to-one dye-to-base pair ratio, which

in combination with FRET with C-PPV provides a wide range for base pair mis-

match, from 1 up to 5 mismatches in the case of a 25 base pair DNA. Lastly, in

chapter 5, to prove the concept that biomaterials like DNA could be integrated

into WSCPs based optoelectronic devices, I used DNA as an optically ’inert’ glue

to demonstrate the ability to promote charge transfer between a water soluble

cationic PPV and a cationic fullerene, a pair that usually repels each other and

exhibits no charge transfer. With the assistance of ssDNA, I showed that these

same charge sign donor and acceptor molecules can undergo charge transfer as ef-

ficient as that observed for oppositely charged donor and acceptor molecules with

identical backbones and I investigated in detail the mechanism of quenching in the

presence of DNA.
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Chapter 2

DNA Sequence-Dependent

Photoluminescence Enhancement

in a Cationic Conjugated Polymer

2.1 Introduction

As mentioned in chapter 1 (Figure.1.2), cationic conjugated polymers have posi-

tively charged side groups rendering water solubility and the ability to bind nega-

tively charged biomolecules like DNA and proteins. Cationic conjugated polymers

have been proposed for DNA sensing owing to their chain conformation and aggre-

gation state changes induced upon binding with DNA, changes that can produce

colorimetric/fluorimetric signals that in turn can provide a transduction mecha-

nism for DNA detection. [19, 87, 143–146] The bulk of studies involving cationic

conjugated polymers and DNA have focused on the development of DNA sensing

platforms, whether with increased detection sensitivity or with sequence speci-

ficity. [18–20] Recently, several studies attempted addressing the mechanism of

interaction and the interplay of various intermolecular interactions between DNA

and cationic CPs. [91,93–95].

In this chapter, I describe my study on DNA sequence dependent

photoluminescence (PL) enhancement for a cationic CP, poly2,5-bis [3-(N,N,N-

triethylammonium)-1-oxapropyl]-1,4-phenylene vinylene -dibromide (C-PPV,

MW=15 kDa)(Figure.2.1) when this is complexed with DNA, with the observation
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of PL enhancement as high as seven fold. The DNA induced chain conforma-

tion/aggregation state change results from a combination of electrostatic and

π-π interactions. The electrostatic interaction was found to be the prerequisite

of DNA sequence dependent spectral change, and the π-π interaction between

C-PPV’s backbone and DNA bases was the major contribution to the sequence

dependency. A non-ionic PPV (N-PPV) was also used to confirm the electrostatic

interaction between C-PPV and DNA to promote sequence dependent behavior.

Parts of this chapter are published in Ref [20] and [147] and reprinted with

permission from Copyright (2014) The Royal Society of Chemistry and Copyright

(2014) American Chemistry Society.

2.2 Materials and Methods

As shown in Figure.2.1, in each unit, C-PPV has two positively charged side

groups, and the peaks of absorption and PL spectra are at 442 nm and 530 nm

respectively. The cationic C-PPV was synthesized as reported in ref [148]. Five

Figure 2.1. Left: chemical structure of C-PPV; Right: Uv-vis absorption (black curve)
and PL (red curve) spectra. Reprinted with permission from Ref [147] Copyright (2014)
The Royal Society of Chemistry

types of 25 mer ssDNA oligomers were used in the present study, homo oligomeric

DNAs, ssDNAd(A)25, ssDNAd(C)25, ssDNAd(G)25 and ssDNAd (T )25, and a ran-

dom sequence, ssDNA(R)25, 5’-ATT GTC TGT GTC TGG TGT GCG TCT G-

3’. C-PPV was mixed with each oligomer at various molar ratios in phosphate

buffered saline (10 mM PBS, pH 7.4). Homo and hetero oligonucleotides were pur-
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chased from Integrated DNA Technologies. Poly(vinylsulfonic acid, sodium salt)

(PVSA, MW=4000-6000Da) was purchased from Sigma-Aldrich. Spectroscopic

experiments were performed in 10 mM phosphate buffered saline (PBS, pH=7.2).

For Uv-vis absorption and PL spectroscopy, C- PPV and N-PPV concentrations

were 353 nM and experiments were performed on a Perkin Elmer Lambda 25 spec-

trophotometer and a Cary Eclipse fluorimetric, respectively, in the later case with

460 nm excitation. Circular dichroism (CD) spectroscopy was performed at 5µM

concentration of C-PPV, N-PPV and DNA with a Jasco J-815 spectrophotometer.

The pH values measured from all PPV/DNA complexes after mixing in 10 mM

phosphate buffer was around 7.0, indicating a negligible pH effect on the absorption

and PL of C-PPV. [148]

2.3 DNA-Induced Chain Conformational

Change to C-PPV: ssDNA vs dsDNA

First, we compared the chain conformational change of C-PPV induced by ss-

DNA vs that of dsDNA. As shown in Figure 2.2, before binding with DNA, C-PPV

alone absorbs at 442 nm and emits at 530 nm, with both Uv-vis absorption and

PL spectra broad and structureless. With increasing concentration, both ssDNA

and dsDNA induced chain conformation state changes to C-PPV, as indicated

by isosbestic points observed in both absorption and PL spectra. Moreover, it

should be noted the different spectral changes induced by ssDNA and by dsDNA

to C-PPV. As shown in Figure.2.2, after binding with ssDNAd(R)25, Uv-vis ab-

Table 2.1. Spectroscopic parameters derived from Uv-vis absorption and PL data
from Figure.2.2, absorption shift, ∆λabs; PL shift,∆λPL; PL QY enhancement,
QYcomplex/QYC−PPV . Reprinted with permission from Ref [147] Copyright (2014) The
Royal Society of Chemistry

25



Figure 2.2. Uv-vis absorption (a,c) and PL spectra(b,d) of C-PPV with increasing
concentration of dsDNA (a, b) and ssDNA (c,d) in 10 mM phosphate saline buffer,
pH=7.1. C-PPV at 0.3 µM. Reprinted with permission from Ref [20, 147] Copyright
(2014) The Royal Society of Chemistry and American Chemistry Society

sorption and PL spectra showed redshift, 48 nm and 30 nm, respectively, and the

PL quantum yield (QY) of C-PPV enhanced 3.87 fold.(Table. 2.1) In contrast,

dsDNAd(R)25 induced 33 nm and 32 nm redshift in absorption and PL spectra,

respectively and PL enhancement of 2.70 fold, (Table. 2.1) relative to C-PPV only.

The different spectral changes and PL enhancements indicate stronger interactions

in C-PPV/ssDNA complex compared with C-PPV/dsDNA complex, which agrees

with previous studies [89]. This result can be explained as: 1) ssDNA takes a more

planar secondary structure than dsDNA does, so the backbone of C-PPV gets more

stretched after binding with ssDNA than dsDNA. This would lead to larger red-

shift, and higher PL enhancement with decreased self-quenching defects; 2) due

to the hybridization, the π-π interaction between bases and C-PPV backbone in

dsDNA is weaker than that in ssDNA. As to be discussed in the next sections, the

chain conformational change of C-PPV induced by DNA results from a combina-

tion of electrostatic and π-π interactions, the latter being weaker in dsDNA, and

leading to smaller spectral redshifts and lower PL enhancement. My results agree

with previous studies about DNA sensors based on chain conformation/aggregation

change. [87,145]
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2.4 Sequence Dependent ssDNA induced Chain

Conformational Change to C-PPV

To study the sequence dependency of ssDNA induced chain/conformational

change to C-PPV, we mixed C-PPV with five types of ssDNA.(see section.2.2)

Complexation of C-PPV with DNA induced red spectral shifts in both Uv-vis

absorption and PL spectra (Figure.2.3) and the PL spectrum of each complex

became vibronically structured.

Table 2.2 lists the spectral shifts for Uv-vis absorption (∆λabs) and PL (∆λPL)

spectra observed from C-PPV alone (black curves) to C-PPV complexed with

ssDNA at equimolar concentration and for various sequences.

Complexation of C-PPV with ssDNA results in PL enhancement for all se-

quences, except ssDNAd(G)25 (table 2.2, QYcomplex/QYC−PPV ). The PL enhance-

ment is sequence dependent, strongest for C-PPV/ssDNAd (T )25 (7.3 fold), weak-

est for C-PPV/ssDNAd(C)25. It is noteworthy that the Uv-vis absorption spectra

vs added DNA feature pseudo-isosbestic points for all five complexes (Figure.2.3),

suggesting a transition of the C-PPV between two states. Pseudo-isosbestic points

were observed also in the PL spectra of these complexes with added DNA, ex-

cept for C-PPV/ssDNAd(G)25 where a gradual red shift occurred (Figure.2.3j).

This together with the observation of vibronically structured and enhanced PL

Table 2.2. Spectroscopic parameters derived from Uv-vis absorption and PL data
from Figure.2.3 and 2.4, absorption shift, ∆λabs ; PL shift, ∆λPL ; PL enhancement,
QYcomplex/QYC−PPV . Reprinted with permission from Ref [147] Copyright (2014) The
Royal Society of Chemistry
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Figure 2.3. Uv-vis absorption and PL spectra in PBS buffer (pH 7.4) for C-PPV (black
curves in each panel) and C-PPV complexed with ssDNAd(A)25 (a-b), ssDNAd(C)25,
ssDNAd(T )25, and ssDNAd(G)25(g-h) at various C-PPV:DNA molar ratios, from 10:1 up
to 1:1.2, with C-PPV at 1 µM. Arrows indicate increase in DNA concentration. Reprinted
with permission from Ref [147] Copyright (2014) The Royal Society of Chemistry
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Figure 2.4. a)Uv-vis absorption and b) PL spectra of C-PPV complexed with
poly(vinylsulfonic acid, sodium salt) (PVSA, MW=4000-6000Da) at 1:1 molar ratio in
10 mM PBS (red color). Also show in black are the spectra for C-PPV only. C-PPV
and PVSA were at a concentration of 0.3 µM. Reprinted with permission from Ref [149]
Copyright (2014) American Chemistry Society

emission from C-PPV/DNA complexes, suggest that complexation of C-PPV with

DNA involves a polymer chain conformational change from a quenched state to

a bright emitting state accompanied by an extended chain conformation, rather

than polymer chain aggregation state changes. [90, 150] CP aggregation results

usually in quenched, spectrally red shifted, and rather broad PL emission. [90] For

