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Conjugated polyelectrolytes (CPEs) are water-soluble polymers characterized by 

-conjugated backbones with ionic side groups. By possessing favorable optical 

properties, charge interaction ability and solvent-dependent self-assembly, this class of 

polymers has been studied for chemical and biological sensor applications. 

A DNA intercalator biotin-tetramethylrhodamine (biotin-TMR) is found to be 

capable of intercalating into a helical conjugated polyelectrolyte. Efficient fluorescence 

resonance energy transfer (FRET) from the polymer to the TMR chromophore is 

observed. It can be disrupted by mixing of biotin-TMR with avidin prior to the addition of 

the polymer. A discontinuous sensing strategy is developed for avidin with sensitivity as 

low as 100 pM. This project is further studied by a 543 nm laser coupled fluorescence 

correlation spectroscopy (FCS), which can provide insight regarding diffusion behavior 

and size change of molecules. A remarkable increase in the diffusion time of the poly-

1/biotin-TMR complex in the presence of avidin is observed. This change is attributed to 

the formation of large supramolecular polymer aggregates, giving rise to a sensitive 

detection method for avidin with detection limit < 100 pM.  
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An FCS system coupled with 405 nm blue laser, which can directly track the 

diffusion of CPE, is successfully built up in house. A detailed construction of such type 

of FCS along with troubleshooting, optimizing and calibrating are fully described. This 

FCS setup is employed in the investigation on an array-based protein sensing project. A 

series of CPEs is developed as a probe array and exposed to seven proteins. The 

diversity in the final molecular sizes and diffusion times of the CPE probes is revealed 

through FCS. The chemometric linear discriminant analysis (LDA) is employed to 

differentiate different protein groups and identify unknown protein samples. The high 

discriminant/recognition accuracy (~93%) verified the feasibility of this new sensor 

array. 

In the last project, a CPE (mPPESO3py) containing meta-linked pyridine rings in 

the backbone is developed as a Pd2+ sensor. The polymer shows a great affinity and 

selectivity for the Pd2+ ion for that the quenching efficient of Pd2+ on polymer emission 

greatly surpasses that of the other metal ions. The FCS study discovers that 

aggregation of mPPESO3py is induced when several multivalent metal ions, except Pd2+, 

are added into the system. While shorter diffusion time is observed for CPE/Pd2+. The 

quenching mechanism of Pd2+ on mPPESO3py is dominated by charge transfer instead 

of aggregation.
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CHAPTER 1 
INTRODUCTION 

Conjugated Polymers 

In chemistry, the conjugation means an overlap of one -orbital with another 

across an intervening sigma bond (in larger atoms d-orbitals can be involved).1 A 

conjugated system is a system comprising a region of overlapping -orbital bridged with 

interjacent single bonds. The involved molecules generally have lower overall energy 

and higher stability. Those molecules may be cyclic, acyclic, linear or mixed, allowing 

their  electrons delocalize across all the adjacent aligned -orbitals.2  

Among the large number of conjugated systems, conjugated polymers (CPs) with 

alternating single and multiple bonds have attracted an overwhelming interest in 

laboratories around the world.  In 1967, the first conjugated polymer polyacetylene (PA, 

Figure 1-1) was born in Hideki Shirakawa’s lab of the University of Tsukuba in Japan,3 

launching the investigation on this novel conductive material.  Various conjugated 

polymers have been generated, such as poly(para-phenylene) (PPP),4 poly(para-

phenylene vinylene) (PPV),5 poly(para-phenylene ethynylene) (PPE),6 polythiophene 

(PT),7 polypyrrole (PPy),8 polyaniline (PANI)9 and polyfluorene (PF)10 (Figure 1-1).  One 

of the milestones is that in 2000, Hideki Shirakawa, Alan MacDiarmid (University of 

Pennsylvania) and Alan Heeger (University of California at Santa Barbara) were 

awarded the Nobel Prize for the discovery of conducting polyacetylene.11 By possessing 

various well-designed functional groups, the CPs have favorable electrical, optical or 

magnetic properties, which offer them great potential in applications including light-

emitting diodes (LED),5, 12 field-effect transistors,13, 14 solar cells15 and chemosensors.16 

Among those applications, chemosensing is experiencing a rapid growth in the past few 
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years. A large part of this is driven by the need in the fields of medical diagnostics, 

environmental monitoring and toxicological analysis. 

Generally speaking, a sensor in analytical chemistry is commonly defined to be a 

chemical indicator that produces a signal indicative of the presence of a target analyte.17 

Consequently, CP has been demonstrated to be a versatile chemosensor, since their 

color (colorimetric),18 emission (fluorometric),16 conductivity (conductometric)19 or redox 

potential (potentiometric)20 changes upon analyte binding. The diversity or variety in the 

CP sensor type is a result of amplified signal response due to the efficient coupling 

between optoelectronic segments21, 22 and the rapid transport of electronic excitations 

governed by the nature of conjugation.16 

 
Figure 1-1. Structures of commonly used conjugated polymers. 

 
Conjugated Polyelectrolytes (CPE) 

Conjugated polyelectrolytes (CPEs) are water-soluble conjugated polymers 

characterized by -conjugated backbones with various ionic side groups, such as 
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sulfonate (SO3
−),23, 24 carboxylate (CO2

−),25
 phosphonate (PO3

2−)26
 and quarternary 

ammonium (NR3
+),27, 28

 either branched 25, 28
 or linear.23, 24, 27, 29 CPEs possess not only 

attractive electrical or optical properties, but also charge interaction ability and solvent-

dependent self-assembly. These features satisfy the requirement of sensor applied in 

the biological system or aqueous solutions.  

The intrinsic amphiphilic nature of CPEs offers them various conformations in 

aqueous solution. For example, the meta-lined PPE with more than 4 repeat units tends 

to form helical structure in aqueous solution.23, 30 para-Linked PPEs with linear ionic 

groups undergo spontaneous aggregation in water,24, 29, 31 while some CPEs with high 

charge density, e.g., with branched ionic side chains, remain single polymer chain in 

water. The charge and structure nature of CPE facilitates the ability to control the 

distance and the strength of interaction between CPE and other ionic species. For 

instance, a rhodamine labeled ligand compound with net positive charge was found to 

intercalate into the helix of an anionic meta-linked PPE, forming a ligand functionalized 

complex.30 Pyrophosphate (PPi) was demonstrated to induce aggregation of a 

monodisperse cationic poly(phenylene-ethynylene) with dendritic polyamine side chains 

through binding between the PPi and amine ligands in water.28 CPEs are able to form 

complexes with oppositely charged surfactants via Coulombic attraction, which results 

in dramatic and tunable changes in both geometric conformation and optical properties 

of CPEs.32 It was also found from the optical aspect that proteins can modify the 

geometric conformation of CPEs via “non-specific” interactions.33, 34 The change in the 

chemical or physical properties of CPEs induced by other species provides a platform 

for sensor applications of these materials. 
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Figure 1-2. Normalized absorption and emission spectra of perylene in benzene with 

corresponding electronic energy diagram. Adapted with permission from 
Lakowicz, J. R.35 

Fluorescence Quenching and Stern-Volmer Plot 

Fluorescence is the light emitted by a fluorophore after absorbing energy from 

excitation electromagnetic radiation, e.g., light. It occurs as the molecules relax from 

higher electronic singlet states. At each of the electronic energy levels there are several 

vibrational energy levels. The fluorophores can stay in a lower vibrational energy level 

through vibrational relaxation.35 A typical absorption and emission spectra of an organic 

fluorophore with corresponding energy level diagram, is shown in Figure 1-2. The 

excited molecules usually relax to a lower vibrational state, so their fluorescence bands 

are shifted to wavelengths that are longer than the original band. This shift is termed the 

Stokes shift. A large Stokes shift can help to separate the excitation light and emission 

light. Usually, the average time a molecule spends in the excited state prior to return to 

the ground state is called lifetime (). The lifetime can be detected through a time 

correlated single photon counting (TCSPC) coupled fluorescence lifetime spectrometry 

and it has been used to analyze the physical state of the fluorophore as well as related 
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chemical reaction.35 The way to characterize the emission efficiency of a fluorophore is 

to measure its quantum yield (fl), which is the number of emitted photons relative to the 

number of absorbed photons.35 

The absorption and emission spectra of some species change upon the change of 

surrounding chemical environments. For instance, the spectra of fluorescein, which is a 

synthetic organic compound available as a dark orange/red powder soluble in water, is 

pH-sensitive over the range of 5 to 9 as shown in Figure 1-3.36 By making use of this 

property, its absorption and emission efficiency at a certain wavelength can be carefully 

tuned to achieve some particular purpose, which is applied in Chapter 2.  

 
Figure 1-3. The pH-dependent absorption and emission spectra of fluorescein. 

Reprinted with permission from Invitrogen.36 

Fluorescence quenching, which refers to any process (fluorescence resonance 

energy transfer, electron transfer, intersystem crossing due to heavy atom effect, etc.) 

that reduces the fluorescence intensity of a fluorophore, is an important process that 

has been well utilized in many applications, especially in biosensors. Quenching can 

occur from many different mechanisms, among which, two mechanisms-dynamic and 

static quenching-are quite important and commonly seen. Dynamic quenching, also 

termed collisional quenching, occurs when the excited-state fluorophore is deactivated 

upon colliding with some other molecule, i.e., quencher, in solution. It is a diffusion-
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limited process since the quencher must come into contact with the fluorophore, 

obtaining the energy of emitting photon within the lifetime of fluorophore at excited state. 

This results in the fluorophore returning to the ground state without emission of a 

photon. Static quenching occurs due to formation of a non-fluorescent ground-state 

complex by the fluorophore and the quencher. Quenching occurs in the ground state 

(Figure 1-4).35 

To qualify or quantify a quenching process, a Stern-Volmer (SV) plot and its slope, 

named Stern-Volmer constant    , is normally employed. The SV equation is expressed 

as follows, 

 
  

 
      [ ] (1-1) 

where   and   are the fluorescence intensity without and with quencher at a specific 

wavelength, usually the emission maximum of the fluorophore. [ ] is the quencher 

concentration. In the simplest case, the plot is a straight line that has an intercept at 

  

 
   with      , i.e.,     .  In the situation of dynamic quenching mechanism, 

          , where    is the bimolecular quenching rate constant (unit       ) and 

  is the decay lifetime of the fluorophore (unit s).    is so called dynamic constant (unit 

   ). In the other case of static quenching mechanism,             , where the latter 

term is the association constant for formation of the fluorophore-quencher complex. 

There is a simple way to distinguish dynamic and static quenching process by observing 

the slope change of SV plot upon increasing experimental temperature. Due to the 

diffusion-dependent property of dynamic quenching, an increase in temperature will 

enhance quenching-the higher temperature, the more collision occurs-the     thus 

increases. While in the other side, higher temperature will cause dissociation of 
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fluorophore-quencher complex, resulting in fluorescence recovery. A decrease in the 

slope of SV plot is observed (Figure 1-4). 

Sometimes, an upward-curved SV plot appears, especially, when a large amount 

of quencher is added into the system. This non-linear plot is the results of combination 

of static and dynamic quenching effect. It can be described as follows: 

 
  

 
      [ ]          [ ]   (1-2) 

This phenomenon is frequently observed for CPE quenching study, where the effect is 

named “superlinear quenching”.37, 38     is obtained by applying Equation 1-1 in fitting of 

the SV plot at low [ ], where the plot is still linear. 

 
Figure 1-4. Mechanism and Stern-Volmer plot of A) collisional quenching and B) static 

quenching (right). F0 and F are the same as I0 and I described in the text. 
Reprinted with permission from Lakowicz, J. R.35 

Generally,     reflects the quenching ability of the quencher on fluorophore, or, 

from a sensing aspect, it represents the sensitivity of a sensor/probe (fluorophore) 

against the analyte (quencher). A larger     indicates that the sensor exhibits greater 

response when exposed to the analyte. Another way to think of the Stern-Volmer 
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constant is that its inverse (1/   ) is the concentration of analyte (quencher) producing 

50% quenching on sensor molecule. 

 
Figure 1-5. Schematic representation of the FRET spectral overlap integral and energy 

diagram. Adapted with permission from Lakowicz, J. R.35 

Fluorescence Resonance Energy Transfer 

One of the important quenching processes is fluorescence resonance energy 

transfer (FRET), also named Förster resonance energy transfer. This process occurs 

whenever the emission spectrum of a fluorophore, called the donor, overlaps with the 

absorption spectrum of another molecule, called the acceptor (Figure 1-5). A donor 

chromophore, initially in its electronic excited state, transfers energy to an acceptor 

chromophore at ground state through nonradiative dipole–dipole coupling with little 

emission from the donor. If the acceptor is fluorescent, the emission belonging to the 

acceptor is observed. The efficiency of FRET is dependent on the inverse sixth power of 

the intermolecular distance, making it sensitive to detect the molecular proximity and 
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interaction between donor and acceptor.39 This strategy has been fully utilized in the 

biological sensor development,40 such as molecular beacon DNA probe.41 

Amplified Quenching and Molecular Wire Effect 

The term “amplified quenching” in fluorescent conjugated polymers was first 

proposed by Zhou and Swager.42 Their classic paper published in 1995 shows that a 

PPE featuring a number of crown-ether type functional groups, is quenched by the 

methyl viologen (MV2+, Figure 1-6) 50 - 100 fold more efficiently compared to a small 

molecule featuring only one repeat unit with one crown-ether of PPE (Figure 1-6). The 

    value for the polymer was ~105 M-1 whereas that for the small molecule counterpart 

was ~103 M-1. The authors explained that the conjugated polymer resembles a 

molecular wire, along which the exciton, a quasiparticle that delocalizes at the excited 

state, is smoothly diffusing until it encounters the first electron-accepter MV2+ that binds 

efficiently to the crown-ether portion. So that one single MV2+ can adequately quench a 

large number of exciton producers, creating the amplified quenching event. This also 

gave rise to the concept “molecular wire” effect as shown in Figure 1-7. 