C-PPV/ssDNAd(G)25, PL quenching with added DNA is most probably a result

of photo-induced electron transfer between C-PPV’s phenylene vinylene backbone

and guanine (G), with guanine known to quench organic fluorophores and water

soluble CPs. [58,151] In contrast with ssDNA, as shown in Figure.2.4, C-PPV com-

plexed with ordinary anionic polymers like poly(vinylsulphonic acid, sodium salt)

(PVSA) results in formation of self-quenched aggregates with broad, structureless

absorption and PL spectra and with the PL severely quenched, [20] due to the ab-

sence of π-π interactions between DNA bases and C-PPV’s backbone.(Figure.2.4,

section2.7)

2.5 Sequence-dependent ssDNA-induced Chiral-

ity to C-PPV
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Figure 2.5. CD spectroscopy of C-PPV (a) (black color), DNA (b-f) (black color) and
C-PPV/DNA complexes (b-f) (red color). C-PPV and DNA were each 5 µM in 10 mM
PBS buffer. Insets in panels (c), (d) and (e) are zooms of the visible region of the CD
spectra. Reprinted with permission from Ref [147] Copyright (2014) The Royal Society
of Chemistry

To study the chirality of C-PPV chain induced by ssDNA,circular dichroism

(CD) spectroscopy of C-PPV/ssDNA complexes was performed. Figure.2.5 shows

evidence of strong interaction between the two moieties for all sequences, less for

ssDNAd(G)25. DNA alone (red curves in Figure.2.5) shows negative and positive

bands in the region 200-300 nm, and they are a result of the right-hand stacking

of DNA bases. C-PPV alone is achiral (Figure.2.5a), but attains chiroptical activ-

ity in the visible region (400-600 nm) upon complexation with DNA, (Fig2.5b-f,

red curves), providing an excitonic system is induced in the C-PPV/DNA com-

plex. CD spectroscopy of C-PPV/DNA complexes show strong perturbation of the

bands associated with DNA (200-300 nm), less for ssDNAd(G)25(2.5 f), that is, for

all complexes exhibiting PL enhancement (Table2.2). This suggests strong inter-

actions occurring between the hydrophobic parts of the two moieties (see below),
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and disturbing the right-hand stacking of the ssDNA and its chirality. This results

in weak DNA-induced chiroptical signals in the visible region for C-PPV/DNA

complexes when compared to those reported for other cationic CPs complexed

with DNA. [87,93,96]

2.6 Electrostatic Interaction between ssDNA

and C-PPV

Figure 2.6. Left: chemical structure of N-PPV; Right: Uv-vis absorption (black curve)
and PL (red curve) spectra. Reprinted with permission from Ref [147] Copyright (2014)
The Royal Society of Chemistry

According to previous studies, the electrostatic attraction between the oppo-

sitely charged side cationic WSCPs and anionic phosphate backbone of DNA is the

driving force the DNA induced chain conformation and aggregation state change

of WSCPs. [91] To test this assumption, we mixed DNA with a non-ionic PPV

(N-PPV)which has identical backbone as C-PPV

and non-ionic side groups,with absorption and PL maximum at 423 nm and

529 nm respectively [152].(Figure.2.6).Indeed, from Figure.2.7 after complexation

with ssDNA, N-PPV showed neither spectral changes, nor shifts or broadening

in absorption when mixed with ssDNAd(C)25, ssDNAd(T )25, ssDNAd(R)25 and

ssDNAd(G)25. N-PPV mixed with ssDNAd(G)25 exhibited dramatic PL quenching

(50%), reconfirming the possibility of photoinduced electron transfer occurring
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Figure 2.7. Uv-vis absorption spectra (left panels) and PL spectra (right panels) of
N-PPV (black curves) and N-PPV/DNA mixtures for various DNA oligos and with
varying N-PPV:DNA molar ratio, from 10:1 to 1:1.2 (arrows indicate increased DNA
concentration), with N-PPV at 0.5 µM concentration. Reprinted with permission from
Ref [147] Copyright (2014) The Royal Society of Chemistry

between PPV’s backbone and guanine. N-PPV mixed with ssDNAd(A)25 showed

formation of self-quenched aggregates by the occurrence of a red shifted shoulder

(590 nm) in the absorption spectrum (Figure.2.7) and quenched PL (table2.3).
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Table 2.3. Spectroscopic parameters derived from Uv-vis absorption and PL
data from Figure.2.7, absorption shift, ∆λabs ; PL shift,∆λPL ; PL enhancement,
QYcomplex/QYN−PPV . Reprinted with permission from Ref [147] Copyright (2014) The
Royal Society of Chemistry

2.7 Hydrophobic Interaction between ssDNA

and C-PPV

Next to electrostatic attraction leading to polymer chain conformation change

in the case of C-PPV complexed with DNA, hydrophobic interactions also define

the resulting spectroscopic properties for the complex, as suggested for other hete-

rocyclic aromatic conjugated polymers interacting with DNA. [91,93,96] For exam-

ple, [93], researchers examined DNA induced chirality to a cationic polythiophene-

PT-PMe+3 (Figure.2.8). It was found that the chirality of DNA with different

sequences was disturbed after binding to PT-PMe+3 , while PT-PMe+3 chain fol-

lowing the DNA helix. From the chirality of PT-PMe+3 chain induced by different

DNA, due to the large π-conjugated planes, the double ringed purine bases (A and

G), exhibits stronger π-π stacking interactions with PT-PMe+3 ’s thiophene back-

bone than the other two single ringed pyrimidine bases (T and C).(Figure.2.8)

In the case of C-PPV/DNA complex, the complexation between C-PPV and

DNA perturbs the right-hand stacking of DNA bases as shown by CD spectra

(Figure.2.5), suggesting strong hydrophobic interactions between C-PPV’s back-

bone and DNA bases. For C-PPV, hydrophobic interactions most probably oc-

curred as π-π stacking, here between C-PPV’s phenylene vinylene backbone and

DNA bases. π-π stacking increases the π-conjugation system next to PPV’s poly-
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Figure 2.8. Chemical structures of PT-PMe+3 , and four types of DNA bases: adenine
(A), thymine (T), guanine (G), cytosine (C). Reprinted with permission from Ref [93]
Copyright (2013) The Royal Society of Chemistry

mer chain unfolding induced by the electrostatic attraction with DNA’s phosphate

backbone, and both lead to a red shift of the absorption spectrum of the polymer

(Figure.2.3 and ∆λabs in Table.2.2, ).

Assuming that the electrostatic interaction between C-PPV’s charged side

groups and DNA’s phosphate backbone is similar among different DNA sequences,

and as such is the red shift resulting from the uncoiling of the C-PPV upon com-

plexation with DNA, the overall magnitude of the red shift in absorption for a given

C-PPV/DNA complex (sections. 2.3 and 2.4) quantifies the strength of the π-π

stacking between C-PPV’s backbone and DNA bases. The largest spectral shift

in absorption, e.g. strongest π-π stacking, occurs for C-PPV/ssDNAd(C)25 (58

nm), followed by ssDNAd(T )25 (43 nm), ssDNAd(A)25 (38 nm) and ssDNAd(G)25

(18 nm). From these absorption data we conclude that C-PPV’s phenylene viny-

lene backbone, a six member aromatic ring, interacts stronger with single ringed

pyrimidines (C,T bases) than with double ringed purines (C,G bases). These
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findings are opposite to those previously reported for a cationic polythiophene

(PT-PMe+3 ) interacting with DNA where stronger stacking was observed with

Figure 2.9. Uv-vis absorption and PL spectra of C-PPV in water/DMSO mixed sol-
vent. Reprinted with permission from Ref [147] Copyright (2014) The Royal Society of
Chemistry

Table 2.4. Spectroscopic parameters derived from Uv-vis absorption and PL
data from Figure.2.9, absorption shift, ∆λabs; PL shift, ∆λPL; PL enhancement,
QYC−PPV in DMSO/QYC−PPV in water. Reprinted with permission from Ref [147] Copy-
right (2014) The Royal Society of Chemistry.

purines. [94](Figure.2.8) This is not controversial because a five-member aromatic

ring like thiophene might prefer stacking with a homologous ring that is present

only in purines.(Figure.2.8)

C-PPV/ssDNAd(G)25 behaves different than all other complexes, featuring

small spectral shift in absorption and quenched PL. G oligonucleotides are known

to form secondary structures [153] which in this case might prevent π-π stacking

with C-PPV. As such, in a C-PPV/ssDNAd(G)25 complex, interaction between

C-PPV and DNA will be purely electrostatic attraction, resulting in turn in the

smallest observed red shift in absorption. In conjugated polymers, conformational

35



disorder in the polymer backbone can exists in the form of chemical defects, back-

bone torsion or coiling [154, 155] and this can affect the π-system conjugation

length and the resulting spectroscopic properties. For C-PPV, the hydrophobic

backbone self-coils in water to reduce polymer-solvent interaction, breaking the

π-system conjugation length and promoting self-quenching. [156] Spectroscopic

changes similar to those observed for C-PPV complexed with DNA, including

PL enhancement, could be reproduced when C-PPV was dissolved in a mixed

water/dimethyl sulphoxyde (DMSO) solution, with DMSO a better solvent for C-

PPV than water (see Table 2.4 and Figure.2.9). Thus, this confirms the hypothesis

of a polymer chain conformation change for C-PPV when complexed with DNA.

2.8 Conclusion

In this chapter, I demonstrated DNA sequence specific PL enhancement of a

cationic PPV (C-PPV) when complexed with homo and hetero oligonucleotides

and discussed it as a manifestation resulting from an interplay between elec-

trostatic and hydrophobic interactions. Electrostatic attraction between WSCP

charged side groups and DNA phosphate backbone is essential in promoting hy-

drophobic interactions responsible for the observed sequence dependent PL en-

hancement, here in the form of π-π stacking between the polymer backbone and

the DNA bases. Homo oligonucleotide ssDNAd(T )25 induces the highest PL en-

hancement to C-PPV. With stronger hydrophobic and π-π interaction between

unhybridized bases, ssDNA shows stronger ability to induce C-PPV’s chain con-

formational change from coiled to stretched chain conformation leading to higher

PL enhancement. On the other hand, dsDNA induces less chain conformational

change and more aggregation, resulting in lower PL enhancement. Moreover, next

to chain conformational change, DNA also induces sequence dependent chiroptical

activity to C-PPV. Further engineering of such conjugated polymers might provide

complexes with tunable PL and chiroptical properties that will be useful towards

biosensing with sequence specific recognition.
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Chapter 3

DNA Sensing based on FRET

from Water Soluble Conjugated

Polymer to DNA Photonic Wire

3.1 Introduction

Modern medical, biological and forensic assay require reliable DNA sensing

with real-time response, high sensitivity and specificity. [40–42] DNA sensors based

on cationic conjugated polymers promise as a simple, cost-effective alternative to

labour intensive, cost-expensive methods like polymerase chain reaction. [43, 52,

86, 157–160] Because both single and multiple DNA base pair mismatches cause

genetic disease, it is important to detect wide range of DNA base mismatch for

genetic diagnosis and treatment. [161,162]

As discussed in chapter 2, cationic conjugated polymers (CCPs) possess posi-

tively charged side groups rendering water-solubility and the ability to bind electro-

statically to negatively charged DNA [43,53,56,86]. The binding of a cationic CP

to DNA can induce chain conformation or aggregation state changes in the former,

thus altering CCP’s optical properties including the emitted PL, thus providing a

form of signal transduction for the detection of DNA. [55,86,89,157,163]

Inspired by the observation of chain conformation/aggregation state changes

induced by DNA to the cationic PPV (C-PPV) as reported in the previous chap-

ter, here I demonstrate a label-free, sequence specific DNA sensor based on Förster
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resonance energy transfer (FRET) occurring between a cationic conjugated poly-

mer and a small intercalating dye, malachite green chloride. The sensor combines

(1) conjugated polymer chain conformation changes induced by the binding with

DNA, with the conjugated polymer wrapping/twisting around the DNA helical

duplex and experiencing a three-fold increase in its photoluminescence quantum

yield and (2) FRET from the conjugated polymer to the dyes intercalated into

dsDNA. Owing to its small size, the dye intercalates at maximal, one-to-one dye-

to-base pair load, making the dye intercalated dsDNA a molecular photonic wire

with dyes excitonically coupled and chiroptical active. Any sequence mismatch

between probe and target ssDNA degrades the intercalated DNA photonic wire

by decreasing its brightness, excitonic coupling and chiroptical properties, and

this provides a signal transduction method for the DNA sensor. Coupling of dye

intercalated dsDNA with the conjugated polymer via FRET provides target sig-

nal amplification and increased sensitivity towards sequence mismatch, with the

FRET efficiency decreasing with added sequence mismatches.Parts of this chapter

are published in Ref [20] and [147] and reprinted with permission from Copyright

(2014) The Royal Society of Chemistry and Copyright (2014) American Chemistry

Society.

3.2 Materials and Methods

The intercalating dye (Figure.3.1), malachite green chloride (MGC) was pur-

chased from Sigma Aldrich.DNA oligomers were purchased from Integrated DNA

Technologies. In each experiment, equimolar (1µM) target and probe ssDNA in 10

mM phosphate buffered saline were hybridized at 80 oC for 5 min, annealed at room

temperature for 30 mins and subsequently incubated with MGC dye (25µM) for

another 30 mins. The intercalated dsDNA/MGC complex was further incubated

with an equimolar amount of PPV (1µM) for an additional 30 mins at room tem-

perature and the resulting complex was subjected to spectroscopic investigations.

Uv-vis spectra were measured with a Perkin Elmer Lambda 25 spectrophotome-

ter, photoluminescence spectra with an ISS PC1 fluorimeter and circular dichroism

(CD) spectra with a Jasco J-815 spectrophotometer. Photoluminescence decays

were measured by the time-correlated single photon counting method using a Pi-
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Figure 3.1. a) Chemical structure of malachite green chloride (MGC); b) Uv-vis ab-
sorption (line) and PL (line and circle) spectra for PPV (black), PPV/dsDNA (green)
and intercalated dsDNA/MGC complex (red) in 10 mM phosphate buffered saline. PPV
excitation 460 nm, MGC, 610 nm. Reprinted with permission from Ref [20] Copyright
(2014) American Chemistry Society

coquant FluoTime 200 spectrometer combined with a solid state femtosecond laser

system delivering either 460 nm or 590 nm pulses. A complete description of the

system can be found in ref [164]. PL lifetimes were estimated by reconvolution

of the measured PL decay with the instrumental response function and using a

multiexponential function and according to

τave = (ai × τi)/
∑

(ai × τi) (3.1)

Both stationary and time-resolved photoluminescence experiments were performed

using a front face excitation/detection configuration to avoid inner filter effects.

[103]
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3.3 Biosensor Concept

Figure 3.2 shows the principle of DNA sensing for complementary (a) and for

mismatched (b) sequences. Probe (P) and target (T) ssDNAs were first hybridized

and the dsDNA was stained by malachite green chloride (MGC). Like other in-

tercalating dyes, MGC is non-fluorescent free in solution and becomes fluorescent

upon intercalation with hybridized dsDNA (Figure.3.1). [165] As to be shown in

section 3.5, this particular dye can be intercalated at 1:1 dye-bp ratio, e.g. at

maximum site density, and the result is an intercalated dsDNA/MGC complex

with unique chiroptical and excitonic properties, similar to a photonic wire. In the

final step, C-PPV is introduced to amplify the PL signal from MGC dyes inter-

calated into dsDNA.(Figure.3.1). As shown in Figure. 3.1, C-PPV’s PL emission

Figure 3.2. Proposed label-free, sequence-specific DNA sensing platform based on a
cationic PPV and intercalating MGC dyes experiencing FRET and shown for a) com-
plementary and b) mismatched probe and target ssDNA sequences. Reprinted with
permission from Ref [20] Copyright (2014) American Chemistry Society

and MGC’s absorption spectra overlap considerably (Figure.3.1) to enable FRET

40



between the two moieties when brought in close proximity by the dsDNA scaffold,

and when exciting the conjugated polymer with blue light (e.g. 460 nm). More-

over, as discussed in Chapter 2, binding of C-PPV to dsDNA(R)25 induces redshift

in C-PPV’s PL spectrum, increasing the spectral overlap of C-PPV emission and

MGC’s absorption (Figure.3.1) and increases C-PPV’s PL quantum yield (QY),

changes that are expected to improve the efficiency of FRET between C-PPV and

intercalated MGC. For C-PPV/dsDNA(R)25/MGC with dsDNA(R)25 hybridized

from complementary sequences and intercalated at 1:1 dye:bp load, the FRET sen-

sitized PL signal from C-PPV/dsDNA(R)25/MGC complex measured at the PL

peak of intercalated MGC will be maximal since the acceptor site contains a max-

imum number (25) of dyes. Any mismatch between probe and target DNA results

in a decrease in the number of intercalated MGC dyes constituting the acceptor

site, thus decreasing the FRET sensitized PL signal of C-PPV/dsDNA/MGC com-

plex. The FRET sensitized PL signal of the C-PPV/dsDNA(R)25/MGC complex

is expected to scale with the amount of base pair mismatch (Figure.3.2). For non-

complementary sequences, since they lack the acceptor site (intercalated MGC),

the FRET sensitized PL signal will be absent.

3.4 Biosensor Testing

I tested the DNA sensor scheme from Figure.3.2 using the following 25bp DNA

sequences, probe (P0)ATT GTC TGT GTC TGG TGT GCG TCT G , comple-

mentary target (T0) CAG ACG CAC ACC AGA CAC AGA CAA T and target

sequences with one- (T1), CAG ACG CAC ACC ATA CAC AGA CAA T, three-

(T3), CAG ACT CAC ACC ATA CAC TGA CAA T and five mismatches (T5),

CAG ACT CAC GCC ATA CAC TGA TAA T, noticing that base mismatches

are evenly spaced. In each experiment, equimolar (1µM) target and probe DNA.

Biosensing experiments were performed with 460 nm excitation and the results

are shown in Figure.3.3a. Control experiments of C-PPV bound with dsDNA at

equimolar concentration for various base-pair mismatches showed similar PL en-

hancement and PL red shift as observed for complementary sequences (Figure.3.4).

Control experiments with C-PPV and MGC dyes mixed at 1:25 molar ratio showed

little (lower than 5%) quenching of C-PPV’s PL by the free MGC dye following
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Figure 3.3. a) PL spectra (excitation @460 nm) for C-PPV/dsDNA/MGC complexes
with complementary sequences (P0, T0), black line, sequences with 1 bp mismatch (P0,
T1), red line, with 3bp mismatch (P0, T3), green line, and with 5 bp mismatch (P0,
T3), blue line. The molar ratio in each complex was 1:1:25 C-PPV:dsDNA:MGC.b)
FRET sensitized PL signal @657 nm vs bp mismatch for C-PPV/dsDNA(R)25/MGC
complexes and linear fit (dash line). Reprinted with permission from Ref [20] Copyright
(2014) American Chemistry Society

460 nm excitation. Similarly, control experiments with 610 nm excitation showed

no evidence for PL quenching of intercalated dsDNA/MGC by the C-PPV by an

eventual charge transfer of the dye with the C-PPV as reported for other interca-

lators. [105,166] As expected, the FRET sensitized PL signal measured at MGC’s

PL peak (660 nm) is maximal for complementary sequences, with an amplification

of 2.8x compared to direct excitation (610 nm) and decreases with the increase of

the number of bp mismatch (Figure.3.3a), thus demonstrating the sequence speci-

ficity of the proposed sensor. The FRET-sensitized PL signal measured at 657

nm (subtracted by the contribution from the free C-PPV polymer) scales linearly

with the amount of mismatch, with a predicted measurable range up to 5 base

pair mismatches for the particular DNA probe and for the concentration range

employed herein (Figure.3.3b). For non-complementary sequences (P0, P0) there
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Figure 3.4. PL spectra for C-PPV/dsDNA(R)25 vs base-pair mismatch, with C-PPV
and dsDNA(R)25 at 1 µM concentration in 10 mM phosphate buffer. Reprinted with
permission from Ref [20] Copyright (2014) American Chemistry Society

was no sensitized PL at 657 nm since MGC does not intercalate to become fluores-

cent. Instead quenching of C-PPV’s PL of about 44% was observed compared to

C-PPV/dsDNA. This result came with no surprise because PPV and MGC can still

bind to single stranded DNA to be in close proximity and to experience FRET be-

cause non-fluorescent/nonintercalated MGC can still absorb and therefore quench

PPV’s PL by energy transfer.

In the past two sections, I demonstrated a label free FRET based DNA sensor

based on C-PPV and MGC combining chain conformational change. With the

number of base mismatches in target ssDNA increasing from 1 to 5, the FRET

sensitized PL signal decreases and thus the DNA sensor shows better sequence

specificity than previous reported. [105] Due to the low cost of MGC and label

free processing, this DNA sensor is more cost-effective than previous FRET based

DNA sensors [49, 158] and can be potentially deployed for field detection. My

DNA sensor can detect 1 to 5 DNA base mismatches out of 25 bp DNA, a wider

range than previous studies, [105], which promises ability to detect genetic disease
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caused by single and multiple base mismatches. In the next sections, fundamental

studies are reported with the aim to understand the mechanism of FRET, excitonic

coupling, DNA induced chain conformation of C-PPV, as I believe this is equally

important for future design of WSCPs based biosensors.