 
Figure 1-6. Schematic illustration of amplified fluorescence quenching of a conjugated 

polymer by MV2+. Reprinted with permission from Zhou, Q., et al.42 
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Figure 1-7. Illustration of the molecular wire. Adapted with permission from Zhou, Q. et 

al.42  

A few years later, Whitten and co-workers discovered that very efficient amplified 

quenching occurred to an anionic poly(phenylene vinylene) CPE (MPS-PPV, Figure 1-8) 

when mixed with the oppositely charged MV2+ electron acceptor.43 The ion-pairing 

between the CPE and quencher ion mediates the photoinduced electron transfer, so 

that the exciton transporting within the CPE single chain, or clusters due to aggregation, 

can be efficiently and immediately trapped by the electron-deficient MV2+, resulting in 

quenching amplification.  The reported     is 1.7 × 107 M-1, which is nearly six orders of 

magnitude greater than that for stilbene, which has the similar structure with that of PPV 

monomer. Subsequent to the Whitten paper, a number of groups quickly showed that 

the amplified quenching effect is general when fluorescent CPEs are quenched by 

oppositely charged ions.24, 37, 44 In 2008, Schanze and coworkers31 conducted an 

investigation on the effect of length of CPE (PPE-CO2, Figure 1-9) on the quenching 

efficiency of a monovalent quencher methyl viologen (MV+) in methanol. They 

synthesized a series of PPE-CO2 with various repeat unit number (n = 7, 13, 35, 49, 
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108) and these polymers are believed to be molecularly dissolved in the methanol. The 

quenching study shows that for low and moderate CPE polymerization degree, the     

systematically increases as polymers chain extend, saturating at a value of ~40 polymer 

repeat units (Figure 1-9), which suggests that a singlet exciton is able to effectively 

migrate a PPE chain with length of ~80 phenylene ethynylene units during its lifetime.  

 
Figure 1-8. Absorption and fluorescence spectra (excited at 500 nm) of MPS-PPV (1.7 × 

10-5M in monomer repeat units) in water in the presence (dotted line) and 
absence (solid line) of MV2+ (1 × 10-7 M). Reprinted with permission from 
Chen, L. H., et al.43 

 
Figure 1-9. Structure of some polymers that used in the text. 
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Figure 1-10. Stern-Volmer plots of a series of PPE-CO2 with [MV+]. Reprinted with 

permission from Zhao, X. Y., et al.31 

 
Aggregation of Conjugated Polyelectrolytes 

One important property of CPEs is their self-assembly in various environments. 

Due to its highly hydrophobic rigid backbone and hydrophilic ionic side chains, CPEs 

tend to aggregate in polar solvents via - stacking interaction between the phenyl 

groups while remaining soluble. Once aggregated, the absorption and emission spectra 

are changed because the inter-chain conjugation has much lower energy state than that 

of the intra-chain conjugation. A red-shift in both absorption and emission bands is 

observed. In 2010, Zhao and Schanze28 reported that PPi, a anionic biomolecule, can 

greatly induce aggregation of a cationic PPE with dendritic ammonia side chains (PPE-

dNH3, Figure 1-11B). The absorption of PPE was dominated by a 430 nm instead of 400 

nm (Figure 1-11A left). Attenuation in the emission intensity and a change from a sharp 

fluorescence peak at 430 nm to a broad band around 520 nm indicate that the polymer 

is undergoing a transform from “free polymer chain” to “aggregated polymer” (Figure 1-

11A right).  A blue-to-green color transition, which corresponds to the switch from non-
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aggregation to aggregation state, can be directly observed by eye under the UV 

illumination (insert in Figure 1-11A). 

 
Figure 1-11. A) Absorption and fluorescence spectra of PPE-NH3 with increasing [PPi]. 

Inset: fluorescence emission of the solution before and after the addition of 
PPi. B) Structure of PPE-dNH3 and PPi. Reprinted with permission from Zhao 
X. Y., et al.28 

It is well evident that aggregation of CPEs will significantly influence the 

fluorescence quenching process. Whitten and co-workers43 found that MPS-PPV is ion-

paired with the quencher MV2+ to form a crosslinked structure, which allows the inter-

chain exciton migration and trapping. Due to the dual function of the viologen in the 

quenching process, the quenching efficiency of MV2+ is greatly enhanced. Upon 

calculation, a single quencher MV2+ can quench ~1000 repeat units of MPS-PPV. Based 

on the amplification factor reported by Schanze (~80 phenylene ethynylene repeat unit 
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per quencher) for a single polymer chain, the huge value 1000 was the result of the 

combined effect of intra-chain and inter-chain electron transfer (Figure 1-12). 

 

Figure 1-12. Illustration of amplified quenching by oppositely charged quencher in A) 
non-aggregated CPE B) aggregated CPE. Reprinted with permission from 
Tan, C. Y., et al.45 

A superlinear phenomenon on the SV plot was reported by Heeger and Bazan.37, 

38 When a large amount of MV2+ was added into the polymer solution, an upward 

deviation was observed in the high [quencher] range in SV plot (Figure 1-13). They 

explained this property as a “sphere-of-action” quenching model.46  That is when a 

quencher is within the quenching sphere, the quenching of fluorophores by the 

“apparent static” quencher is at nearly 100% efficiency. The tendency for ion-pairing 

between the fluorophores and quencher through electrostatic attraction enhances the 

local concentration of quencher around the large space that the polymer occupies. So 

there is always a quencher ion within a charge transfer distance, i.e., “sphere-of-action” 

of the polymer, leading to the superlinear quenching process. The higher the quencher 

concentration, the more pronounced this phenomenon. 
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Figure 1-13. Structure of MV2+ and MBL-PPV and Stern-Volmer plot for MBL-PPV 
quenched by MV2+ with [MV2+] from 1×10-8 to 1× 10-7 M. Inset: the same plot 
extended to higher MV2+ concentrations (from 1 ×10-8 to 4.3 ×10-7 M). 
Reprinted with permission from Eftink, M. R., et al.34 

 

Figure 1-14. Quenching of 10 M PPE-CO2
 - emission by MV2+ in water (■) and in 

methanol with 0 M (□), 2.5 M (○), 5.0 M ( ), 7.5 M (Δ), or 10.0 M ( ) 
CaCl2. Reprinted with permission from Jiang, H., et al.47 

The superlinear SV plot was also found in the aggregated polymer quenching 

system as reported by Schanze and coworkers in 2006.47 It was uncovered that addition 
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of a certain amount of Ca2+ into the anionic carboxylate CPE (PPE-CO2) in methanol 

could greatly enhance the quenching efficiency of MV2+. The key mechanism is Ca2+ 

could induces aggregation due to its capability for effectively cross-linking PPE-CO2 

chains by complexing with the carboxyl-side groups belonging to two adjacent polymer 

chains. The superlinear property of SV plot was observed in the plots and it is more 

pronounced when more calcium ions participate (Figure 1-14). 

Environmental Effect on the Conformation of CPE 

From above description, it is easy to understand that the solvent has much effect 

on the conformation change of CPE. In 2002, Schanze and coworkers24 reported that 

an anionic PPE (PPE-SO3, Figure 1-9) exists as single polymer chain in methanol, 

where its fluorescence properties (sharp emission peak, short lifetime, high quantum 

yield) are very similar to those it exhibits in good solvents (Figure 1-15). However, the 

quantum yield decreases substantially, accompanied by the appearance of a new broad 

emission band with low intensity and longer wavelength in a H2O/MeOH (1:1) solvent. In 

pure water, PPE-SO3
 features a broad peak in the fluorescence spectrum and a 

relatively low quantum yield. The longer lifetime is observed at longer wavelength. The 

entire change suggests that aggregation occurs in the system. The very broad band 

indicate the inter-chain interactions induced by the polar solvent, i.e., H2O, which is 

presumably due to -stacking between rigid polymer backbone, leading to a relatively 

“ordered” three dimension (3D) structure of the CPE. This statement can be supported 

by the red-shift and narrowing of the absorption peak as the portion of water in the 

mixture increases, consistent with the features appeared in the absorption spectrum 

when a polymer has a higher structure order and longer conjugation length.48-50  
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Figure 1-15. Absorption (left) and fluorescence (right) spectra of PPE-SO3 in MeOH (—
), (1:1) H2O-MeOH (--), and H2O (-••-). Fluorescence spectra were measured 
with excitation at 400 nm and normalized according to relative quantum yield. 
Reprinted with permission from Tan, C. Y., et al.24 

 

Figure 1-16. Solvent effect on the aggregation state of CPE. Adapted with permission 
from Tan, C. Y., et al.45 
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In the polar solvent, the hydrophobic backbone of CPE has the tendency to stack. 

The ordered structure has lower surface energy, so that a well-arranged aggregation is 

favorable for CPE to remain soluble and stable in the water. A more optimized situation 

will be the polymer chains align with their long axes parallel, keeping the phenyl rings 

nearly co-planar (Figure 1-16). The structure is stabilized by the - stacking interaction 

and polar functional groups. 

The above examples are based on the linear linked PPE. How about the solvent 

effect on the structure of meta-linked PPE? In the late 1990s, Moore and co-workers51-53 

demonstrated that meta-linked oligo(phenylene ethynylene)s (OPEs) that are 

substituted with oligo(ethyleneoxy) side chains self-assemble into a helical conformation 

in a poor solvent such as acetonitrile. The structure of an OPE and a simulation model 

created by computer explaining the transition of its conformation in different solvents are 

shown in Figure 1-17. This conformational transition is further studied by fluorescence 

and absorption spectra. The changes in the spectra for the OPE in solvent titration 

experiment (vary the composition of polar and non-polar solvents or vary the polarity of 

solvent) resemble that of quenching or aggregation process, which features excimer-like 

band in fluorescence emission (Figure 1-18). The observed phenomena are expected to 

arise from the backbone’s intra-molecular - stacking interaction as shown in the 

bottom cartoon of Figure 1-18. Moore and co-workers also demonstrated that formation 

of the helical conformation is a cooperative effect, requiring a minimum number of 10 

repeat units (one phenylene and one ethynylene unit) in the OPE chain before the 

process becomes thermodynamically favored.51 
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Figure 1-17. Structures of OPEs studied by Moore’s group and a space-filling model 
showing the conformational equilibrium for OPE of length n = 18. Side chains 
are not shown for clarity. Reprinted with permission from Prince, R. B., et al.51 

 

Figure 1-18. A) Normalized emission spectra of OPE in various solvents. Insert: 
absorption spectra. B) Structure of OPE and cartoon for coil-helix transition 
process. Reprinted with permission from Lahiri, S., et al.53  
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Other than solvent type, the pH of solution also affects the conformation of CPEs. 

Schanze and coworkers26 have investigated the photophysical changes of an anionic 

phosphonate-substituted PPE (PPE-PO3, Figure 1-9) in the solution with various pH.  

As the pH decreased from 12.0 to 7.5, the absorption spectrum undergoes a red shift by 

35 nm. At pH 11.0, the fluorescence spectrum has a maximum peak at 447 nm, which 

becomes very broad and red-shifts to 518 nm at pH 7.5. The quantum yield also 

decreases from 0.05 to 0.03. All the phenomena indicate that the CPE undergoes 

aggregation due to the decrease in pH which would result in partial protonation of the 

phosphate side chains. This process consequently reduces the overall negative charge 

density on the polymer backbone and diminishes the repulsion between different chains 

that hinders polymer-polymer association. 

Sensing Assay Development of CPEs 

In the past decade, CPEs have been developed as sensitive fluorescence-based 

sensors16, 54 for metal ions,55, 56 small molecules,57 and biomacromolecules (proteins,43, 

58 enzymes,59-62 DNA63-66). The high sensitivity of this type of sensor benefits from the 

intrinsic fluorescence signal amplification that results from the electronic delocalization 

and inter- or intra- chain exciton migration. In general, there are several mechanisms for 

CPE-based sensing, including photoinduced electron transfer (charge transfer 

mechanism), energy transfer (FRET), and conformational change. 

Small Ions/Molecules Sensing 

For environmental and biological interests, small molecules like heavy metal ions, 

small organic molecules which are usually toxic hazards or dangerous, require highly 

sensitive and real-time detection. The following section will provide detailed examples 

for metal ions and small molecules sensing by CPEs. 
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Metal ion sensing 

 

 

Figure 1-19. Schematic illustration of Hg2+-induced agglutination of the h-PPE-CO2 
/papain complex. Reprinted with permission from Kim, I. B., et al.67 

From the above discussion, we can see that electron-deficient ions can act as an 

efficient quencher due to the electron-transfer quenching process. Meanwhile, many 

metal cations, especially multivalent ions are capable of crosslinking adjacent CPE 

chains by chelation or multi-binding interaction, which spontaneously induces 

aggregation and alters the photophysical properties of a CPE. Based on this strategy, 

many CPE based metal ions sensors have been successfully designed and developed. 

For example, in 2005, Bunz and coworkers designed a highly sensitive and selective 

sensor for lead ions in water by making use of the multivalent interactions between the 

carboxylate group on the CPE with the target ion. The presence of Pb2+ is signal by the 

amplified quenching of a homo carboxylate-substituted poly(phenylene ethynylene) (h-
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PPE-CO2, Figure 1-9), which is dissolved as single polymer chains in aqueous solution 

due to the high negative charge density on the side chains. A set of different divalent 

metal ions including Ca2+, Zn2+, Hg2+, Mg2+, Pb2+, Cu2+ and Mn2+ were tested 

individually on the polymer in pH 7.2 buffer system. Pb2+ has the overwhelming     

values ~8.8×105M-1 with at least 10 fold higher sensitivity than other ions. This high 

quenching efficiency is attributed to the electron transport properties of the CPE and the 

simultaneous bonding between the cation and carboxylates on polymer chains. Then, 

the same CPE was applied in another sensing project for mercury ion by the same 

research group. In this sensing strategy, a positively charged protein papain, known to 

bind to Hg2+ through sulfhydryl groups,67 is added into the polymer solution and form an 

electrostatic complex with h-PPE-CO2 (Figure 1-19). Only in the presence of Hg2+, the 

complexes are more prone to agglutinate and even precipitate at high [Hg2+], resulting 

in weak or no emission for h-PPE-CO2. 