3.5 Intercalated DNA/MGC complex

Cationic MGC absorbs at 618 nm, it is non-fluorescent in aqueous solution

and it becomes fluorescent upon intercalation with hybridized dsDNA (PL peak

at 657 nm). Presumably, intercalation restricts MGC’s photoisomerization and

restores PL emission. [167] As shown in Figure.3.5, the PL titration curves for

25 bp random dsDNA (dsDNA(R)25) vs MGC dye loading for hybridized DNA

with various base-pair (bp) mismatches: complementary (black color), 1 (blue), 3

(green) and 5 (red) base-pair mismatches. PL was monitored at 657 nm (excitation

at 610 nm) and each titration performed at 1µM dsDNA(R)25.

Figure 3.5. PL titration curves for 25 bp random dsDNA (dsDNA(R)25) vs MGC dye
loading for hybridized DNA with various base-pair (bp) mis-matches: complementary
(black color), 1 (blue), 3 (green) and 5 (red) base-pair mismatches. PL was monitored
at 657 nm (excitation at 610 nm) and each titration performed at 1µM dsDNA(R)25.
Reprinted with permission from Ref [20] Copyright (2014) American Chemistry Society
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Figure 3.6. PL titration for a 25 bp polyAT vs MGC dye load performed at 1µM
polyAT in 10 mM phosphate buffered saline (PBS). Reprinted with permission from
Ref [20] Copyright (2014) American Chemistry Society

The PL titration curve for a 25bp random dsDNA (dsDNA(R)25) hybridized

from complementary sequences, 5’-ATT GTC TGT GTC TGG TGT GCG TCT

G-3’ (probe, P0) and 5’-CAG ACG CAC ACC AGA CAC AGA CAA T (target,

T0) (black squares), (Figure.3.5, black squares and line) saturate at 1:1 dye:bp load,

demonstrating the ability of MGC to intercalate hybridized DNA at maximum site

occupancy. MGC is known to intercalate preferentially with A-T bp. [168, 169]

Herein a 25 bp polyAT dsDNA was used as a model system in connection with 25

bp dsDNA(R)25. PolyAT shows similar PL titration curve saturating at 1:1 dye:bp

ratio (Figure.3.6).

The PL signal at maximum site density is 1.4-fold higher for polyAT/MGC

than for dsDNA(R)25/MGC, with dsDNA(R)25 containing only 12 A-T bps

(see Figure.3.6 vs Figure.3.5), thus confirming the preference of MGC towards

intercalation with A-T bp where the intercalated dye presumably adopts a more

rigid conformation that is less prone to photoisomerization than with C-G. This

hypothesis is confirmed by the PL lifetimes measured from these complexes,

72 ps for polyAT/MGC vs 50 ps for dsDNA(R)25/MGC, with both complexes

loaded at maximum site occupancy. Circular dichroism (CD) spectroscopy of
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Figure 3.7. CD spectra of free MGC (62.5 µM), dsDNA(R)25 (P0, T0) (black, 2.5 µM)
and intercalated dsDNA(R)25/MGC (blue, dsDNA(R)25 2.5µM, dye:bp ratio of 1:1).
Reprinted with permission from Ref [20] Copyright (2014) American Chemistry Society

free MGC shows no chiroptical activity across the Uv-vis range. Instead, a

dsDNA(R)25/MGC complex intercalated at maximum site occupancy exhibits

strong chiroptical activity in the 600-700 nm region (Figure.3.7), with a cross

over at 620 nm where MGC absorbs maximally (Figure.3.5), providing the

dsDNA(R)25/MGC forms a complex. The negative band at high energy and

the positive band at low energy are characteristic to dyes intercalated with

dsDNA following the right-handed DNA helix, and with dyes excitonically cou-

pled. [170–173] CD spectroscopy vs MGC dye loading for dsDNA(R)25 reconfirms

that this particular dye can be loaded at maximum site density (Figure.3.8). The

CD-based titration data from show that intercalation produces small changes for

the dsDNA(R)25 bands at the 200-300 nm regions, provided that dye intercalation

does not produces major disturbance to the dsDNA(R)25 helix(Figure.3.8). The

same data confirm, by the lack of change in both shape and peak position of

the negative and positive CD bands of MGC with increased dye loading, that

this dye does not change its binding mode from low to high site occupancy. [174]

While MGC was suggested to bind both as an intercalator and as a groove
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Figure 3.8. Left: CD spectra of dsDNA(R)25 (P0, T0) vs MGC dye loading. Right:
Titration of CD signal intensity @650 nm vs MGC dye loading.

Figure 3.9. CD spectra for dsDNA(R)25/MGC complex (1:1 dye:bp load) vs bp mis-
match (dsDNA(R)25 2.5µM). Reprinted with permission from Ref [20] Copyright (2014)
American Chemistry Society
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binder, the CD data from Figure.3.8 suggests that intercalation is more likely

the binding mechanism. For polyAT, a better chiral template than dsDNA(R)25,

Figure 3.10. CD spectra of polyAT (black) and polyAT/MGC (red, 1:1 dye:bp ratio),
each at a concentration of 5 µM polyAT in 10 mM PBS. Reprinted with permission from
Ref [20] Copyright (2014) American Chemistry Society

the chiral signal at 600-700 nm becomes much stronger (Figure.3.10), providing

that polyAT is a better template for MGC than dsDNA(R)25 when imposing

its chirality. The absorption spectra of dsDNA(R)25/MGC and free MGC are

identical, both in shape and peak position (Figure.3.11). Even polyAT/MGC

absorption has similar shape like the free dye, and a slightly red shifted (2 nm)

peak (Figure.3.11). Intercalators such as YOYO-1, TO-PRO1 and some other

cyanine dyes where found to exhibit strong excitonic coupling in the form of

H-type or J-type aggregates with characteristic blue or red shifted spectral bands

next to the absorption of the free dye. [170,171,175,176] In contrast, MGC seems

to exhibit a weak excitonic coupling when complexed with dsDNA(R)25, even at

maximum site occupancy, most probably because of unfavorable dye-dye (dipole)

orientation, and this topic is addressed later in this work. PL lifetimes vs site
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Figure 3.11. Uv-vis absorption spectra of free MGC (green color), dsDNA(R)25/MGC
complex (red color, 1:1 dye:bp load) and polyAT/MGC complex (black color, 1:1 dye:bp
ratio), all in 10 mM PBS. dsDNA(R)25 and polyAT were at a concentration of 1 µM,
MGC at 25 µM, all in 10 mM PBS. Reprinted with permission from Ref [20] Copyright
(2014) American Chemistry Society

density further confirm a weak excitonic coupling for intercalated MGC. For

example, when the site density changes from 0.08:1 to 1:1 dye:bp, polyAT/MGC

shows no change in PL lifetime (72 ps), while dsDNA(R)25/MGC complex shows

an 8% decrease in PL lifetime (from 72 ps to 50 ps), this later change reflecting

the preference of MGC to bind first A-T bps. The dsDNA(R)25/MGC complex

with dyes loaded at maximum site density can be considered a molecular photonic

wire with dyes excitonically coupled and exhibiting chiroptical activity. If any

mismatch is present between probe and target ssDNA(R)25, the number of dyes

intercalated per hybridized dsDNA(R)25 will decrease with the amount of base

pair mismatch, and so will decrease the PL signal of the intercalated dsDNA(R)25

(Figure.3.5) and the chiroptical signal at 600-700 nm (Figure.3.9) In other

words, an increase in the number of bp mismatched degrades the quality of the

intercalated dsDNA(R)25 photonic wire. The dependency MGC’s PL intensity vs

base-pair mismatch provides sequence specificity for the proposed sensor.

49



3.6 C-PPV/DNA Complex

As discussed in section 2.2, this C-PPV has broad and structureless Uv-vis

absorption and PL spectra (peaks at 440 nm and 527 nm, respectively), a molar

extinction of 7×105M−1cm−1 and a PL quantum yield (QY) of 15% in water. [148]

Upon binding with the 25 bp dsDNA(R)25 (T0, P0 ), as also shown in Figure.2.2

both the absorption and PL spectra of C-PPV red shift to 473 nm and 559 nm, re-

spectively, (Figure.3.12ab), the PL spectrum gains vibronic structure and becomes

strongly enhanced, with the PL QY increasing to 270% (Figure.3.12 c). These

Figure 3.12. Relative PL quantum yield increase for C-PPV (1µM) binding to
dsDNA(R)25 (complementary P0, T0) as a function of dsDNA(R)25 concentration.
Reprinted with permission from Ref [20] Copyright (2014) American Chemistry Soci-
ety

spectroscopic changes result from a polymer chain conformation change induced

by the binding of C-PPV with DNA, with the polymer unfolding from a coiled

state (C-PPV only) prone to inter/intra-molecular quenching (PL QY 15%), to an

unfolded, stretch and less quenched state (C-PPV/DNA complex, PL QY 40%).

PL lifetimes measured from C-PPV (0.14 ns) and C-PPV/dsDNA(R)25 complex

(0.40 ns) also support the assumption of a polymer conformation change in C-PPV

when binding with dsDNA(R)25. CD spectroscopy of C-PPV only (Figure.3.13)
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shows no indication of chiroptical activity, instead a C-PPV/dsDNA(R)25 equimo-

lar complex (5 µM) displays chiroptical activity in the 350-550 nm region where

C-PPV absorbs, with negative (high energy) and positive (low energy) bands cross-

ing over at around the absorption peak of C-PPV/DNA complex. These bands

Figure 3.13. (a) CD spectra of C-PPV (red) and C-PPV/dsDNA(R)25 complex (black).
C-PPV and dsDNA(R)25 concentrations were 2.5µM. Reprinted with permission from
Ref [20] Copyright (2014) American Chemistry Society

and the crossover are much more clear for C-PPV/polyAT complex (Figure.3.14).