The biomolecule mediated strategy was also employed in the development of a 

potassium ion sensor. In 2004, Leclerc and coworkers68 demonstrated that a CPE/DNA-

based aptamer complex has superior sensitivity towards K+ in aqueous solution. They 

synthesized a cationic CPE, a polythiophene (PT), which is able to couple with anionic 

DNA to form a more planar, potentially aggregated complex. The aptamer was 

intentionally selected so that it can form a quadruplex in the presence of K+. After 

addition of CPE to the aptamer/K+ system, the polythiophene displayed a conformation 

wrapping over the adduct formed by quadruplex aptamer and K+ (Figure 1-20A). The 

absorption peak locates in between that of free and aptamer-coupled CPE in the 

spectra (Figure 1-20B). The chromatic change corresponding to the conformational 
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change on CPE can be observed directly by eye. This smart strategy has been further 

applied by Wang and coworkers69 in a new ssDNA mediated K+ sensor by introducing in 

the FRET mechanism, which has been reported in  2005. 

 

Figure 1-20. A) Sensing strategy for aptamer mediated CPE based K+ sensor. B) 
Absorption spectra and visible colors of polythiophene mixed with different 
ions. Reprinted with permission from Ho, H. A., et al.68 

Small molecule sensing 

Besides metal ions, many CPE based sensors have been designed for other small 

molecules, especially biomolecules. Water solubility of CPEs makes them applicable in 

the biological system. In 2002, Schanze and coworkers70 developed a sugar sensor by 

making use of the high quenching ability (    = 2.8 × 107 M-1) of a boronic acid 

functionalized benzyl viologen, p-BV2+, on an anionic CPE PPE-SO3 (Figure 1-9). Upon 

the addition of sugar molecules, the strong association between p-BV2+ and PPE-SO3 is 

hindered since the sugar molecules can react with the viologen to produce a charge 

neutral bisboronate derivative that barely has quenching ability on the CPE (Figure 1-

21A). A remarkable fluorescence recovery is observed for CPE. Particularly, a 50-fold 
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increase in intensity is detected for the CPE upon the addition of 10 mM D-fructose, 

which is significantly higher than that of D-galactose and D-glucose (Figure 1-21B).  

This “turn-on” sensing strategy was further applied in the PPi sensor developed by 

Schanze and co-workers.71 The metal ion Cu2+ is coupled with the PPE-CO2 (Figure 1-

9) to form a quenched system at the beginning. Upon the addition of PPi, a more stable 

PPi/Cu2+ complex is created, which sequesters the Cu2+ from the CPE, turning on the 

fluorescence of polymer. 

 

Figure 1-21. A) Interaction between p-BV2+ and sugar. B) Fluorescence recovery 
titration curves against three sugars. Reprinted with permission from 
DiCesare, N., et al.70 

In addition to the examples described above, there are many other types of 

sensors developed for small molecules, including adenosine triphosphate (ATP),72 

hydrogen peroxide(H2O2),
73 antioxidants,74 Fe(CN)6

4-,44 and Ru(phen)3
4- ((phen)=4,7-

bis(4-sulfophenyl)-1,10-phenanthroline).44 
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DNA Sensing 

Deoxyribonucleic acids (DNAs) play essential roles in genetic and epigenetic 

researches. As a special information carrier with stable and well-ordered 

macromolecular structure, DNA is recognized as a key target for the diagnosis of cancer 

and disease as well as the detection of bacteria and virus. To develop in vitro DNA 

sensors or probes, the general way for recognition of target DNA sequence lies on 

hybridization between DNA sequences, which is signaled typically through electrical, 

magnetic, or optical responses. 

 

Figure 1-22. Photographs, possible structure and UV-Vis absorption spectra changes 
for the PT based DNA sensor: a) PT alone, b) PT/ssDNA duplex, c) 
PT/dsDNA triplex, d) PT/ssDNA plus a complementary target with a two-base 
mismatch, and e) PT/ssDNA plus a complementary target with a one-base 
mismatch after five minutes. Reprinted with permission from Ho, H. A., et al.75 

CPE based DNA probe, particularly, when it is labeled on the DNA or 

“heterohybridized” with a DNA sequence has been well developed in the past decade.  

Among the research groups working toward CPE-based DNA sensing, Leclerc group is 
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the pioneer who initially developed ultrasensitive polythiophene (PT)-based DNA 

sensors that achieve a zmol sensitivity.75  Driven by electrostatic attraction, the cationic 

PT undergoes a conformational transition from a random coil to a twisted planar 

conformation complexing with single strand DNA (ssDNA), forming a so-called “duplex”. 

The 143 nm red shift in absorption spectrum affords the CPE colorimetric sensing ability: 

the yellow-red transition can be directly distinguished by naked eye. Interestingly, if the 

complementary target ssDNA is further added into the duplex system at high 

temperature, the color of sample turns back to yellow and a blue shift of the absorption 

peak is observed after 5-minute incubation. This change is attributed to the formation of 

“triplex” between PT and dsDNA and the loose structure of PT is more like the random 

coil. When two-base mismatch or one-base mismatch complementary ssDNA is added 

to the duplex solution, a color of orange, in between red and yellow, is observed, which 

corresponds to the intermediate state of tight and loose binding for the complex due to 

incomplete hybridization. All those changes are quantitatively detectable through the 

absorption spectra as shown in Figure 1-22.  

They further incorporated the FRET mechanism in the design by conjugating the 

dye molecule onto the end of probe ssDNA.75 Distinction between the triplex and duplex 

can be achieved by comparing the FRET efficiency under two circumstances: more 

emission of the dye molecule can be observed for triplex which is possibly due to the 

higher quantum yield of PT in non-aggregated state. Non-complementary or 

mismatched ssDNA is also distinguishable and this turn-on sensor has a detection limit 

as low as 3 zM toward target ssDNA. The strategy that combines PF with FRET also 

inspired Bazan and Wang. They have successively reported a number of applications 
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such as detection of DNA mismatch, single nucleotide polymorphism (SNP), DNA 

methylation, gene regulation, etc.76, 77 Moreover, Bazan and co-workers78 improved the 

method to a two-step energy transfer by introducing in ethidium bromide (EB), which 

can intercalate into the helix dsDNA and become emissive. Thus the dye molecule on 

the probe ssDNA acts as a convertor for energy dipole moments, bridging the polymer 

and EB. Hence, the non-specific interaction between non-complementary or 

mismatched DNA and duplex probe will not cause interference. 

 

Figure 1-23. Schematic illustration of DNA detection by CPE labeled molecular beacon. 
Reprinted with permission from Yang, C. Y. J., et al.79 

A covalent conjugate between a molecular beacon (MB) and CPE was first 

reported by Tan and Schanze.79 As illustrated in Figure 1-23, this sensing strategy 

employs a sulfonated PPE as fluorescent probe and Dabcyl (Dabcyl = 4-(4-

(dimethylamino) phenylazo) benzoic acid) as quencher. It has a rapid response (at 

second time scale) to the presence of target DNA, which simultaneously stretches the 

hairpin-like DNA strand and disrupts the quenching process, in the regular hybridization 

buffer solution. The advantage of this sensor lies in its resistance to both ionic strength 

and surfactant effect, by increasing which, the nonspecific interactions, such as 

electrostatic and hydrophobic interactions between the target DNA and CPE chain, are 
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effectively diminished. The molecular beacon device was further developed by Kim’s 

group.80 The anionic CPE structure was optimized by introducing pendant 

polyethynylene glycol (PEG) groups to avoid aggregation of the CPE under higher ionic 

strength conditions and increase the quantum yields in aqueous solution. Dabcyl-

labeled DNA sequences were conjugated to both ends of the CPE to generate a device 

with a stoichiometric ratio of [Dabcyl]:[CPE] as 2:1. This method also shows its 

capability of distinguishing single-base mismatched DNA from target DNA at the same 

concentration. 

Protein/Enzyme Activity Sensing 

Proteins are essentially involved in almost every process within cells and the 

constitution of organisms. A large number of proteins are various types of enzymes that 

catalyze tens of thousands of reactions that are vital to maintaining life. Some proteins 

also are important components in muscle, blood, skin, cartilage, and bones. Others 

participate in cell signaling, molecular recognition, cellular communication, and gene 

expression.81 Therefore, identification or recognition of proteins is highly important to 

medical diagnostics or clinical research.82-85 A great number of methods or strategies 

have been developed in the past decades including electrochemistry,86 Raman,87 flow 

cytometry,88 fluorescence immunoassay,89 and mass spectrometry.90 However, the 

requirement for sophisticated instrumentation and proficient manipulation limits their 

broader application.  The method combining sensitivity, simplicity and economy is still 

highly demanded. 

CPE based protein sensing methods have drawn much attention throughout the 

past years.16, 54, 91-94 The following discussion will be divided to two sensing categories: 



 

52 

protein and enzyme sensing. Each category has models representing the different 

mechanisms of energy transfer, electron transfer and conformation change. 

Protein sensing by CPE based sensor 

The “quencher-tether-ligand” (QTL) model is among the earliest CPE-based 

protein sensing assays by making use of the electron transfer superquenching property 

of CPEs.43, 54 It was well discussed in the previous section that MV2+ is a remarkably 

efficient CPE quencher. A biotin-MV2+, which has a flexible tether in between biotin and 

MV2+ (Figure 1-24), was used in the sensing strategy as shown in Figure 1-25. This 

ligand-quencher conjugate displays net positive charge and forms the complex with 

anionic MPS-PPV (structure shown in Figure 1-8) via electrostatic attraction, quenching 

the fluorescence of MPS-PPV with similar quenching efficiency as that of non-labeled 

MV2+. Avidin, which has four biotin binding sites with extremely high binding affinity (   

~1015 M),95 is added into the MPS-PPV/biotin-MV2+ system. The stronger interaction 

between biotin and avidin allows the formation of a more stable complex, causing the 

former CPE/quencher complex to disassociate. A significant increase of the polymer’s 

fluorescence is observed, even at low concentration of avidin (100 nM). This strategy 

paved a new way for development of CPE-based protein sensing methods by using the 

QTL model. The dequenching or “turn-on” based sensing strategy has been further 

extended in other sensors by many researchers.60-62 

Besides the QTL based sensing model, another sensing strategy that utilizes the 

direct quenching property of some special proteins has emerged.58, 68, 96, 97 Usually, 

those proteins have an electron deficient center, such as heme moiety, which acts as an 

electron acceptor center like metal ions. Although the direct sensing methods lack the 
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exclusive specificity as antigen-antibody type, they are much simpler and labor-saving 

by averting the need for additional ligand design or modification. 

 

 

 

Figure 1-24. Chemical structures of quenchers or ligands. 

 

 

 

Figure 1-25. Whitten’s quencher-tether-ligand based “turn-on” strategy for avidin 
sensing. Reprinted with permission from Chen, L. H., et al.43 
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Figure 1-26. Schematic description of the specific detection of human -thrombin by use 
of ssDNA thrombin aptamer and cationic polymer. Reprinted with permission 
from Ho, H. A., et al.68 

Analogous to the sensing strategy for K+ discussed in the previous section, a 

sensing method for the human -thrombin utilizing the same polythiophene and ssDNA 

thrombin aptamer was developed by Ho and Leclerc in the same report.68 As shown in 

the Figure 1-26 Path A, the thrombin aptamer forms a quadruplex structure upon 

binding to the human -thrombin. The electrostatic attraction between the cationic 

polythiophene and anionic DNA forces the polymer to wrap over the quadruplex, 

altering the conformation of polymer. De-aggregation of the polymer can be easily 

monitored through its photophysical properties change-a blue shift in absorption 

spectrum and an emission intensity increase in fluorescence spectrum. The high 

selectivity is demonstrated with no signal detectable when non-specific protein or 
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ssDNA is added. The same strategy has been applied to detect the protein calmodulin 

(CaM) later by Nilsson and coworkers.98 

Enzyme activity sensing 

One of the most commonly used sensing strategies for enzymes incorporates the 

well-defined QTL model into the sensing scheme. By coupling an enzyme substrate with 

the quencher and mixing with CPEs, the presence of a target enzyme can be signaled 

by fluorescence quenching (turn-off) or dequenching (turn-on) modes.
60-62

 

 

Figure 1-27. Mechanism of the ‘‘turn-on’’ and ‘‘turn-off’’ CPE-based sensors. Reprinted 
with permission from Pinto, M. R., et al.61 

In 2004, Schanze and co-workers established two typical “turn-on” and “turn-off” 

approaches to detect protease activity.61 Commercial available fluorescence quencher-
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tether-substrates were used in two strategies. Two p-nitroanilide (p-NA) labeled peptide, 

L-Lys-p-nitroanilide dihydrobromide (K-pNA, Figure 1-24) and N-benzoyl-Phe-Val-Arg-p-

nitroanilide hydrochloride hydrate (Bz-FVR-pNA, Figure 1-24), are the substrates of two 

enzyme peptidase and thrombin, respectively. In the “turn-on” approach (Figure 1-27 

upper), since the two p-NA labeled substrates display net positive charge, they ion-pair 

with the anionic sulfonated PPE (PPE-SO3, Figure 1-9). The p-NA moiety strongly 

quenches the fluorescence of the polymer even at nanomolar concentration through the 

amplified quenching mechanism. The addition of peptidase or thrombin to the system 

causes peptide hydrolyzed, cleaving the p-NA apart from the peptide, and leaving the p-

NA with no charge. The fluorescence of the polymer is recovered due to the lack of 

association between the neutral quencher and polymer. 

The “turn-off” approach (Figure 1-24), comprises another anionic CPE, PPE-CO2, 

(Figure 1-9) with a non-emissive peptide-derivative rhodamine substrate (Rho-Arg2, 

Figure 1-24). The mixture is first excited at 400 nm and emits strongly around 470 nm. 

The Introduction of proteolytic enzyme papain, which catalyzes the hydrolysis reaction 

of the peptide, separates the rhodamine and peptide segments, restoring the emissive 

property of rhodamine. The decreasing of the fluorescence of the polymer as well as the 

appearance of a second fluorescence peak at 515 nm is attributed to the singlet–singlet 

energy transfer from PPE-CO2 to Rho-Arg (Figure 1-24), which has an emission peak 

around 515nm, giving rise to a “turn-off” sensing strategy for papain (Figure 1-27 

bottom). The detection limit for this enzyme is evidenced to be 3.5 nM. This strategy 

successfully introduced in the fluorescence resonance energy transfer (FRET), paving 

another way for enzyme sensing. In addition, several groups have developed a new 
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FRET-based enzyme sensing strategy by just simply substituting the quencher 

discussed in the “turn-on” strategy with a fluorophore as an energy acceptor.99-101 In 

sum, these two sensing strategies establish a novel platform for sensitive detection of 

enzymes, motivating the development of a variety of similar CPE based enzyme-

cleavage involved sensing methods.60, 62, 102, 103  

Another attractive strategy appearing recently is natural enzyme substrates based 

model.102, 104, 105 Instead of sophisticated designing or labeling a substrate, it applied the 

naturally existing substrate directly into sensing assay. By utilizing the interaction 

between the substrate and a common quencher or CPE itself, the photophysical 

properties of CPEs can be altered significantly, displaying either “turn-on” or “turn-off” 

response. 

Very recently, Liu and co-worker reported a “turn-on” assay by using the natural 

substrate Cytochrome c (Cyt c), in conjunction with an anionic poly(fluorene-co-

phenylene) (PFP-CO2), to detect protein trypsin activity.102 Naturally cationic Cyt c is an 

electron-deficient heme-containing protein, holding superquenching property. Thus it 

can be regarded as a natural quencher-ligand and utilized in the “turn-on” mode 

following the first path in Figure 1-27. The enzyme trypsin was reported to digest Cyt c 

(isoelectric point, pI = 10.5)  into more than 15 fragments,106 among which the metal-

containing heme peptide fragment, responsible for the quenching effect in Cyt c, has a 

reduced pI = 7.1 (based on an online peptide pI calculator107). In the pH 8.9 buffer 

system, the positively charged Cyt c can form a complex simultaneously with anionic 

PFP-CO2, efficiently quenching the fluorescence with     = 1.32×107 M-1. After the 

addition of trypsin, the Cyt c is broken down, producing the metal-containing heme 
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peptide fragment with negative charges. The complexation of the quencher and CPE is 

subsequently disturbed, resulting in the fluorescence recovery for PFP-CO2, which can 

be easily observed by eye. 

The sensitivity for this sensor is found to be 1.7 nM. The selectivity of this assay 

was demonstrated by detecting three other enzymes, lysozyme, alkaline phosphatase 

(ALP), and thrombin, under the same condition and no recovery response is observed 

for all of them. By taking advantages of natural superquenching property of Cyt c, 

complicated design for the substrate is not needed and the procedure becomes simpler. 

Meanwhile, the interference and uncertainty brought into the catalytic reaction by the 

substrate modification are eliminated.  

Conformation change based strategy also attracts much attention due to its non-

invasiveness without need for covalent labeling or molecule modification. In 2009, 

Schanze and co-works reported a fluorescence turn-off assay for phospholipase C 

(PLC) by making use of the reversible aggregation process of anionic CPE (BpPPESO3, 

Figure 1-28A).103 The BpPPESO3 aggregates in the aqueous solution, featuring with a 

broad, structureless band in the emission spectrum. The addition of the natural 

substrate of PLC, phosphatidylcholine (10CPC), causes the increase in CPE 

fluorescence intensity. The zwitterion phospholipid 10CPC has the surfactant property 

that helps de-aggregate the polymers by forming lipid-polymer complex. However, as 

enzyme PLC presents, 10CPC is degraded to phosphorylcholine and a long chain 

(DAG) without charge. As the product molecules lose the surfactant function, the 

polymers are not able to maintain non-aggregation state and their fluorescence intensity 

turns off subsequently (Figure 1-28B). 
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Figure 1-28. A) Structures of polymer, BpPPESO3 and substrate, 10CPC, and reaction 
scheme for hydrolysis of 10CPC by PLC. B) Mechanism of PLC turn-off 
assay. Reprinted with permission from Liu, Y., et al.103 

In the previous section, copper ion has been proved to be an excellent quencher 

for anionic CPE. Consequently, in many reports, Cu2+ has particularly involved in the 

indirect sensing assay for enzymes activity.71, 104, 105, 108 In those methods, substrates or 

reaction products, such as PPi and amino acid, are capable of capturing or complexing 

with Cu2+, keeping the Cu2+ away from the fluorescent CPE and making the signal turn 

over. For example, in 2008, a “turn-off” sensing strategy for alkaline phosphatase (ALP) 

was reported by Schanze and coworker.71 The addition of PPi to the pre-quenching 

system of PPE-CO2 (Figure 1-9) with Cu2+ readily induced fluorescence recovery. Then 

as the ALP is added into the system of PPE-CO2/Cu2+/PPi, the hydrolysis process of 
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PPi is triggered, concomitant with the releasing of Cu2+ back to the PPE from the PPi-

Cu2+ complex. This process is signaled by the decrease of the polymer’s fluorescence 

intensity (Figure 1-29). The same idea has been applied in another sensing method for 

adenylate kinase activity by employing ATP, ADP, and AMP as substrates, which was 

also reported in 2009.93 

 

Figure 1-29. Mechanism of ALP turn-off assay and photographs of solutions illuminated 
with near-UV light illustrating the polymer fluorescence under the different 
conditions of the assay. Reprinted with permission from Liu, Y., et al.71 

Non-specific Interaction of CPEs 

CPE-based protein sensing methods have many advantages including sensitivity, 

simplicity and economy. However, it has its own shortcomings. One of the challenges is 

that too much reliance on the electrostatic or hydrophobic interactions may bring in 

uncertainty and unwanted non-specific interaction between non-target species with 

probe, causing false signals. There are a number of reports regarding non-specific 

effects published and reviewed.33, 109-111 Some solutions have been proposed such as 

pre-formed CPE-containing charge-neutral complex (CNC) by mixing cationic CPE and 
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anionic polymer in 1:1 ratio to obtain neutrality. At the expense of sensitivity, this type of 

sensor can be readily quenched by both cationic and anionic target analytes, eliminating 

the non-specific effects.109 Other solutions for solving non-specific interaction including 

employing CPE coated microspheres60, 62 or grafted colloids112 instead of CPE itself as 

the sensing probe, so that the aggregation state change will be less influenced by 

interfering species in the solution. 

While non-specific interaction may be considered as a negative factor in sensor 

design, it also can be employed to develop new sensors. As aforementioned, the 

electrostatic or hydrophobic interaction between CPEs and biomolecules, such as DNAs 

and proteins, can induce conformation change of CPEs. The strategy has already 

shown the power in a variety of applications for metals, proteins and DNA sensors 

development as reported. 33, 34, 68, 75 This strategy is much attractive because it is 

laborless, economic, and simple without sophisticated design on probe. Although one 

CPE may lack the specific detection of an analyte by non-specific interaction, an 

assembly of more than one polymer has the ability to provide informative and sufficient 

signal response for analyte recognition. More details and information will be displayed in 

the next topic-sensor array. 

Sensor Array 

In recent years, as increasingly demanded by genetic analysis, clinical diagnosis, 

environmental analysis, and homeland defense, the sensor that is able to distinguish or 

recognize more than one target analyte attracts much attention. The traditional specific 

recognition through lock-and-key mode requires sophisticated sensor/probe design and 

sufficient chemical/biological knowledge. Moreover, its high specificity, i.e., only one or 

one type of analyte can be detected at one time, hinders its universalization. An 
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alternative approach that emphasizes differential receptor-analyte binding interactions 

has emerged in the past two decades.113-116 The basic concept is chemical 

nose/tongue, which is derived from “electronic noses/tongues” that has the capability of 

producing human senses by mimicking working principle of nose or tongue. The probe 

elements in the sensor arrays are analogous to specialized sensory cells in the nose or 

mouth and the created pattern recognition systems are like the recognition portion in 

human’s brain for differentiating odors and flavors. Specifically, the response generated 

by the sensor array should be discernibly different for different analytes, exhibiting 

fingerprint characteristics. To conduct a detection by the sensor array, three basic 

stages are involved. Firstly, data/signals need to be collected from a relatively large pool 

of qualified samples with known category/type so as to build a database of reference. 

Secondly, a differential tool/method needs to be set up and trained so that the above 

samples can be assigned to their own group with relatively high accuracy. Finally, the 

technology can recognize new samples with little category information by comparing 

their signal fingerprint to those stored in the database. Thus qualitative or quantitative 

analysis can be performed. This type of sensor has been proved to be highly useful for 

a wide variety of chemicals sensing, e.g., metal ions,117 volatile agents,118 aromatic 

amines,119 amino acids,120 carbohydrates,121 and proteins,122 which are quite important 

in quality control, production process/development, crime prevention and security, 

human health and environmental monitoring.   

Several array based biological sensors have been developed by taking advantage 

of the optical perturbations of conjugated polymers driven by analyte-induced quenching 

or aggregation.97, 110, 123, 124 For instance, Bunz and Rotello124 developed a cell sensing 
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strategy using the fluorescence signal change from a group of CPEs. As shown in 

Figure 1-30, those polymers with various pendant charged residues display distinct 

responses, i.e., the ratios of final and initial fluorescence of the CPEs, when mixed with 

different types of cells individually. A chemometrics technique, called linear discriminant 

analysis (LDA), is applied to process the resulting data matrix. A canonical pattern is 

created and each sample is well classified. This array-based sensing system is 

demonstrated can differentiate between cell types as well as discern cancerous from 

noncancerous mammalian cells. The robustness of the sensor array was further tested 

using unknown samples. An accuracy of 80% for identify three types of cells is obtained 

by using only four CPEs as the probes. 

 

Figure 1-30. Schematic presentation of the cell detection assay by CPEs including 
signal response pattern and canonic score plot. Reprinted with permission 
from Bajaj, A., et al.124 
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CPE based sensor arrays for efficient protein recognition have been increasingly 

reported and similar procedures as described above have been applied and high 

accuracies have been obtained (97% for 17 proteins as reported by Bunz and 

Rotello97). Unlike the conventional specific markers design, the CPE sensory 

recognition elements do not need to be attached covalently, as they self-assemble onto 

the surface of cells or proteins via non-specific interaction. Without proficient 

manipulation and strong biological background, an ordinary technician can accomplish 

the test smoothly. Although having so many outstanding strengths, those novel sensor 

arrays still need further development in more complicated biological environments to 

eliminate potential interference and improve their feasibility in the real world. 

Linear Discriminant Analysis 

There are many tools available for the analysis of data from an array of chemical 

sensors. Basically, two methods are appropriate for classification purpose: if only 

independent variable information is required (unsupervised mode), principal component 

analysis is suitable; while for those that need dependent variable information 

(supervised mode), such as analyte classes, the linear discriminant analysis (LDA) can 

be applied.125 In this dissertation, a set of data with known categories is needed to be 

classified in Chapter 4, where a protein sensor array is developed. LDA is more suitable 

for data processing and analysis and so that only LDA will be emphasized in this section. 

LDA is used to separate classes of objects or assign new objects to appropriate 

classes by analyzing the variances between classes and within classes.126 As one type 

of chemometrics, LDA tests multivariate differences between classes, optimizes the 

dimensionality of class, calculates the relative importance or contribution factor for each 

variable and classifies known and unknown objects into groups. The discriminants are 
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linear combinations of the measured variables, typically, in a sensor array, sensor 

responses. Consider that a sensor array with n variables (probes) is used to 

differentiate k classes of analytes, for each mixture or treatment, i.e., one analyte with 

one probe, m replicates are performed, so we have m sets of data for each mixture. Let 

𝒕 represent the individual observation for each measurement, so 𝒕𝒏 𝒎
 is the observation 

for nth probe at mth measurement for a certain analyte. For ith class, the data matrix 

abstracted from each measurement for this class of analyte can be written as follows, 

 𝑿  [
𝒕𝟏 𝟏

⋯ 𝒕𝟏 𝒎⋮ ⋱ ⋮
𝒕𝒏 𝟏

⋯ 𝒕𝒏 𝒎

]

 

   𝟏…𝒌 (1-3) 

Take an average over the m sets of data for each probe-analyte mixture, 
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[
 
 
 
 
𝒕̅𝟏
⋮
⋮
⋮
𝒕̅𝒏]

 
 
 
 

 

, 𝒕̅  
𝒕  𝟏 ⋯𝒕  𝒎

𝒎
 ,   𝟏…𝒌,   𝟏…𝒏 (1-4) 

Where 𝒕̅  is the average of jth row in each submatrix. The whole data matrix 𝑿 (    

 ) is: 

 𝑿  

[
 
 
 
 
𝑿𝟏

⋮
⋮
⋮

𝑿𝒌]
 
 
 
 

  (1-5) 

Let 𝑿̅ be the total average matrix: 

 𝑿̅  
 𝑿̅

𝟏
 ⋯𝑿̅𝒌 

𝒌
 (1-6) 

 The between classes sums of squares matrix B representing the variance between 

classes is expressed as: 

 𝑩  ∑  𝑿̅ − 𝑿̅  𝑿̅ − 𝑿̅  𝒌
  𝟏  (1-7) 

The covariance matrix can be computed as 
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 𝑺𝒌  
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 (1-8) 

So that the combined covariance matrix is: 

 𝑺  
𝑺𝟏 ⋯𝑺𝒌

𝒌
 (1-9) 

The within class sums of squares matrix representing the variance within class is 

displayed as: 

 𝑾   𝒎 − 𝟏  𝒌  𝑺 (1-10) 

The key objective for discriminant analysis is to figure out the best way to let 𝑾 𝟏𝑩 

to be the maximum, i.e., the distance between classes relative to the variance within 

classes is maximum. It can be achieved by calculating the eigenvectors 𝒆s of  𝑾 𝟏𝑩 

and scaling them such that  

 𝒆
 

 𝑺𝒆  𝟏 (1-11) 

where 𝒆  denotes the  th eigenvector ( ≤ 𝒌 − 𝟏): 

 𝑾 𝟏𝑩𝒆  𝝀 𝒆  (1-12) 

The eigenvalue 𝝀  can be treated as the contribution factor, i.e., how important of 

its eigenvector for transmitting the data information. Usually, we use the percentage of 

the value 𝝀  took over total eigenvalue, 𝝀 ∑ 𝝀 
 
   ⁄      , to represent its importance. 