Similar DNA-induced chiroptical activity has been reported for other cationic con-

jugated polymers. [93,157] To attain such chirality, C-PPV binds electrostatically

along the dsDNA(R)25 phosphate backbone to uncoil and twist around the DNA

duplex, following its helical structure (Figure.3.2). DsDNA(R)25 imposed chirality

on C-PPV is further supported by the observation of enhanced chirality for the

case of polyAT (Figure.3.14), a better chiral template than dsDNA(R)25. The

proposed binding mechanism also agrees with the spectroscopic changes shown in

Figure. 3.12 for C-PPV binding to complementary dsDNA(R)25. Whether or not

C-PPV’s binding to dsDNA(R)25 results in some disturbance of the dsDNA(R)25
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Figure 3.14. CD spectra of polyAT and C-PPV/polyAT complex. Each at a concen-
tration of 5µM in 10mM phosphate buffer. Reprinted with permission from Ref [20]
Copyright (2014) American Chemistry Society

helix is hard to assess based on the data from Figure.3.13 because C-PPV absorbs

in the region of dsDNA(R)25 and this might frustrate the CD signal from the C-

PPV/dsDNA(R)25 complex. The rather weak contribution of the positive band

at around 600 nm in the CD spectrum of C-PPV (Figure.3.13), compared to two

oppositely chiral peaks observed for intercalated MGC (Figure.3.7) is an indication

that π-π stacking of C-PPV with dsDNA(R)25 is weak and binding occurs mainly

by electrostatic interaction.

3.7 C-PPV/DNA/MGC Complex

CD spectroscopy for the C-PPV/dsDNA(R)25/MGC complex (Figure.3.15)

shows that DNA induced chiroptical activity is preserved for both C-PPV and

MGC when part of the complex and even at maximum, 1:1 dye:bp load. It is no-

ticed from the comparison of the signals associated with DNA (200-300 nm) in the

case of C-PPV/dsDNA(R)25 (Figure.3.13 ) and C-PPV/dsDNA(R)25/MGC that
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there is a two-fold reduction in the intensity of the positive peak, which suggests

alteration of the DNA helical structure when the intercalating dye is present. This

opens the question if the C-PPV/dsDNA(R)25/MGC complex is or is not par-

tially bound. For C-PPV (Figure.2.1), each monomer bears two positively charged

groups placed oppositely on the polymer backbone, but only one group will bind

electrostatically with the phosphate backbone due to the sterical hindrance im-

posed by the C-PPV backbone. MGC (Figure.3.1) will also be stabilized by a

single negative charge from the DNA phosphate backbone. Given that C-PPV

(15 kDa) and dsDNA (25bp) are similar in length when fully extended, it can

be deduced that the overall charge in the C-PPV/dsDNA(R)25/MGC complex is

balanced.

Figure 3.15. CD spectrum of C-PPV/dsDNA(R)25/MGC complex with the MGC dye
intercalated at 1:1 dye:bp ratio. C-PPV and DNA concentrations were 2.5µM. Reprinted
with permission from Ref [20] Copyright (2014) American Chemistry Society

3.8 FRET in C-PPV/DNA/MGC Complex

I also studied the two FRET processes in the C-PPV/dsDNAR25/MGC com-

plex. One is homo FRET between intercalated MGC dyes and this occurs as a
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manifestation of their excitonic coupling and as a result of the overlap existent

between MGC’s absorption and PL spectra. [177,178] The second is hetero FRET

from C-PPV to intercalated MGC dyes following C-PPV photoexcitation. Both

processes are discussed below in relation to the unique binding of MGC and C-PPV

imposed by the DNA scaffold.

3.8.1 Homo FRET between intercalated MGC dyes

Homo FRET induces depolarization of the PL emitted by the intercalated

MGC dyes in a DNA/MGC complex and can be quantified by the steady-state PL

anisotropy, A, which is defined as:

A =
I‖ − I⊥
I‖ + 2I⊥

(3.2)

I‖ is PL intensity measured parallel to the polarization of excitation light, while I⊥

is PL intensity measured perpendicular to the polarization of excitation light. [103]

The efficiency of homo FRET can be estimated by

Ehomo = 1− (AFRET/A0) (3.3)

where AFRET and A0 are PL anisotropies in the presence and absence of homo

FRET, respectively. Specific to our case, AFRET and A0 are the photoluminescence

anisotropies measured from the intercalated DNA at maximum site density (1:1

dye:bp load) and at minimum site density (1 dye per dsDNA(R)25, e.g. 1:25

dye:bp load) and equivalent to a population of randomly oriented dyes, that is

A0=0.4. In this assumption, eq.3.3 estimates a homo FRET efficiency of 65% for

dsDNA(R)25 (P0, T0), indicating a weak coupling between intercalated dyes in the

dsDNA(R)25/MGC complex.

For polyAT/MGC the measured PL anisotropy is 0.02 and this estimates a

homo FRET efficiency of 95% according to eq.3.3, a value reflecting the increased

excitonic coupling in polyAT compared to dsDNA(R)25, as previously confirmed

by CD spectroscopy (Figure.3.11). Weakly coupled excitonic interactions leading

to homo FRET can be treated in the Förster formalism, where the FRET efficiency
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[103] is

E = 1/[1 + (r/R0)
6] (3.4)

with R0 Förster radius for energy transfer (donor-acceptor distance at which E

becomes 50%). Let us assume dsDNA(R)25 is of B-DNA type, with 10 bps per

turn, and a 3.4 nm length per turn. Intercalation of dyes like YOYO-1 with DNA

was found to extend DNA’s persistence length with as much as 50% [176] that is, 5.1

nm per turn. Assuming the limiting case where the DNA helix is unperturbed, that

is, a separation distance between adjacent intercalated MGC dyes of 0.34, eq.3.4

delivers a Förster radius of 0.36 nm for homo FRET for dsDNA(R)25/MGC and

of 0.49 nm for polyAT/MGC, when both complexes are intercalated at maximum

site density. The Förster radius is,

R0
6 = (8.8× 10−5 × φD × κ2/n4)× J(λ) (3.5)

with φ the PL QY of the unquenched donor, κ2 the orientation factor, n the

refractive index of the medium between donor and acceptor moieties and

J(λ) = FD(λ)εA(λ)λ4dλ (3.6)

the overlap integral defining the spectral overlap between donor’s PL and accep-

tor’s absorption. For a limiting R0 = 0.36 nm, and using the spectral data from

Figure.3.1, and equation 3.5,3.6 estimate an orientation factor κ2 less than 10−4 for

dsDNA(R)25/MGC using a molar extinction coefficient of 105M−1L−1cm−1 and a

PL QY of 2% for intercalated MGC, and a refractive index n=1.7 (DNA). This

suggest an unfavorable orientation between adjacent dyes in the DNA scaffold, thus

supporting the hypothesis of a weak excitonic coupling, as pointed out previously

by the similarity between the absorption spectra of the intercalated and the free

MGC dyes (Figure.3.11). A previous report on the binding of leuco malachite green

(LMG), the reduced form of MGC, with DNA [169] suggested strong complexation

with the phenyl group intercalated with the hydrophobic base pockets while the

hydrophilic dimethylaminophenyl groups bind to the DNA’s phosphate backbone.

For MGC, the two dimethylaminophenyl groups are not equivalent, only one group

is positively charged while the second retains a hydrophobic character. Since the
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optical transition involved in both homo and hetero FRET (618 nm band) has a

dipole polarized along the two dimethylaminophenyl groups, binding of a single

such group to the phosphate backbone for MGC might result in an awkward con-

formation of the chromophore with a transition dipole moment oriented largely off

the base pairs plane. At the same time, such binding might provide sufficient space

to fill the DNA with this particular dye at maximum site density. In support of

a more twisted intercalated MGC chromophore compared to intercalated LGM is

the blue shifted main absorption peak of the former (618 nm for MGC compared

to 640 nm for LGM). [173]

3.8.2 Hetero FRET from PPV to intercalated MGC

The hetero FRET efficiency Ehetero vs bp mismatch for C-PPV/dsDNA(R)25

/MGC is shown in Figure.3.16 (square and line) and it was estimated from the PL

quenching of the donor (C-PPV/DNA) by acceptor MGC intercalated into dsDNA

(C-PPV/dsDNA/MGC complex).

Ehetero = 1− (PLC−PPV/dsDNA/MGC/PLC−PPV/DNA) (3.7)

Hetero FRET from C-PPV to intercalated DNA has the highest efficiency

(93%) for complementary sequences (Figure.3.16). We now recall that CD

spectroscopy indicated that MGC intercalates to follow the right-handed DNA

helix (Figure.3.7,3.8,3.9) and C-PPV binds along DNA’s phosphate backbone

(Figure.3.13) and that MGC’s and C-PPV’s chirality are preserved in the

C-PPV/dsDNA(R)25/MGC complex (Figure.3.15). To estimate a Förster radius

using eq.3.4 is unlikely in this case, as it is hard to precisely calculate the separa-

tion distance between C-PPV’s backbone and the intercalated dyes. Nevertheless,

the high value of E is due in part to the large spectral overlap between donor

and acceptor moieties (Figure.3.1) and the high PL QY of the donor (C-PPV)

attained upon binding with DNA. For C-PPV/polyAT/MGC complex, FRET

proceeds with 99% providing that the quality of the intercalated DNA photonic

wire is essential in attaining a highly efficient hetero FRET. Indeed, for sequences

with mismatch, deterioration of the DNA scaffold due to mismatch results in

a reduction of the acceptor dyes involved in FRET with C-PPV, but also in a
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Figure 3.16. FRET efficiency vs bp mismatch for C-PPV/dsDNA(R)25/MGC complex
(see text for details on calculations). Reprinted with permission from Ref [20] Copyright
(2014) American Chemistry Society

decreased donor-acceptor coupling and reduced FRET efficiency as shown by the

non-linear dependency FRET efficiency vs mismatch from Figure.3.16 (square

and line). Assuming each bp mismatch would result in the loss of one intercalated

dye for the acceptor site, the expected FRET efficiency vs bp mismatch should

be a linear dependency (Figure.3.16). It is indicated that any added mismatch

perturbs the intercalated dyes, at least those in the adjacent base pairs, inducing

more conformation flexibility for the in-tercalated dyes, that in turn enhances

non-radiative channels against their emitted PL and degrades their excitonic

coupling. In support of this hypothesis is the observation of a broadening and

blue shift of the absorption spectrum of intercalated dsDNA(R)25/MGC complex

with added bp mismatch (Figure.3.9). While an increase in bp mismatch degrades

the quality of the intercalated dsDNA(R)25/MGC photonic wire, this in turn

increases the sequence sensitivity at higher number of bp mismatches.