For a given n-dimensional sample vector 𝒕 that belongs to a certain class, it will be 

projected to a new discriminant space by the operation 𝒆 . In the new space, it is 

believed to be better separated from the samples that belong to other classes while 

getting closer to the samples that belong to the same class. So that it will have a new 

coordinates calculated by 𝒆 
 𝒕 . Normally, s discriminant functions are available (s = min 

(n, k-1)), so that there are s sets of eigenvalues and eigenvectors. For  ≤  , the sample 
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can be graphically displayed in a 2D plane or 3D space. For    , the three most 

important discriminant functions, usually carrying more 80% information/variation in 

total, can be used to create the canonic plot, although the samples may not be 100% 

discriminated based on the plot. 

When referring to the unknown sample test, the essential rule is to assign the 

unknown sample to the nearest class after it undergoes the same operation to the 

identical discriminant space. Assume 𝒕 𝒏 is the vector for the unknown sample, if for all 

     

 ∑ [𝒆
 

  𝒕 𝒏 − 𝑿̅  ]
 
≤ ∑ [𝒆

 

  𝒕 𝒏 − 𝑿̅  ]
  

  𝟏
 
  𝟏  (1-13) 

    is classified to the group of l. This assignment is quantitatively performed in terms of 

comparing the distance between the spot of unknown sample and the center of the 

classes in the discriminant space. 

As the data for the unknown samples must undergo the operation that set up for 

the standard/training data, i.e., they will be projected to the same discriminant spaces, 

the sensing probes as well as the discriminant method must be carefully evaluated and 

a high accuracy for classification is preferred when handling the training data. If a low 

accuracy is obtained, it means the current probes or method are not sufficient to 

discriminant the classes, which will lead to incorrect identification of unknown sample. 

Therefore, a modification or replacement of probes/method needs to be considered. 

The last step for the analysis will be verification, that is, use a well-defined method to 

test the unknown sample and validate the result of LDA. The method varies from one 

sensor to another, relying on the properties of the signal and samples themselves. 
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Fluorescence Correlation Spectroscopy (FCS) 

Basic Principle of FCS 

Investigation of conformation or aggregation state change of CPE under various 

circumstances and the interaction between CPE and other molecules has been 

extensively conducted mainly through fluorescence spectroscopy or UV-Vis 

spectroscopy. Researches utilize the color (absorption) or glow (fluorescence) changes 

to conjecture the inner situation including inter- or intra- molecular interaction. Other 

techniques including X-ray scattering,127, 128 light scattering,129 fluorescence 

anisotropy,130 fluorescence correlation spectroscopy131, 132 are also involved in the 

exploration. Among them, fluorescence correlation spectroscopy (FCS) is emerging as 

a powerful tool that can achieve single molecular analysis. FCS is a statistics-based 

analytical technique, first introduced in the early 1970s by Madge, Elson and Webb,133 

which monitors the spontaneous fluctuations of fluorescent intensity of diffusing 

molecules within a small excitation volume (~femtoliter). Various processes including 

Brownian diffusion, chemical reaction or flow contribute to the fluorescence intensity 

fluctuations. By applying an autocorrelation function G(), the raw fluctuations data are 

converted to a decay curve, which can be analyzed by an appropriate fitting model. The 

important dynamic and kinetic information for a particular molecule or particle can be 

obtained, thus the related chemical reaction, physical interaction between molecules or 

change in chemical environment is revealed. The FCS is somewhat similar to another 

correlation related technique-dynamic light scattering (DLS). However, instead of 

recording the light from all the particles showing up in the excitation volume, it only 

focuses on the fluorescent species and this specificity can be further enhanced by 

selecting an appropriate emission filter. 
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Application of FCS 

FCS has shown its large potential in many applications,134-136 e.g., study of 

translational137-139 and rotational diffusion,140, 141 protein folding,142 ligand-

macromolecule binding,133, 143-146 hybridization reactions147 in bulk solution, on surfaces 

or in cells.148-152 Although FCS has been primarily employed to the analysis of biological 

systems, application of FCS on polymers has gained increasing interest throughout the 

past decade due to its high sensitivity and ability to effect single molecule analysis. For 

example, Van Rompaey and coworkers studied interaction between a dye labeled 

biomolecule and a polymer formed pharmaceutical carrier,153 Bonné and coworkers 

focused on the aggregation behavior of dye labeled diblock copolymer poly(2-alkyl-2-

oxazoline),154 Laguecir and coworkers investigated the conformational behavior of the 

dye labeled poly(acrylic acid) affected by size and pH.155
 Most of those applications 

utilized a specific dye as a tracer or directly labeled the polymer with a fluorophore. 

Normally, those dye molecules or fluorophores can be excited by a laser line with a 

specific wavelength, typically, 543 nm for rhodamine, and 488 nm for Alexa 488. 

Therefore, the diffusion behavior of the fluorescent molecules or particles can be 

monitored and the chemical environment can be deduced. 

Because of their inherent fluorescence, CPEs can be observed directly using FCS. 

Avoidance of the tedious dye-labeling process on the target molecule makes the study 

of conformational or diffusional changes of the CPE via FCS simpler and more direct. 

For example, Jayakannan and coworkers have systematically studied the influence of 

chain length and molecular weight distribution on the diffusion dynamics of CPE at the 

single molecular level by FCS.156 Cotlet and coworkers investigated the solvent polarity 

effect on chain conformation using FCS measurements.157 By employing a FCS coupled 
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with a time correlated single photon counting (TCSPC) device, Masuo and coworkers 

determined the relationship between the probability of single photon emission and the 

spatial size of the CPE chains.158 Most of these applications utilized a laser beam with a 

wavelength ≥ 460 nm as light source. However, most of the commonly used CPEs have 

     close to 400 nm. Consequently, an FCS equipped with a 405 nm blue diode laser 

specifically for CPE detection was constructed in our lab. As far as we know, only a few 

papers focus on the use of FCS with a short wavelength laser, specifically, 405 nm.159, 

160 Even fewer technical data or details can be found in the literature for the construction 

of such a FCS system. Details about the construction will be discussed in the second 

chapter. 

Overview of This Dissertation 

 This dissertation is aimed at investigating the interaction between the CPEs and 

other molecules including dye-ligand compounds, proteins and metallic ions as well as 

their sensor application for metal ions and proteins by using various optical technologies, 

especially, fluorescence correlation spectroscopy. 

In the second chapter, the theory of FCS, including its autocorrelation function, 

basic equations, single-species fitting as well as the relationship between the diffusion 

time and molecular weight, is introduced. Then it is followed by the details in the 

construction of FCS setup with 405 nm diode laser. The function of each component of 

the setup, laser alignment and system optimization are fully described. Examination of 

the setup and the test results further validate the feasibility of the instrument. 

Chapter 3 is composed of two parts. In the first part, a tetramethylrhodamine 

labeled biotin (biotin-TMR) intercalated helical CPE probe is developed as an avidin 

sensor by fluorescence spectroscopy through the technique of fluorescence resonance 
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energy transfer. In the second part, an FCS system coupled with 543 nm laser, 

particularly for TMR study, is employed to further study the above system. The 

formation of large aggregates in solutions containing helical CPE/TMR-biotin with avidin 

is demonstrated, giving rise to a new avidin sensing strategy. The detection limit less 

than 100 nM makes this method among the most sensitive avidin sensors that have 

ever been reported. 

In the fourth chapter, study of conformation change of CPEs induced by proteins 

as well as the development of array-based sensing of proteins through the FCS system 

with 405 nm laser is conducted. A systematic study on the interaction between six 

different types of CPE and seven target proteins are carried out. The resulting 2D bar or 

3D column response graph displays a unique signal response pattern for each protein, 

which is sufficient to build up a sensor array for proteins. The discriminant functions and 

canonic score plots obtained through linear discriminant analysis are and employed for 

further unknown sample test. The high accuracy of 93% for identifying unknown 

samples well proves the feasibility of this novel protein sensor array. 

Finally, a study of meta-linked poly(phenylene ethynylene) sulfonate containing 

pyridine (mPPESO3py) quenched by metallic ions is conducted in Chapter 5. The high 

quenching efficiency for Pd2+ over other metallic ions on mPPESO3py is demonstrated 

by comparing their Stern-Volmer plots, giving rise to a new Pd2+ sensing system. Then 

FCS data reveals that some multivalent ions, such as Cr3+, Fe3+, can crosslink 

mPPESO3py and induce the aggregation. However, aggregation is not the dominant 

element in the fluorescence quenching process of mPPESO3py. 
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CHAPTER 2 
CONSTRUCTION OF A FLUORESCENCE CORRELATION SPECTROSCOPY  

As discussed in Chapter 1, fluorescence correlation spectroscopy (FCS) has 

already shown its power in detecting chemical and physical change of fluorescent 

molecules, particularly conjugated electrolytes (CPEs). An FCS system equipped with a 

405 nm blue diode laser specifically for CPE study was constructed in our lab. As far as 

we know, only a few papers focus on the use of FCS with a short wavelength laser 

beam, specifically, 405 nm.159, 160 Even fewer technical data or details can be found in 

the literature for the construction of such an FCS system. In the current chapter, the 

details for construction, optimization and calibration of an FCS system coupled with a 

405 nm diode laser will be provided.  

Theory of FCS  

This section follows closely the classical paper reported by Haustein and 

Schwille.161  Figure 2-1 illustrates the working principle for FCS. The measurement is 

accomplished by focusing an excitation laser beam onto the sample through an 

objective lens to form an ellipsoid-like femtoliter volume (Figure 2-2), and then collecting 

the fluctuating emission signals within the excitation volume. The autocorrelation 

function,     , defined as  

      
〈           〉 〈    〉 

〈    〉 
 

〈               〉

〈    〉 
 (2-1) 

is used to characterize the temporal fluctuation that is treated as “fingerprint” for a 

typical species.           −    in Equation (2-1) represents the fluctuation of the 

fluorescence signal      as the deviations from the temporal average of the signal 

    at time t.      helps convert the raw data to a decay curve, which represents the 

similarity between the signal and replicate of the same signal but shifted with a time lag 
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(Figure 2-3).136 In the early time period, typically  < 10-6 s for most systems, the 

correlation curve is much noisy due to the after-pulse effect of avalanche photo diodes 

(APD), which is one of the major detector non-idealities that affect the output.162 There 

are some methods for after-pulse effect handling, such as coupling in one more detector 

pair in the system for cross-correlation,163, 164 or using a mathematical model to fit the 

after-pulse.165 However, in this dissertation, only the information provided by the FCS 

curve without after-pulse part, i.e.,  > 10-6 s for small molecules and  > 10-5 s for large 

molecules, is considered. 

 

 
Figure 2-1. Working principle for FCS. 
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Figure 2-2. The excitation volume in A) Z direction and B) X-Y planar as generated by a 

diffraction-limited objective lens. Reprinted with permission from Wilhelm, 
S.166 

 

Figure 2-3. Development of an autocorrelation curve. Adapted with permission from 
Schwille, P. et al.136 

The three-dimensional (3D) and two-dimensional (2D) fitting models are commonly 

used for fitting the correlation curve of a single-component system. The 3D equation is 

written as: 
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In Equation 2-2,  , the structure parameter, equates to  
  

  
 , where    is the longitudinal 

radius and    is the transversal or waist radius of the confocal volume (Figure 2-4); N is 

the average number of fluorescent molecules in the detection volume;    is the average 

time of fluorescent molecules diffusing in the well-defined detection volume, which is 

characteristic of a specific molecule or particle. 

When      ,    , 
 

√  
 

     

  , a 2D model is obtained: 

        
 

 
 

 

  
 

  

 (2-3) 

 

Figure 2-4. Ellipsoid-like excitation volume formed by the objective lens. 

In general, two important parameters can be obtained through the fitting: the 

diffusion time  and number of fluorescence molecules inside the excitation volume N, 

which is the inverse of G(0), i.e., the reciprocal value of G() when  approaches to 0 

(Figure 2-1). According to the diffusion concept, small molecules move more rapidly 

through the excitation volume than larger ones. So the FCS curves of larger molecules 

will reflect the longer diffusion time and a significant retardation of the diffusion of small 

fluorescent molecules can be expected when they interact with larger macromolecules. 
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While the increase in concentration of the molecules will cause the decrease of 1/G(0) 

accompanied with decrease of the correlation curve amplitude (Figure 2-1). 

The relationship of    to the molecular diffusion coefficient D (m2s-1) is given by: 

    
  

 

  
 (2-4) 

The waist radius is obtained from its rearranged equation 

     √               (2-5) 

where           is the diffusion coefficient of the standard calibration dye. 

The effective detection volume      is obtained from the concentration of analyte, C, 

and the number of diffusing particles inside the detection volume, N: 

      
 

    
 (2-6) 

where NA is Avogadro’s Constant. The longitudinal radius    can be simply obtained 

from below:35 

             
        

    

       
  (2-7) 

Usually, the 2D model is used to initially fit the standard dye sample for calibration. 

By using equations 2-4, 2-5, 2-6, and 2-7, the structure parameter  can be calculated. 

As long as the experimental conditions (excitation wavelength, excitation power, cover 

glass thickness, solvent and immersion medium, emission filter and position of optical 

elements) are the same during the measurement, the detection volume theoretically 

does not change and neither does . Once the value of is obtained, the 3D model 

with the  can be employed further to fit the other samples. 

The translational diffusion coefficient, D, of a molecule is related to its size by the 

Stokes-Einstein equation  

   
  

    
 (2-8) 

file:///D:/lab%20research/thesis/Chapter%20II.docx%23_ENREF_31
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where k is Boltzmann’s constant; T is the temperature;   is the viscosity of the solvent; 

and R is the hydrodynamic radius. This equation can be used to estimate the size of 

diffusing particles by assuming that the particles are spherical with radius R. R is related 

to the molecular weight (MW) of the molecule with a specific gravity  ̅ by167 

      ̅  
 

 
    (2-9) 

where V is the molecular volume. Thus we have 

   (
    ̅

  
)
   

 (2-10) 

These equations show that the radius R and diffusion coefficient D are weakly 

dependent on the molecular weight. By combining Equation 2-8 and 2-10, we have: 

   [
  

   
(
  

  ̅
)
   

]       (2-11) 

This relationship is useful for estimating the MW of a spherical particle from its diffusion 

coefficient. 

Construction of FCS System 

An FCS system coupled with a 405 nm diode laser source was constructed in the 

lab. The basic setup is displayed in Figure 2-5. Details about the function of each 

component and the instrument construction including alignment, optimization and 

calibration will be described next. 

Laser Optimization and Alignment  

Blue (405 nm) diode Laser  

The continuous-wave laser beam ideally satisfies high quality and stability 

requirements for FCS light source. Since most of our CPEs have high absorbance 

around 400 nm, a packaged, blue-violet diode laser (405 nm), is used in our system. A 

near Gaussian distributed and symmetric circular laser beam is critical for achieving 

high performance in FCS measurements. However, the laser beam from the packaged 
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diode laser has asymmetric dimensions and divergence in the X and Y directions due to 

the asymmetry of laser export slit, which strongly affects the formation of a well-shaped 

confocal volume in the sample. Additional assemblies including a fiber coupling spatial 

filter, a single mode fiber, and a fiberport collimator are employed to reshape, optimize 

and collimate the laser beam. 

 

 
Figure 2-5. Schematic diagram of the FCS setup described in the text. Black dash line 

represents the outline of fluorescence microscope. 
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Fiber coupling spatial filter and fiberport 

 

Figure 2-6. Photographs for A) excitation part of FCS setup and B) fiber coupling spatial 
filter. Figure B is reprinted with permission from Thorlabs.168 

A fiber coupling spatial filter system (Figure 2-6B) is used for producing a clean, 

spatially uniform, Gaussian beam. In our setup, this spatial filter is positioned after a pair 

of angle-adjustable mirrors (Figure 2-6A). By carefully tuning the two adjusters on each 

mirror, original laser beam is aligned straight into the center of a size-adjustable iris in 

the front of the spatial filter. Then the input intensity-noisy laser beam is first roughly 

filtered through the small iris. By slowly adjusting the X, Y adjusters on the focusing 

optic translation mount in the middle of the spatial filter, the laser beam is directed to the 

center of an aspheric lens that attached to the optical tube on the middle mount. A fiber 

that is mounted on the Z translator is carefully positioned at the focal point of the 

aspheric lens, allowing laser beam to be focused into the pinhole on the fiber. This 

optical fiber, which is a 405 nm single mode (SM), acts as a second spatial filter, 

allowing only the Gaussian profile of laser beam with wavelength 405 nm to transmit. 
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Figure 2-7. Cross-sections for laser beam in each optimization step. 

A beam of light comes out through the end of the fiber, where a fiberport collimator 

is well connected (Figure 2-8B). Incorporated with another aspheric lens, the fiberport 

not only collimates but also expands the laser beam. The cross-sections for the laser 

beam in each optimized step are displayed in Figure 2-7 for comparison. A remarkable 

improvement in the laser beam quality is easily observed. 

Dichroic Mirror Cube and Laser Alignment  

After the filtration and expansion, a collimated, horizontally straight and clean laser 

beam with a circular and symmetrical cross-section, is obtained. The final diameter for 

laser beam is ~4.4 mm, which is more than four times larger than that of the original 

beam (~1 mm). This beam slightly underfills the back aperture of the objective lens. The 

collimated laser beam then enters the back port of an Olympus IX70 inverted 

microscope (Figure 2-8), reaching a 405 nm dichroic mirror incorporated in the filter 

cube. This dichroic mirror is designed so that it reflects more than 90% of the incident 

light, whose wavelength is ~405 nm, while transmitting more than 90% of the light with 
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wavelength above 405 nm. With an incidence angle of 45°, the dichroic mirror helps to 

redirect the incident laser beam upwards to the water immersion objective lens (Figure 

2-9).  

 
Figure 2-8. A) Inner structure of fluorescence microscope and B) photograph for a part 

of the setup. Figure A is reprinted with permission from Olympus.169 

 
Figure 2-9. Diagram of the dichroic mirror cube. 
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The beam axis needs to be aligned so that the reflected axis is coincident with that 

of objective lens. Before screwing in the microscope objective, the alignment needs to 

be checked by applying two pieces of paper adhesive tape on the top of round objective 

lens holder and the round hole in center of the sample holding plate. If the laser beam 

has been well aligned, the reflected excitation spots are centered on both round circles. 

After the objective is placed, the laser beam coming out should be located on the center 

of the hole in the sample holding plate as well.  

Objective Lens and Focusing  

A small spot volume at the focal point in the sample is critical for achieving single 

molecule detection and reducing background noise in FCS measurements. The factors 

that affect the full width half maximum (FWHM) of the diffraction limited excitation spot 

formed by the objective lens, can be found in the following equation:170 

       .   
 

  
 √ .    .   (

        

      
)
 

 (2-12) 

Where   is the wavelength of light; NA is the numerical aperture of the objective 

lens used;        and          are the diameters of the laser beam and lens pupil, 

respectively. The Equation 2-12 shows that shorter beam wavelength, higher objective 

NA, or larger laser beam diameter would lead to smaller focus. Theoretically, once the 

types of laser and objective lens are fixed, only expanding the laser beam would shrink 

the focal volume. Thus a beam expander is a necessity for most FCS systems. 

However, although overfilling the back aperture of the objective lens by the laser beam 

would form the smallest spot size with diffraction limited size, the intensity distribution 

inside the focal volume is complicated and may not be described by a simple model. A 

more desirable Gaussian intensity distribution in a small volume is achieved by 
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underfilling the back aperture of the objective, although trading off with a larger 

excitation volume.171 

 
Figure 2-10 Effect of objective media A) oil immersion objective B) water immersion 

objective. Reprinted with permission from Olympus.172 

As one of the most critical components of the system, objective lens should be 

selected carefully. A higher NA of the objective lens is desirable for producing a small 

beam waist (Equation 1-12) as well as efficiently collecting signals. Most of the oil 

immersion objective lenses have NA as high as 1.5. However, a mismatch of the 

refractivity of the medium and sample would cause deviation of the light rays.172 For 

instance, using an oil immersion objective lens (refractive index ~1.5 for oil medium) in 

aqueous sample (refractive index ~1.33) detection may limit the position of focus point 

quite close to the bottom glass of sample container, so called a “shallow” focus, which 

would jeopardize the quality of an FCS measurement (Figure 2-10). Moreover, the 

working distance of the lens becomes smaller as its NA becomes lager. Since most of 

our measurements are done in aqueous solution, a 60 × water-immersion objective lens 

with NA = 1.2 is suitable. According to the working distance of our objective lens, the 

excitation volume is formed about 220 μm above the glass-sample interface,173 which is 

relatively “deep” in the solution.  
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Signal Collection and Detection 

The fluorescence is collected by the same objective and separated from the 

incident laser line through the dichroic mirror. After passing a long-pass 420 nm filter in 

the bottom of the dichroic mirror cube (Figure 2-9), the emission signal exits the 

microscope through reflection by a 50/50 optic splitter (Figure 2-8A). A band-pass filter 

is installed next to the outport (Figure 2-11A). 

 
Figure 2-11. Photographs for signal detection and correlation components of FCS 

setup. 

The filtered fluorescence is focused onto a pinhole, with 50 μm internal diameter, 

on one end of a multimode optical fiber (Figure 2-11A). The combination of the confocal 

optics components—collimator, dichroic mirror, objective lens and pinhole—help reduce 

out-of focus light and limit detection to the desired plane of “in-focus” light (Figure 2-

12).174 An XYZ travel translation stage is used to position the pinhole precisely (Figure 

2-11A). The desirable detector for FCS is a sensitive single-photon counting avalanche 
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photodiode (APD) module, which has high quantum efficiency (≥ 50%) between 500 

nm and 700 nm which is the typical emission range for CPE. In this device, all the 

photon signals are converted to electronic signals and are amplified (Figure 2-11B). 

Then the signals are fed into a correlator (Figure 2-11D), where the autocorrelation 

function is calculated. The best result, i.e., smoothest autocorrelation curve, is obtained 

when the pinhole is correctly positioned. 

 
Figure 2-12. Confocal volume and optics. Only the “in-focus” emission (red) from the 

confocal volume passes through the pinhole. Others (yellow and blue) are 
blocked by the optics. Reprinted with permission from fcsxpert.com.174 

Potential Interference  

To obtain higher signal-to-noise ratio and protect the detector, performance of 

FCS experiment in the dark is a requirement.  Since the fluorescence fluctuation of the 

molecules is our measuring target, any external interference, such as vibration, needs 

to be avoided. Therefore, a stable heavy breadboard table, a black cover in the 

detection part and a quiet working place are preferred (Figure 2-13). 

The laser power is controlled around 1 mW through software in computer (Figure 

2-11C). Below that value, lack of intensity will affect the formation of the ellipsoid-like 

confocal volume as well as the signal detection, resulting in a poor FCS curve. 
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However, if the laser power intensity is too high, say 10 times higher, photobleaching or 

photon saturation occurs, which also affects the quality and accuracy of the results. 

 

Figure 2-13. Black cover and breadboard for FCS setup. 

Photobleaching is a problem which will cause an erroneously fast diffusion due to 

the fading of the fluorescence occurs before expected. In FCS, the photobleaching is 

easily observed on the fluctuation profile. The photobleaching-induced decrease in the 

fluorescence intensity causes a distortion on the FCS curve. Usually, a second FCS 

curve with longer diffusion time will show up. The recording of the fluctuation should be 

restarted until the stable fluorescence is obtained. It is rather important to monitor the 

fluorescence intensity change before saving the final FCS data. 

Calibration 

FCS can provide reliable information about diffusion coefficient and concentration 

values when the calibration is done properly. A stable and bright dye with a known 

coefficient is required for calibrating FCS system. Possessing high quantum efficiency 
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and large absorption cross section, the calibration dye must also have high 

photostability, which enables it to withstand the enormous power in the laser focus. In 

traditional FCS system, fluorescein, rhodamine and cyanine are the most popular 

calibrating dye. In our system, the dye must have absorbance peak extend to 405 nm, 

and have emission spectrum covering 450, 500, 600, or 650 nm. 

In this dissertation, two emission filters at 500 nm and 600 nm are used for most of 

the CPEs having emissions cover either of the two wavelengths. With emission at ~500 

nm, fluorescein is considered to be a good calibrating dye. Although its absorbance at 

405 is relatively low, fluorescein is a pH sensitive molecule (Figure 1-2). A minor 

increase of pH to 8 will enhance the light absorption. Due to its high photostability and 

low container adsorption,175 fluorescein tolerates a relatively long focusing time (>10 

min) under the laser beam. For 600 nm emission system, although 

tetramethylrhodamine (TMR) suffers from low absorbance around 400 nm, however, the 

relatively high quantum yield enables it to emit relatively high intensity at 600 nm.  The 

2D model (Equation 2-3) is first applied to fit the FCS curve for a standard dye. The 

value for structure parameter   is obtained and then it is substituted in the 3D model 

(Equation 2-2) to characterize the other FCS curves. 

Calibration of system with standard dye should be done routinely before 

measurement and a recalibration is needed if the confocal volume is possibly changed 

for some reason, e.g., laser turned off or the optic elements realigned. For a stable 

system, the brightness or count rate is almost consistent for a standard dye with fixed 

concentration. Based on this, the routine measurement of dye sample not only helps 

calculating the size of confocal volume, but also keeps track on the quality of system. 



 

88 

Examination of FCS System  

Various test experiments were conducted to examine the performance of the new 

instrument.  The chemical structures of the compounds and polymers used in the work 

are shown in Figure 2-14, along with the acronyms that are used in the text. TMR and 

fluorescein in aqueous solution were used for calibration of the system with emission 

filters centered at 590 nm and 500 nm, respectively. The effective volume obtained for 

the confocal volume is ca. 0.5-1 femtoliter with z in micrometers and r in sub-

micrometers. Based on the calculation method described above, the structure 

parameters are found to be 11 for emission at 590 nm, and 45 for 500 nm emission. 

 
Figure 2-14. Structure of molecules that used in calibration and their acronyms. 
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Figure 2-15. Correlation curves for TMR in water. From top to bottom the TMR 

concentrations were 5, 10, 25, 50, and 100 nM. The insert shows the 
measured average number of molecules. 