Several DNA sensors have been proposed with blue absorbing/emitting CPs

combined with intercalators [105, 175, 179, 180], the majority reporting improved
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target detection sensitivity by FRET. In ref [105] the rather unfavorable orien-

tation for FRET between CP and intercalator (ethidium bromide), was compen-

sated by the use of a dye labeled DNA with the dye acting as FRET mediator

between the CP and intercalator. To overcome dye labeling of the probe DNA,

in reference [105] ethidium bromide was replaced with a commercial intercalator,

picogreen, a cyanine dye, to achieve increased sensitivity and sequence specificity

up to 3 bp mismatch. For our sensor, DNA induced polymer chain conformation

change combined with the particular binding and intercalation of MGC provides

orientation favorable for a high FRET and higher sequence specificity. Meanwhile,

our assay is more cost-effective by the use of an inexpensive intercalator compared

to cyanine intercalators like picogreen.

3.9 Conclusion

In this chapter, I demonstrated a label free DNA sensing method that uses

FRET between a cationic conjugated polymer and an intercalating dye, malachite

green chloride, and I demonstrated detection of target DNA with sequence speci-

ficity down to single base pair mismatch and with a clear dependency of the FRET

sensitized signal on the number of base-pair mismatches between probe and target

sequences. The intercalated DNA/dye complex has a photonic wire behavior, with

dyes excitonically coupled and chiroptically active, undergoing homo FRET. Any

mismatch between probe and target sequences degrades the quality of the photonic

wire, altering the emitted PL and chiroptical properties. The PL intensity vs bp

mismatch provides the transduction mechanism for attaining sequence specificity

for the proposed sensor. Coupling of the intercalated DNA photonic wire with a

conjugated polymer in a hetero FRET scheme provides target signal amplification

and increased sensitivity toward base pair mismatch. A gain in FRET efficiency is

achieved through a polymer chain conformation resulting from the binding of the

conjugated polymer with DNA and leading to an increase in PL quantum yield and

red shift of the PL spectrum now better overlapping with acceptor’s absorption.

Polymer conformation proceeds from a coiled, self-quenched state to an uncoiled

(stretched), unquenched state where the conjugated polymer twists around the

DNA helix to achieve optical chirality. Despite the rather unfavorable orientation
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for the intercalated dyes in the DNA scaffold leading to weak homo FRET, hetero

FRET from the conjugated polymer to the intercalated dyes proceeds with rather

high efficiency due to the unique binding of both moieties with DNA, providing

short donor-acceptor separation distances and improved donor-acceptor spectral

overlap.
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Chapter 4

DNA-assisted Photoinduced

Charge Transfer between Cationic

Polyphenylene Vinylene and

Cationic Fullerene

4.1 Introduction

Complexation of conjugated polymers like poly(phenylene vinylene) (PPV)

with fullerene (C60) for photo-induced charge transfer has attracted intense in-

terest due to the potential utilization of nanomaterials like these in organic solar

photovoltaic and sensory devices. [181–183] The underlying mechanism for these

charge transfer complexes exhibits a photophysics dominated by the electronic

structure of donor (conjugated polymers) and acceptor (fullerene), with an effi-

ciency for charge transfer affected by the donor-acceptor energy band alignment

and related interfacial separation. Depending on the solvent used for casting,

nanomaterials like PPV and C60 can have different solubility and this can lead

to poor donor and acceptor miscibility and/or aggregate formation, leaving in-

teraction as the only driving force that is able to bring together the donor and

acceptor molecules. [131] Water-soluble, oppositely charged conjugated polymers

and fullerene are an alternative, featuring highly efficient charge transfer due to

the electrostatic interaction that can bring the two moieties in close proximity as
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showed by others [37, 131, 184] and herein. However, water soluble, same charge

type (sign) PPV and fullerene exhibit poor or negligible charge transfer as the re-

pulsion between same-sign charged species repel the donor and acceptor molecules.

For such molecules one alternative to promote charge transfer is to use an opti-

cally inactive glue, such as oppositely charged DNA to bring same charged donor

and acceptor molecules in close proximity. DNA has structural features that can

facilitate interaction with such conjugated polymers like no other polyelectrolytes

can, providing future possibility of constructing charge transfer nanoassemblies or

acting as injection layer in conjugated polymer light emitting diodes. [185,186]

In this chapter we show that DNA-assisted charge transfer between donor

cationic PPV and acceptor cationic fullerene molecules can approach an efficiency

as high as that observed for oppositely charged, cationic PPV and anionic fullerene

and that charge transfer efficiency between such same sign molecules can be tuned

just by switching ssDNA with dsDNA. As shown in Figure.4.1, DNA first induces

chain conformational change to the cationic PPV (C-PPV), resulting in photo-

luminescence (PL) redshift and PL enhancement, as previously demonstrated in

chapter 2. As also shown from sample solution in cuvette in Figure.4.1, the solu-

tion turned into bright yellow from dim green. After addition of cationic fullerene

(C-C60), DNA promotes the charge transfer between C-PPV and C-C60 by elec-

trostatic attraction in C-PPV/DNA/C-C60 complex aggregates, with the PL of C-

PPV/DNA complex solution severely quenched.(Figure.4.1) By combining steady

state and time-resolved PL spectroscopic experiments with dynamic light scatter-

ing and zeta potential measurements, I unraveled the mechanism of PL quenching

by charge transfer for DNA-assisted donor-acceptor complexes. While oppositely

charge donor and acceptor molecules feature charge transfer in the form of static

quenching, for DNA-assisted charge transfer complexes, the charge transfer pro-

ceeds as a combination of static and dynamic quenching for ssDNA and purely

dynamic for dsDNA.

4.2 Materials and Methods

Cationic fullerene (C-C60)(Figure.4.2) and anionic fullerene (A-C60)(Figure.4.2)

were synthesized according to ref. [186].Uv-vis spectra were measured with a Perkin

61



Figure 4.1. Scheme of DNA assisted charge transfer between cationic PPV (C-PPV)
and cationic C60 (C-C60).

Figure 4.2. Chemical structures of anionic fullerene (A-C60) and cationic fullerene
(C-C60) fullerene.

Elmer Lambda 25 spectrophotometer, photoluminescence spectra with a Varian

Cary Eclipse fluorimeter. Dynamic Light Scattering (DLS): measurements were

carried on a Malvern Zetasizer ZS instrument, equipped with a 633 nm laser source.

Photoluminescence decays were measured and analyzed as discussed in chapter 3,

section 3.2.
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4.3 Charge transfer between oppositely charged

PPV and Fullerene

An oppositely charged donor acceptor complex was made using the water sol-

uble, cationic PPV (C-PPV, donor, Figure.2.1) and an anionic fullerene (A-C60,

acceptor, Figure.4.2). As shown in Figure.4.3, the electronic energy levels of PPV

and C60 favor photo-induced electron transfer from photoexcited PPV to C60, with

PPV’s lowest unoccupied (LUMO) and highest occupied (HOMO) molecular or-

bitals positioned at -3.7 eV and -6.2 eV, respectively and C60’s LUMO and HOMO

positioned at -4.7 eV and -6.8 eV, respectively. [148, 186] As already discussed in

Figure 4.3. Scheme of photo-induced charge transfer from PPV to C60

chapter 2, (Figure.2.1) C-PPV, [187] when dissolved in water (pH 5.5-6) absorbs

at 430 nm and emits at 525 nm with an average PL lifetime of 0.19 ns. Addition

of A-C60 to an aqueous solution of donor C-PPV (0.3 µM) dramatically quenches

the PL of the conjugated polymer (see Figure.4.4a). A Stern-Volmer (SV) PL

quenching plot PL(D)/PL(DA) vs [A-C60] is shown in Figure.4.5 (black square and

line), with PL(D) and PL(DA) being the PL intensities measured at the emission

peak for donor only (C-PPV) and donor:acceptor (C-PPV:A-C60) complex, respec-

tively, and derived from the PL spectra from Figure.4.4a. The SV curve exhibits

an upward curvature, with the highest quenching efficiency E=92%

E = 1− PL(DA)/(PL(D) (4.1)
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Figure 4.4. Charge transfer in C-PPV:A-C60 complex. (a) PL spectra and (b) PL
decays for the C-PPV:A-C60 complex for various donor:acceptor molar ratios, from 10:1
to 1:3. C-PPV concentration at 0.3 µM. The arrows indicate the increasing concentration
of A-C60.

observed for a C-PPV:A-C60 molar ratio of 1:3. PL decays from C-PPV:A-C60

complexes at various donor:acceptor molar ratios are shown in Figure.4.4b and the

PL lifetime dependency τD/τDA is shown in Figure.4.4 (red square and line) is flat,

i.e., there is no change in PL lifetime value of C-PPV with added A-C60. Such

manifestation is known as static quenching [103, 188, 189] and in this case donor

(C-PPV) and acceptor (A-C60) pre-associate in the ground state to form a stable

complex (C-PPV:A-C60) where the acceptor completely quenches the donor’s PL.

As such, the true efficiency for charge transfer in the case of oppositely charged,

pre-complexed C-PPV and A-C60 molecules can be considered E=100%. Static

quenching can be described by a Stern-Volmer (SV) equation of the type [189]

PL(D)/PL(DA) = 1 + ks[A] (4.2)
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Figure 4.5. Stern-Volmer quenching curve PL(D)/PL(DA) intensity vs [A-C60], black
squares and line, and lifetime τD/τDA vs [A-C60], red squares and line. C-PPV concen-
tration 0.3 µM.

with ks association constant for the donor-acceptor complex. A fit of the linear

part of the Stern-Volmer curve from Figure.4.5 with eq.4.2 yields ks=2.2 (µM)−1.

When same-sign charge, cationic C-PPV and cationic C-C60, were mixed at various

molar ratios, no PL quenching was observed, neither in intensity nor in lifetime

(see Figure.4.6,), confirming that same-sign charge, cationic donor and acceptor

molecules repel each other at distances cancelling the charge transfer (E=0%).

Another oppositely charged donor-acceptor complex, anionic PPV (A-PPV)

(Figure.4.7) [152]and cationic C60 (C-C60) (Figure.4.2) was also studied. After ad-

dition of C-C60, the PL of A-PPV is also severely quenched, as shown in Figure.4.8.

The SV plot calculated from PL spectra also shows an upward curvature, and the

quenching efficiency E=1-PL(DA)/PL(D)= 93%, similar to that of C-PPV/A-

C60 complex. However, the dependency of PL(DA)/PL(D) shows a nonlinear de-

crease with increasing [C-C60]concentration which behaves differently from that

formed in C-PPV:A-C60(Figure.4.5), with the PL lifetime dependency τD/τDA in

A-PPV/A-C60 complex increasing at high acceptor concentration (0.7µM -1.0µM).