A series of TMR samples with varying concentrations was tested with emission 

detection at 590 nm and the results are shown in Figure 2-15. As expected, due to the 

inverse relationship between G(0) and the number of molecules in the confocal volume, 

a clear decrease of the correlation curve amplitude is observed as sample concentration 

is increased. The inset plot indicates that the number of molecules N, equal to 1/G(0), is 

linear with the increase in concentration. 

A second test of the FCS setup was conducted by measuring the diffusion time of 

samples with different MW. In the 590 nm emission system (Figure 2-16 A), the 

experimentally observed diffusion time for TMR (386 Da) with a known diffusion 

coefficient 2.88×10-10 m2∙s-1 is 45.0 ± 3.5 μs. Further FCS measurements were carried 

out on three samples, biotin-TMR (869 Da), TMR labeled DNA chain (~19,300 Da), and 

biotin-TMR/avidin ([TMR]/[avidin] = 1:10, ~67,000 Da). The resulting diffusion times are 

75.4 ± 0.6, 165 ± 2, and 294 ± 12 μs, respectively. Based on Equation 2-4, the 

measured diffusion coefficients for each species are (1.72 ± 0.17)×10-10, (0.79 ± 
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0.09)×10-10, and (0.44 ± 0.05)×10-10 m2∙s-1. The diffusion coefficient of biotin-TMR (1.72 

± 0.17)×10-10 m2∙s-1 is close to the value of 1.67×10-10 m2∙s-1 as previously reported by 

our group using a different FCS system (Chapter 3).176 The diffusion coefficient of 

avidin/biotin-TMR (0.44 ± 0.05)×10-10 m2∙s-1 compares well with the value 0.4×10-10 

m2∙s-1 reported for streptavidin177,178 and 0.39×10-10 m2∙s-1 for avidin/biotin-TMR 

([avidin]:[biotin]=1:4, 69,000 Da).176 For those molecules/complex, the diffusion time 

increases with the increasing of the molecular weight. Assuming that they exhibit 

approximate spherical structure and the conditions for the highly diluted aqueous 

solvents (viscosity and temperature) are the same, based on the Equation 2-8, the 

hydrodynamic radii RHs , which can be interpreted as an effective radii, are estimated to 

be 0.85, 1.42 ± 0.01, 3.12 ± 0.04 and 5.55 ± 0.03 nm for TMR, biotin-TMR and biotin-

TMR/avidin, respectively. The hydrodynamic radius of avidin with biotin TMR 5.55 ± 

0.03 nm is larger than the value 4 nm reported for avidin-biotin complex in the literature, 

where the complex was modeled as a steric sphere having the same molecular 

volume.179, 180 Considering the non-spherical nature of avidin and the fact that RH is the 

apparent size of the dynamic hydrated/solvated particle, the difference in the data is 

within acceptable limits. 

 In the 500 nm emission system (Figure 2-16B), fluorescein (332 Da) with diffusion 

coefficient 3.00×10-10 m2∙s-1 has the experimental diffusion time 23.5 ± 3.3 μs. The 

oligomer PE-CO2 (2,302 Da), PPE-PEG-dCO2 (~11,000 Da), and PPE-PEG-dCO-DNA 

(~49,000 Da) were also investigated. Their diffusion times from shortest to longest as 

shown in Figure 2 are, 39.2 ± 4.0, 54.8 ± 3.3, 112 ± 3 μs. The corresponding diffusion 

coefficients are (1.80 ± 0.24)×10-10
, (1.29 ± 0.14)×10-10

,
 and (0.63 ± 0.09)×10-10 m2∙s-1

.
 

file:///D:/lab%20research/Paper%20quenching%20FCS/083012/FCS%20Paper%20Changes%20083012.docx%23_ENREF_38
file:///D:/lab%20research/Paper%20quenching%20FCS/083012/FCS%20Paper%20Changes%20083012.docx%23_ENREF_39
file:///D:/lab%20research/Paper%20quenching%20FCS/083012/FCS%20Paper%20Changes%20083012.docx%23_ENREF_38
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Although it is difficult to model accurately the conformation of these polymer chains, 

however, we can still obtain an idea of their size by making the same assumption 

described above and applying Equation 2-8 again. The resulting RHs are 0.82, 1.37 ± 

0.18, 1.91 ± 0.19 and 3.91 ± 0.07 nm for fluorescein, PE-CO2, PPE-PEG-dCO2, and 

PPE-PEG-dCO-DNA, respectively.  

 
Figure 2-16. Effect of molecular weight (MW) on the correlation curves of molecules A) 

using 590 nm emission filter, B) using 500 nm emission filter. The black solid 
lines are the single species fitting curves. 

A plot of diffusion coefficient versus molecular weight is displayed in Figure 2-17. 

A simple fitting model (red line) indicates an approximately inverse cubic root 

relationship between the diffusion coefficient (D) and the molecular weight (MW), 

     .         .  (2-13) 

When compared to Equation 2-11, the difference in the power value (-0.30 vs -0.33) is 

resulted from a rough assumption of spherical shape we made for the rigid-rod polymer. 

However, the results here are still consistent with the former conclusion—a higher 

molecular weight and larger particle size lead to longer diffusion time. Since the testing 
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results for the FCS system with 405 nm blue laser are reasonable, this instrument is 

reliable to be used in the following projects.  

 
Figure 2-17. Plot of diffusion coefficient of four standard samples as a function of their 

molecular weight (emission filter 500 nm). Red line is the fitting curve. 

Summary 

An FCS with 405 nm laser as light source has been successfully constructed and 

the details about the alignment, optimization and calibration of the setup are provided. 

The examination of the newly built FCS setup further proved the feasibility of this 

instrument. By coupling with 405 nm laser, the application of FCS is successfully 

extended to the shorter wavelength region. With assistance from FCS, more insight and 

information regarding the CPEs properties from a microscopic motion aspect can be 

obtained, which is not supposed to be achieved via conventional technologies. 
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Materials and Methods 

Materials 

Oligomer PE-CO2
181 and PPE-PEG-dCO2

182, 183 were synthesized and prepared 

according to the reported procedures. PPE-PEG-dCO2 was conjugated with ssDNA with 

sequence 5’-A10CCCAATCACTAA-3’(Invitrogen) to form PPE-PEG-dCO-DNA, using 

the synthesis method in the literature.184 The loading ratio was ~5 ssDNAs per polymer 

chain. Molecular weights of oligomer PE-CO2, PPE-PEG-dCO2, and PPE-PEG-dCO-

DNA are ca. 2,300, 11,000, and 49,000 Da, respectively. Tetramethylrhodamine (TMR) 

was purchased from AnaSpec, Inc. Fluorescein was purchased from Fisher. Biotin-TMR 

(5-(and-6)-Tetramethylrhodamine biocytin) was purchased from Invitrogen TM. Avidin 

was purchased from Sigma. DNA-TMR was prepared according to the literature.185 All 

sample solutions were prepared using water distilled and purified by a Millipore 

purification system (Millipore Simplicity Ultrapure Water System). Buffer solutions were 

prepared with reagent-grade materials (Fisher). All polymer concentrations are reported 

as the polymer repeat unit concentration (PRU). Concentrated stock solutions of biotin-

TMR and avidin were prepared in 10 mM phosphate buffer (pH 7) to obtain the desired 

concentrations. Fluorescein was prepared in 10 mM phosphate buffer (pH 8). 

FCS Component and Measurement. 

The measurements were performed in the setup constructed in house (Figure 2-

6). The Olympus IX70 epi-fluorescence microscope platform and objective lens (60×, 

NA 1.2, water immersion) were purchased from Olympus. The 405 nm diode laser 

(CUBE) was purchased from Coherent. The 405 nm single mode fiber, 50 m-inner 

diameter multi-mode optical fiber, spatial filter system (KT110), fiberport collimator, 500 

± 20 nm and 590 ± 20 nm band-pass filter, and XYZ stage were purchased from 
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Thorlabs. The dichroic mirror cube was purchased from Chroma. The avalanche 

photodiode (APD, SPCM-AQR-14-FC) was purchased from Perkin Elmer. The 

chambered coverglass (Thermo Scientific, Nunc, Lab-Tek) was purchased from Fisher. 

The correlator (Flex02-12D) was purchased from correlator.com. 
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CHAPTER 3 
THE APPLICATION OF DYE-LIGAND INTERCALATED HELICAL CONJUGATED 

POLYELECTROLYTE ON PROTEIN SENSING  

Background 

In previous work reported by our group, we have demonstrated from an optical 

spectroscopic study that a meta-linked poly(phenylene ethynylene) (Poly-1, Figure 3-1) 

can self-assemble into a helical conformation stabilized by the - stacking interactions 

between the phenyl rings with the ionic side chains extending to the surrounding polar 

solvent.23 Due to the structural similarity between Poly-1 and double stranded DNA 

(dsDNA) (e.g., the - stacking helical backbone is analogous to -stacked base in 

dsDNA; while the negatively charged side chains resemble the phosphate groups in 

dsDNA), some DNA intercalators featuring planar aromatic structures, exhibit identical 

spectroscopic effects upon binding to Poly-1 as they intercalate to dsDNA. 186-188 For 

example, mixing Ru(bpy)2(dppz)2+ with Poly-1 leads to large enhancement of the 

luminescence from the Ru complex metal-to-ligand charge transfer state. The 

phenomenon is similar to that of intercalation of the Ru-dppz ligand into the double helix 

in dsDNA.187 

Avidin, a protein obtained from egg white, is toxic to many organisms due to its 

ability to deplete biotin, an essential vitamin (Vitamin H), from their environments.189 The 

binding between avidin and biotin is extraordinarily stable and essentially irreversible.189  

This association has been exploited as a versatile tool for broad applications in 

biochemistry,190, 191 including enzyme linked immunosorbent assay (ELISA),192, 193 cell-

surface labeling,194 and affinity purification.195 



 

96 

This chapter focuses on the interaction between helical Poly-1 and a dye-ligand 

compound, biotin-TMR (biotinylated rhodamine, 5-(and-6)-tetramethylrhodamine 

biocytin, Figure 3-1) as well as the influence on their interaction brought by avidin. The 

fluorescence resonance energy transfer (FRET) is observed when biotin-TMR and Poly-

1 are mixed together, and it is not interrupted when avidin is present. However, when a 

pre-formed avidin/biotin-TMR is added into the Poly-1 buffer solution, disruption of 

energy transfer is observed, which gives rise to a novel FRET sensor for avidin with a 

detection limit for avidin of 100 pM. Interestingly, a systematic investigation on the 

fluorescence spectra of Poly-1 mixed with pre-formed avidin/biotin-TMR at various 

[avidin]:[biotin] ratios reveals the so-called phenomenon steric constraint. An FCS with a 

543 nm laser, which typically excites TMR, is assisted to investigate the system. The 

intercalation of TMR to Poly-1 and the formation of supramolecular aggregates by Poly-

1/biotin-TMR in the presence of avidin are demonstrated. The formation of aggregates 

also has been evidenced by atomic force microscopy (AFM), which well explains why 

the direct addition of avidin to polymer/biotin-TMR solution cannot interrupt the FRET. 

Another new avidin sensor is proposed based on the FCS curve changes with 

sensitivity < 100 pM. 

Results and Discussion 

FRET Study of Helical CPE/dye-ligand with Protein 

Photophysical properties of Poly-1 and biotin-TMR 

As shown in Figure 3-2, in aqueous phosphate buffer, Poly-1 absorbs in the near-

UV (323 nm) and it exhibits a broad, structure-less emission band with max ~450 nm, 

which arises due to - interactions between the phenylene-ethynylene units that are in 

close proximity in the helix. The TMR chromophore in biotin-TMR absorbs at max ~554 
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nm (more photophysical data are summarized in Table 3-1). The emission of Poly-1 and 

absorption of biotin-TMR overlap well as shown in Figure 3-1, satisfying the prerequisite 

for FRET. The electrostatic attraction, as well as the hydrophobic interactions between 

anionic Poly-1 and net positively charged biotin-TMR, brings these two potential donor 

and acceptor in close proximity, typically < 0.1 nm, where FRET is permitted.35 

     
      

     Poly-1                              Biotin-TMR                                          Poly-2 

Figure 3-1. Structure of polymers and dye-ligand compound. 

 
Figure 3-2. Absorption (Abs) and emission (Em) spectra of Poly-1 and biotin-TMR. 
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Table 3-1. Photophysical properties of TMR, Poly-1, and biotin-TMR in 10 mM 
phosphate buffer solution (pH 7.4). Reprinted with permission from Wu, D. L., 
et al.176

 

 
max

abs
(nm) 

max

em
(nm)  (× 104 M-1•cm-1) 

TMR  548 575 8.39 ± 0.03 
Poly-1  323 450 3.29 ± 0.07 
Biotin-TMR 554 580 7.04 ± 0.12 

 

FRET from Poly-1 to TMR 

 
Figure 3-3. Normalized emission spectra for titration of 0-0.3 M biotin-TMR into 15 M 

Poly-1 in 1 mM phosphate buffer solution, pH = 7.4. 

Figure 3-3 illustrates the changes in fluorescence when various concentrations of 

biotin-TMR are titrated to an aqueous buffer solution of 15 M Poly-1. The fluorescence 

of Poly-1 at 450 nm is quenched, and a strong emission band from TMR appears at max 

~590 nm. Importantly, under the same excitation conditions, the fluorescence from 

biotin-TMR alone is very weak (Figure 3-4), indicating that the FRET takes place from 

Poly-1 to TMR. Fluorescence anisotropy spectra (Figure 3-5), used to characterize the 

molecular motion via emission polarity, show that in the presence of polymer, the 

rotational motion of biotin-TMR is restricted in a certain orientation with anisotropy 
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values varying from -0.05 to 0.15, indicating the biotin-TMR locates in a confined area, 

presumably the helix of Poly-1, where depolarization is difficult to occur. 