Such lifetime changes indicate that dynamic (collisional) quenching occurs at high

[C-C60] concentration. As found by DLS measurements (Figure.4.10), complexa-

tion of A-PPV with [C-C60], [A-PPV] results in aggregates,( size increases from
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Figure 4.6. PL intensity (black) and lifetime (red) vs [C-C60]. C-PPV concentration
0.3 µM.

Figure 4.7. Chemical structure of A-PPV.

11 nm to 47 nm.) This suggest formation of aggregates leading to collisional

quenching. In contrast, [A-C60] breaks [C-PPV] aggregates from 470 nm to 70 nm

(Figure.4.10), which indicates good miscibility of two species facilitating purely

static quenching.(Figure.4.4,4.5). From zeta potential measurements, the surface

charge of C-PPV in water is +37.2 mV, and C-PPV/A-C60 complex decreases

a little to +29.7 mV, compared with their oppositely charged counterparts -47.3

mV (A-PPV) and -12.3 mV(A-PPV:C-C60), respectively. The smaller decrease of

surface charge from C-PPV to C-PPV/A-C60 complex can be attributed to the

breaking of C-PPV aggregates; the larger decrease of the oppositely charged coun-
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Figure 4.8. Charge transfer in A-PPV:C-C60 complex. (a) PL spectra and (b) PL
decays for the C-PPV:A-C60 complex for various donor:acceptor molar ratios, from 10:1
to 1:3. A-PPV concentration 0.3 µM. The arrows indicate increased concentration of
A-C60.

terparts (A-PPV:C-C60) should be a result of fromation of large aggregates as

surface charges were neutralized during the electrostatic assembly.

4.4 SsDNA-assisted charge transfer between

cationic PPV and cationic Fullerene

When negatively charged ssDNA was introduced as an optically inactive glue,

efficient PL quenching by charge transfer was observed (Figure.4.11 and 4.12). A

DNA-assisted, C-PPV:ssDNA:C-C60 charge transfer hybrid was assembled in two

steps. First, C-PPV was mixed with a random 25mer ssDNA sequence in water

(pH 5.5). The resulting C-PPV:ssDNA complex features spectrally red shifted
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Figure 4.9. Stern-Volmer quenching curve of A-PPV:C-C60, PL intensity
PL(D)/PL(DA) vs [C-C60], black squares and line, and lifetime τD/τDA vs [C-C60],
red squares and line. A-PPV concentration 0.3 µM.

absorp-tion and PL spectra, an almost four fold increase in PL quantum yield and

an increased PL lifetime (0.47 ns in water) compare to 0.19 ns for pure C-PPV

in water. We reported these observations recently in [190] and associated them

with a chain conformation change of C-PPV when binding to ssDNA. DNA pos-

sesses a rich negatively charged phosphate backbone, and as such, the resulting

C-PPV:DNA complex, as examined by zeta potential measurements, has an a net

negative charge (Table 4.1, zeta potential -20.1 mV), therefore still being able to

bind positively charged molecules/species. In a second step, to the aqueous so-

lution of precomplexed C-PPV:DNA, we added the acceptor, cationic C-C60, to

observe dramatic PL quenching from the resulting C-PPV:ssDNA:C-C60 hybrid,

both in intensity and lifetime (see Figure.4.11,4.12), with a maximum quenching

efficiency of 90.7% observed at a donor:acceptor molar ratio of 1:6. A Stern-Volmer

quenching plot, PL(D)/PL(DA) vs [C-C60], could be derived from the PL spectra

from Figure.4.11a and Figure.4.12, black square and line). The SV quenching curve

shows a complex behavior, with an upward curvature at low-to-intermediate accep-
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Figure 4.10. Left: dynamic light scattering measurements of C-PPV(green), C-PPV:A-
C60 (blue); Right: dynamic light scattering measurements of A-PPV (green line), A-
PPV:C-C60(blue ). Both PPV was dissolved in water at concentration 0.3 µM. PPV:C60

ratio is 1:3.

tor concentration (Figure.4.12, 0-0.8µM [C-C60], followed by a downward curvature

at high acceptor concentration (Figure.4.12, 0.8-1.6µM), with a point of inflexion at

0.8µM estimated from the 2nd derivative of PL(D)/PL(DA) vs [C-C60] curve from

Figure.4.12 (see Figure.4.13,). PL decays from the C-PPV:ssDNA:C-C60 hybrid are

displayed in Figure.4.11b, and they feature a reduction in PL lifetime with added

acceptor, up to 52 ps at a donor:acceptor molar ratio of 1:5. The quenching effi-

ciency calculated from PL lifetimes at this molar ratio is E = 1− τDA/τD = 89%,

close to that calculated from the PL intensity. The trend in PL lifetimes with

added acceptor is shown by the τD/τDA vs [C-C60] dependency from Figure.4.12c

(red square and line). Changes in PL intensity accompanied by changes in PL

lifetime may be indicative that both static and dynamic (collisional) quenching
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Figure 4.11. Charge transfer in C-PPV:ssDNA:C-C60 hybrid. (a) PL spectra, (b)
PL decays. C-PPV:DNA molar ratio was 1:3 (0.3 µM C-PPV),the arrows indicate the
increasing concentration of C-C60.

are present. [189] When PL(D)/PL(DA) vs [A] exhibits a linear dependency,

τD/τDA = 1 + kD[A] (4.3)

with kD dynamic quenching constant, the SV quenching curve can be modeled by

a combined static/dynamic quenching model featuring a quadratic dependency,

[189,191]

PL(D)/PL(DA) = (1 + ks[A])(1 + kD[A]) (4.4)

For nonlinear SV curves like that exhibited by C-PPV:ssDNA:C-C60 hybrid and

shown in Figure.4.12 and accompanied by nonlinear PL(D)/PL(DA) vs [A] de-

pendencies (Figure.4.12, red square and line), the quenching sphere of action is a

more appropriate model. [103,190–192] This model assumes no static quenching to

be present, instead an apparent static quenching component is attributed to the
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Figure 4.12. Stern-Volmer quenching curve, PL(D)/PL(DA) vs [C-C60], black squares
and line, and τD/τDA vs [C-C60], red squares and line. C-PPV:DNA molar ratio was 1:3
(0.3 µM C-PPV).

Table 4.1. Surface zeta potential measurements. C-PPV was 0.3 µM. Molar ratio of
C-PPV:A-C60 was 1:3, C-PPV:ssDNA:C-C60=1:3:5; C-PPV:dsDNA:C-C60=1:3:15.
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Figure 4.13. 2nd derivative of PL(D)/PL(DA) vs [C-C60] dependency from Figure.4.12,
with an inflexion point at a C-C60 concentration of about 0.8 µM.

presence of the quencher near the emitter in a volume (sphere of action) where

the probability of quenching following optical excitation is unity. [20, 189, 192] A

general equation can be written for this model as follows: according to ref [192],

the fractional accessibility, or the percentage of emitters available for quenching

can be defined as:

fa =
Ia0

Ia0 + Ib0
I0 = Ia0 + Ib0 (4.5)

with

I0 = Ia0 + Ib0 (4.6)

the total PL intensity in the absence of the quencher, composed of I0a as the

PL intensity from emitters available (accessible) for quenching, and I0b as the PL

intensity from emitters inaccessible for quenching. According to the quenching

sphere of action model, the PL intensity in the presence of a acceptor A can be

written:

I =
Ia0

(1 + kSV )[A]exp(V [A])
+ Ib0 (4.7)
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Combining equations 4.5-4.7 we obtain

PL(DA)/PL(D) = (1− fa) +
fa

(1 + kD)exp(V [A])
(4.8)

Thus,

PL(D)/PL(DA) = ((1− fa) +
fa

(1 + kD)exp(V [A])
)−1 (4.9)

with fa=PL
a(D)/[PLa(D) + PLb(D)] representing the fraction of emitters avail-

able for quenching and V, the sphere of action volume. For a SV curve exhibiting

upward curvature, fa = 1 (all emitters are available to be quenched) and eq. 4.9

becomes the classic formula describing the sphere of action model [20,103]

PL(D)/PL(DA) = (1 + kD)exp(V [A]) (4.10)

The complex SV curve from Figure.4.12 could be analyzed by splitting it

according to the acceptor concentration range in low (0-0.4µM) and intermediate

(2) (0.5-0.8µM) concentration regimes exhibiting upward curvature and a high

concentration regime (3) (0.9-1.6µM) with downward curvature (see Figure.4.13).

Distinction between low (1) and intermediate (2) regimes was done based on the

PL(D)/PL(DA) vs [A] dependency, that is, linear vs nonlinear, respectively. For

the first two regimes, we assume fa=1 (all emitters available for quenching), and

use eq. 4.10 to retrieve kD(1)=3.3 × 10−5(µM)−1 and V(1)=1.05(µM)−1 and

kD(2)=3.3 × 10−5(µM)−1and V(2)=1.49(µM)−1, suggesting radii for the sphere

of action of r(1)=75 nm and r(2)=84 nm, and very little or even absent dynamic

quenching. Since the size of the C-PPV:ssDNA complex is around 50 nm (see

Figure.4.16), we hypothesize that the radius of gyration for the C-PPV:ssDNA

donor and the sphere of action radius at low and intermediate concentration

are similar in value, provided that the acceptor concentration is sufficiently

high so that there are always quenchers within the charge-transfer range of a

C-PPV:ssDNA complex. [192] C-C60 is prone to aggregate at high concentration

and it induces aggregation of C-PPV:ssDNA when part of the donor:acceptor

hybrid (see Figure.4.16, 44-255 nm size range for C-C60 and 295 nm size for the

C-PPV:ssDNA:C-C60 hybrid (Figure.4.16). At high concentration, the SV curve

bends downwards (Figure.4.12), which according to equation4.9 would imply
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Table 4.2. Parameters derived from fitting Stern-Volmer quenching curve of C-
PPV:ssDNA:C-C60 complex with modified ”sphere of action” model. fa, the percentage
of emitters available for quenching; V, the sphere of action volume; kD, dynamic quench-
ing constant; r, radius of ”sphere of action”.

the number of emitters available to be quenched decreases. In fact, due to the

aggregation of C-C60 at high acceptor concentration, it is the number of acceptors

that are available to quench the emitters that change due to their grouping

onto large sized aggregates. A fit of the SV curve for the high concentration

range (region (3)) with eq. 4.9 provides fa(3)=0.9, (high concentration regime)

kD(3)=0.46 µM−1 and V(3)=2.07 µM−1 which in turn provides a sphere of action

radius of 94 nm, values which suggest that at high acceptor concentration charge

transfer is mostly dynamic in nature. The net charge for the C-PPV-ssDNA:C-C60

hybrid at saturation (1:3:6 molar ratio) is -5.1 mV, From a molecular point of

view, at low acceptor concentration the acceptor can still bind electrostatically

to the C-PPV:ssDNA to be in the radius of quenching sphere of action since the

C-PPV:ssDNA has a net negative charge. At high concentration, most of the

charges in a C-PPV:ssDNA:C-C60 hybrid are balanced (zeta potential of hybrid

at 1:3:6 molar ratio is -5.1 mV), leaving collisional quenching as the only option

for the large aggregates of C-C60 acceptors when interacting by charge transfer

with donor. Formation of aggregates of the acceptor molecules at high acceptor

concentration leads to an apparent increase in the quenching sphere of action

volume.

4.5 DsDNA-assisted charge transfer between

cationic PPV and cationic Fullerene

C-PPV was also mixed with a random 25 base-pair dsDNA, with the DNA
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hybridized in 1.0 mM phosphate buffered saline (PBS buffer) and the resulting

C-PPV:dsDNA complex (1:3 molar ratio) also featured spectrally red shifted ab-

sorption and PL spectra, and increase in PL quantum yield (almost three fold)21,

and an average PL lifetime of 0.32 ns. Addition of C-C60 to the C-PPV:dsDNA

complex quenched both the PL intensity and PL lifetime as shown in Figure.4.14.

We observed a maximum quenching efficiency of E = 1−PL(DA)(PL(D) = 92.3%

at saturation, where the donor (C-PPV:dsDNA)-acceptor (C-C60) molar ratio was

1:3:15 (Figure.4.15). The efficiency calculated from the PL lifetimes for the same

Figure 4.14. Charge transfer in C-PPV:dsDNA:C-C60 hybrid. (a) PL spectra, (b) PL
decays. C-PPV:dsDNA molar ratio was 1:3(0.3 µM C-PPV), the arrow indicates the
increasing concentration of C-C60.

molar ratio was 84%. The Stern-Volmer quenching plot, PL(D)/PL(DA) vs [C-

C60], derived from the PL data from Figure.4.14a is shown in Figure.4.15 (black

square and line), together with the PL(D)/PL(DA) vs [C-C60] dependency (red

square and line). Similar to the case of ssDNA (Figure.4.12), the SV curve for

C-PPV:dsDNA:C-C60 hybrid also exhibits upward curvature at low acceptor con-

centration followed by downward curvature at high acceptor concentration, with

an inflection point in the 3-4 µM [C-C60] range. At low acceptor concentration,
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Figure 4.15. Stern-Volmer quenching curve, PL(D)/PL(DA) vs [C-C60], black squares
and line, and τD/τDA vs [C-C60], red squares and line. C-PPV:dsDNA molar ratio was
1:3 (0.3 µM C-PPV).

both the SV curve and normalized PL lifetime vs [C-C60] overlap and follow a

linear dependency, suggesting that dsDNA assisted charge transfer is pure dy-

namic in this case. A fit with eq.4.3 for the PL(D)/PL(DA) vs [C-C60] retrieves

a kD = 5.6× 10−2µM−1. The quenching behavior at high concentration is rather

complex and hard to be modeled. DLS data point to extremely large charge trans-

fer aggregates (1.9µm, see Figure.4.16), where molecular models like the quenching

sphere of action fail. Figure.4.15 indicates that quenching in PL intensity is larger

than in PL lifetimes, a fact also indicated by the difference between the Pl efficien-

cies estimated from intensity (92.3%) and lifetime (84%). Most probably, static

quenching will play a role next to the dynamic quenching at high acceptor concen-

trations (higher than 1µM) where the two curves in Figure.4.15 deviate from each

other. There is a significant difference between the dynamic range and the mecha-

nism of PL quenching between ssDNA- and dsDNA-assisted charge transfer for the

same donor:acceptor pair (C-PPV, C-C60). For example, a maximum PL quench-

ing of 92% observed for ssDNA-assisted CT is achieved at a donor:acceptor molar
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Figure 4.16. Dynamic light scattering measurements of (left) C-PPV:ssDNA (green
line, water), C-PPV:ssDNA:C-C60 (black line, water) (right) C-PPV:dsDNA (green
line, 1 mM PBS), C-PPV:dsDNA:C-C60 (black line, 1 mM PBS). Molar ratios for C-
PPV:ssDNA, C-PPV:ssDNA:C-C60, C-PPV:dsDNA and C-PPV:dsDNA:C-C60 were 1:3,
1:3:6, 1:3, 1:3:15, respectively. C-PPV concentration was 0.3 µM.

ratio of 1:6, while for the same donor-acceptor molar ratio, dsDNA provides only a

28% efficiency. We believe this difference in quenching efficiency is related in part

to the difference in solubility of the acceptor in water vs PBS as well to differences

in mutual interaction/binding between C-C60 and C-PPV promoted by ssDNA vs

dsDNA. The zeta potential values measured for C-C60 in water and 1mM PBS are

+44 mV and +20 mV, respectively. As such, more C-C60 acceptor will be needed

to realize a C-PPV:dsDNA:C-C60 hybrid in PBS with similar quenching efficiency

when compared to a C-PPV:ssDNA:C-C60 hybrid in water with similar efficiency.

From previous studies we know that C-PPV and ssDNA bind strongly through a

combination of electrostatic and hydrophobic interactions involving charged side

groups, C-PPV’s backbone and ssDNA bases. [190] While electrostatic interactions
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ensures binding of C-C60 to the C-PPV:ssDNA complex, hydrophobic interactions

between C-C60 and ssDNA bases may be responsible for bringing the donor and

acceptor in close proximity for efficient CT. For C-PPV and dsDNA, hydrophobic

interactions are much weaker since bases from complementary DNA sequences are

now hybridized and not accessible by C-PPV, leaving only the electrostatic binding

for the polymer, as a result, C-PPV was found to wrap/twist around the DNA’s

double helix. [20] Consequently, C-C60 will interact mainly electrostatically with

dsDNA, and this will result in an increased separation donor-acceptor distance and

as such a decreased efficiency for CT.

4.6 Conclusion

Water-soluble, same charge sign, cationic conjugated poly(phenylene vinylene)

(PPV) and cationic fullerene were complexed with negatively charged ssDNA and

dsDNA via electrostatic interaction and their charge transfer behavior was studied

and compared to that of oppositely charged cationic PPV and anionic C60, anionic

PPV and cationic C60. It was found that in both cases charge transfer proceeds

with high efficiency but obeys different quenching mechanisms, combined static

and dynamic for ssDNA and pure dynamic for dsDNA as opposed to a pure static

quenching observed for opositely charge molecules. Replacing ssDNA with dsDNA

provides a simple way to tune the efficiency for charge transfer, here by as much

as four fold.
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Chapter 5

Summary

Water-soluble conjugated polymers (WSCPs) have received intense interest in

potential utilization in biosensing, including DNA sensing and in the development

of optoelectronic devices. This thesis deals with the investigation of the mecha-

nism of interaction between WSCP of the type of cationic poly(phenylene viny-

lene) (C-PPV) and DNA and the application of such polymers in label-free DNA

sensing. Using steady-state and time-resolved PL spectroscopic methods in com-

bination with structural characterization by dynamic light scattering and circular

dichroism, a wealth of knowledge was acquired in terms of microscopic picture

of the interaction between C-PPV and DNA and water-soluble electron acceptor

molecules like fullerene.

Chapter 1 presents a brief survey of literature related to the utilization of WSCP

in chemical/biological sensing and optoelectronic applications, highlighting works

from other groups in connection to the research presented herein by myself.

Chapter 2 describes a series of spectroscopic and structural studies that helped

me unravel the mechanism of interaction between a cationic poly(phenylene viny-

lene) (C-PPV) and DNA. Here I report the first DNA induced sequence-dependent

photoluminescence enhancement ever reported for a cationic conjugated polymer,

with the C-PPV’s photoluminescence enhanced as high as seven fold. This mani-

festation is explained as resulting from an interplay between two interactions, (i)

electrostatic attraction between C-PPV’s positively charged side chains and DNA’s

negatively rich phosphate backbone and (i) hydrophobic π-π stacking between C-

PPV’s backbone and DNA bases imposing. I show that electrostatic interaction
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is primordial in promoting hydrophobic interactions while the latter accounts for

sequence-specificity of the photoluminescence enhancement.

Chapter 3 describes a label-free, sequence-specific DNA sensor based on Förster

resonant energy transfer (FRET) occurring from the cationic PPV to a small inter-

calated dye, malachite green chloride. This sensor combines (i) conjugated polymer

chain conformation change induced by the binding with DNA, and producing a

wrapping/twisting of the polymer around the DNA helix and a three-fold increase

in photoluminescence and (ii) FRET from conjugated C-PPV to the intercalated

DNA. Because of its small size, the dye can be intercalated at maximal base pair

loading, making the intercalated DNA a photonic wire with dyes excitonically

coupled and chiroptically active through DNA-induced optical chirality. Base-pair

mismatches between probe and target DNA decrease the amount of dye interca-

lated into DNA, alters the excitonic coupling of the photonic wire and decreases

the photoluminescence output of the intercalated DNA, which in turn provides

sequence specificity to the sensor. When coupled with the cationic PPV, FRET

produces a 2.8x target signal amplification and an increased sensitivity towards

base pair mismatch. In looking in detail at the mechanism of interaction between

the components of the DNA sensor, I found that the DNA scaffold provides a

unique structure for both polymer and intercalated dye in promoting efficient en-

ergy transfer, both directional (PPV to dye) and hopping (beteeen intercalated

dyes), and this is because of the short separation distance between components of

the sensor.

Chapter 4 describes the use of DNA in promoting highly efficient charge trans-

fer between water soluble, same charge sign, donor and acceptor molecules which

usually repel each other. DNA brings same charge type cationic PPV and cationic

fullerene to realize a photoinduced charge transfer with efficiencies as high as those

observed for oppositely charged water soluble donor and acceptor molecules with

identical backbone. I then propose a simple way to tune charge transfer efficiency

in such same charge sign donor and acceptor compounds by replacing ssDNA with

dsDNA to observe a four-fold decrease efficiency in the latter case. Using stationary

and time-resolved photoluminescence spectroscopy I investigated thoroughly the

mechanism of quenching by charge transfer in DNA assisted charge transfer com-

plexes to observe a combination of dynamic and static, different than the purely
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static quenching observed for oppositely charged donor and acceptor molecules

with identical backbones.
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Comparison of DNA Sensors
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