 

Figure 3-4. Normalized fluorescence spectra (λex = 320 nm) of biotin-TMR (225 nM) in 
the absence (—) and presence (---) of Poly-1 (15 μM) in aqueous phosphate 
buffer. Reprinted with permission from Ji. E., et al.30 

 

Figure 3-5. Fluorescence anisotropy spectra for biotin-TMR with and without Poly-1. 
Reprinted with permission from Ji. E.196 
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Addition of avidin to Poly-1/biotin-TMR 

As reported by Whitten and co-workers, in a PPV/MV2+-biotin quenching system 

([PPV] = 1.7 × 10-5 M, [MV2+-biotin] = 2 × 10-6 M), the addition of only 2 × 10-7 M avidin 

can restore the fluorescence of PPV by 50%, due to the interruption on the charge 

transfer path from exciton to quencher.43 So in this section, the influence avidin brings to 

the Poly-1/biotin-TMR system, especially to the FRET process, is under investigation.  

In Figure 3-3, as the [biotin-TMR] reaches 0.30 M, the FRET effect is approaching 

saturation. So here, the solution of Poly-1/biotin-TMR with [Poly-1] = 15 M and [biotin-

TMR] = 0.225 M is used for avidin titration. As shown in Figure 3-6, the fluorescence of 

biotin-TMR is slightly quenched by avidin; however, recovery of Poly-1 fluorescence 

does not occur.  This result suggests that avidin is unable to disrupt the FRET from 

Poly-1 to TMR, indicating that the rhodamine chromophore remains highly interacting 

with, possibly intercalating into Poly-1. 

 

Figure 3-6. Fluorescence spectra of Poly-1 solution (―) upon addition of biotin-TMR (•••) 
and avidin (---). [Poly-1] = 15 μM, [biotin-TMR] = 0.225 μM and [avidin] = 

0.065 M. λex = 320 nm. Reprinted with permission from Ji. E.196 
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Titration of preformed avidin/biotin-TMR to Poly-1 

 
Figure 3-7. Normalized emission spectra for Poly-1 mixed with preformed avidin/biotin-

TMR at various [avidin]/[biotin-TMR]. [Poly-1] = 15 M, [biotin-TMR] = 225 nM. 
Titration is done in 1 mM phosphate buffer solution, pH 7.4, room temperature. 

By contrast, a discontinuous titration of pre-mixed avidin/biotin-TMR to the polymer 

solution was conducted. Initially, various amounts of avidin were mixed with identical 

amount of biotin-TMR in vials. After ~10 min incubation, the mixtures were added into 

15 uM Poly-1 individually with final [biotin-TMR] fixed at 0.225 M. Figure 3-7 shows the 

emission spectra of Poly-1 solutions with varying [avidin]:[biotin-TMR] in the range of 0-

10. Interestingly, as [avidin]:[biotin-TMR] increases, the emission of TMR first reduces 

gradually, followed by an increase, and then decreases again. A similar trend in spectra 

change occurs with 5 M Poly-1 mixed with pre-formed avidin/biotin-TMR (final [biotin-

TMR] = 100 nM). The emission spectra are converted to a graph where the ratio of the 

fluorescence intensity at 590 nm and 450 nm (I590/I450) is plotted as a function of log 
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[avidin] (Figure 3-8). Impressively, the minimum FRET occurs at [avidin]/[biotin] = 0.25 

for both systems with different polymer concentration, indicating that the 1:4 avidin-

biotin-TMR complex is least able to interact with and undergo FRET from Poly-1. This 

ratio value corresponds to the four binding sites on avidin for biotin,189 revealing the fact 

that steric constraints may prevent intercalation of the avidin bound biotin-TMR to Poly-

1. 

 

Figure 3-8. Ratio of intensities at 590 nm and 450 nm after addition of pre-mixed biotin-
avidin complex at various avidin concentrations in phosphate buffer (1 mM, 
pH 7.4), λex = 320 nm.  For [biotin-TMR] = 100 nM, the analytical detection 
limit of avidin is 100 pM. Reprinted with permission from Ji, E., et al.30 

Figure 3-9 illustrates the possible mechanism for the complicated dependence of 

FRET on the [avidin]/[biotin-TMR] ratio. First, for [avidin]/[biotin-TMR] < 0.25, there are 

not enough binding sites for biotin in avidin, so excess biotin-TMRs are able to 

intercalate to Poly-1, maintaining partial FRET response. Increase in [avidin] decreases 

the available biotin-TMR, thus the FRET events are reduced to a minimum.  However, 

when [avidin]/[biotin-TMR] > 0.25, all of the biotin is bound to avidin, but because the 
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protein is in excess, the avidin/biotin-TMR complexes appears with less than four biotin-

TMR binding ligands. A less bulky avidin/biotin-TMR complex may be able to more 

effectively interact with Poly-1, perhaps allowing intercalation of the TMR chromophore, 

thus slightly recovering the FRET signal. 

 

Figure 3-9. Binding of preformed avidin/biotin-TMR complex to Poly-1 as a function of 
added avidin concentration. Reprinted with permission from Ji, E., et al.30 

FCS Study on the Poly-1/biotin-TMR/avidin System 

In order to obtain more details and insights about this system, we employed FCS 

in the study. The FCS system we used in this work was built by the Dr. Weihong Tan’s 

group at the University of Florida, Department of Chemistry (Figure 3-10). The system 

couples with a 543 nm green laser, which excites the TMR dye. In this section, all of the 

FCS measurements are focusing on the diffusion behavior of biotin-TMR and its 

complex. Although Poly-1 doesn’t have absorbance around 543 nm (Figure 3-2) and 
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FCS correlation signal (Figure 3-11B), it can be a “host” or “carrier” for the dye 

molecules, so that any diffusion behavior change of the polymer can be followed by 

monitoring the fluctuation of the TMR’s fluorescence through FCS. 

 
Figure 3-10. Basic setup for FCS with 543 nm Laser. 

 
Figure 3-11. Background detection for A) phosphate buffer (10 mM, pH 7.4) B) Poly-1 (1 

M) in phosphate buffer (10 mM, pH 7.4). Reprinted with permission from Wu, 
D. L., et al.176 
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Diffusion behavior of four types of molecules/complex 

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

 Biotin-TMR

 Poly-1/biotin-TMR

 Biotin-TMR/avidin 

 Poly-1/biotin-TMR/avidin 
N

o
rm

a
liz

e
d

 G
(

)

 (millisecond)
 

Figure 3-12. Normalized correlation functions of biotin-TMR, Poly-1/biotin-TMR, biotin-
TMR/avidin, and Poly-1/biotin-TMR/avidin with [avidin]/[ biotin-TMR] = 0.25 in  
phosphate buffer solution (10 mM, pH 7.4). The black solid lines are single 
species fitting curves. Reprinted with permission from Wu, D. L., et al.176 

The diffusion time of aforementioned molecules and complex were first measured. 

Using ultracentrifugation, the Poly-1/biotin-TMR complex was prepared with a molecular 

weight between 30 kDa and 10 kDa. The FCS experimental results are displayed in 

Figure 3-12 and Table 3-2. Biotin-TMR mixed with Poly-1 (Poly-1/biotin-TMR) exhibits a 

significantly longer diffusion time (0.79 ms) compared to free biotin-TMR molecules 

(0.29 ms) in neutral buffer solution. In contrast, a para-linked poly(poly(phenylene 

ethynylene) (Poly-2, Figure 3-1), which features a similar repeat unit structure as Poly-1, 

but adopts non-helical in buffer solution, was mixed with biotin-TMR in a control 

experiment. The diffusion time for Poly-2/biotin-TMR (0.27 ms) is almost the same as 

the value observed for free dye molecules (0.29 ms) (Figure 3-13). The result clearly 

shows that the slower diffusion for Poly-1/biotin-TMR is caused by intercalative binding 
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instead of electrostatic attraction between Poly-1 and biotin-TMR. When biotin-TMR 

binds to a larger molecule of avidin (MW = 66 kDa) at a stoichiometric concentration, a 

longer diffusion time of 1.21 ms (Figure 3-12) is obtained. 
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Figure 3-13. Normalized correlation functions of biotin-TMR, Poly-2/biotin-TMR, Poly-
2/biotin-TMR/avidin and biotin-TMR/avidin with [avidin]/[biotin-TMR] = 0.25 in 
phosphate buffer (10 mM, pH 7.4). Reprinted with permission from Wu, D. L., 
et al.176 

Table 3-2. Diffusion data for four species in phosphate buffer (10 mM, pH 7.4). 
Reprinted with permission from Wu, D. L., et al.176 

Item 
 
 

Biotin-TMR               
Poly-1/biotin-
TMR 

Biotin-TMR/avidin 
([avidin]/[biotin] = 
0.25) 

Poly-1/biotin-
TMR/avidin 
([avidin]/[biotin] = 
0.25) 

Diffusion 

time D (ms) 
0.29 ± 0.02       0.79 ± 0.08 1.21 ± 0.20 11.50 ± 3.40 

Diffusion 
coefficient D 
 (× 10-10 
m2/s) 

1.67 ± 0.14 0.61 ± 0.07 0.39 ± 0.08 0.0371 ± 0.0164 

Estimated 
MW (kDa) 

0.869 10.0 - 30.0  69.6 NA 

Calculated 
MW (kDa) 

0.869 18.2 ± 3.2 66.3 ± 14.8 (79.3 ± 15.2) × 103 
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Figure 3-14. Photon counting rate (fluorescence fluctuation) during the detection time 

(1200 s) for Poly-1/biotin-TMR and Poly-1/biotin-TMR/avidin ([avidin]/[biotin-
TMR] = 0.25) in phosphate buffer (10 mM, pH 7.4). Reprinted with permission 
from Wu, D. L., et al.176 

The diffusion coefficient (D) scales approximately as the inverse of the cube root 

of the molecular weight (MW).35 Due to the inversion relationship between diffusion time 

(  ) and D (Equation 2-4), we have 

 (
   

   
)
 

  
   

   
 (3-1) 

 The approximate cube root dependence of the    on MW provides a way to 

roughly estimate the molecular weight of each species. The FCS-based calculation 

results displayed in Table 3-2 are consistent to the values estimated on the basis of 

their chemical structure.  A significantly longer diffusion time is observed for Poly-

1/biotin-TMR in the presence of the avidin with [avidin]/[biotin-TMR] = 0.25, suggesting 

the formation of very large aggregates. The fluorescence time trajectory (count rate) of 

Poly-1/biotin-TMR/avidin shows pronounced spikes on a lower baseline (Figure 3-14), 

which are attributed to the large particles formed by the protein and polymer, passing 

through the excitation volume at a slow rate. It must be noted that the large molecular 
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weight (79.3 ± 15.2) × 103 kDa calculated for the diffusing particle based on Equation 3-

1 is only a rough estimation due to complex structure and size heterogeneity of the 

large aggregates. However, it still can be evidence for the large size of the aggregation, 

in clear contrast with the much smaller molecular weight of the Poly-1/biotin-TMR 

complex in the absence of avidin. 

Mechanism for formation of supramolecular aggregation 

The possible mechanism for this phenomenon is illustrated in Figure 3-15. In 

aqueous solution, more than one biotin-TMR binds to helical Poly-1 by intercalation of 

TMR, extending the biotin portions towards surrounding solution and forming a “biotin-

functionalized” complex. Then the avidin possessing four biotin binding sites, is added 

into the system simultaneously crosslinking those “biotinylated” complexes via avidin-

biotin binding. The explanation for the cross-linked aggregates with avidin as the bridge, 

bears some analogy to the one reported by Sleiman and co-workers that the biotin-Ru-

dppz intercalated dsDNAs are cross-linked through streptavidin-functionalized gold 

nanoparticles.197 

 
Figure 3-15. Proposed mechanism of protein-induced aggregation. Reprinted with 

permission from Wu, D. L., et al.176 

This interpretation of the findings is further corroborated by AFM images of dry 

films deposited from dilute solutions of Poly-1, Poly-1/biotin-TMR and Poly-1/biotin-

TMR/avidin measured in air individually. As illustrated in Figure 3-16, deposited 



 

109 

particles for Poly-1 and Poly-1/biotin-TMR are well-spread out with comparatively small 

heights ~4 and 12 nm, respectively. In sharp contrast, the Poly-1/biotin-TMR/avidin 

produces much fewer and considerably larger particles (height ~200 nm) in a 

comparable area, which further suggests the formation of large aggregates. 

 
Figure 3-16. AFM images for A) pure Poly-1 B) Poly-1/biotin-TMR C) Poly-1/biotin-

TMR/avidin ([avidin]/[biotin-TMR] = 0.25) Line scans for D) pure Poly-1 E) 
Poly-1/biotin-TMR F) Poly-1/biotin-TMR/avidin ([avidin]/[biotin-TMR] = 0.25). 
Different colors represent different particles. Reprinted with permission from 
Wu, D. L., et al.176 

Control experiment 

Considering that avidin (pI > 10)189  is positively charged in pH 7.4 buffer solution, 

a series of control experiments were conducted to detect the possible non-specific 

interaction between avidin and the anionic polymer. The first experiment was carried out 

on Poly-1/biotin-TMR with and without avidin in 10 mM pH 10.5 buffer, where avidin is 

overall negatively charged. A slightly shorter diffusion time (~0.69 ms) is observed for 

Poly-1/biotin-TMR. As discussed in the Chapter 1, due to the partial protonation of the 
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ionic side chains, CPE subjects to an aggregation behavior as pH decreases from 12 to 

7. So here, the shorter diffusion time presumably corresponds to the smaller Poly-

1/biotin-TMR complex resulting from the de-aggregation of Poly-1 in a higher pH 

solution. Nevertheless, a considerably larger diffusion time (~8.71 ms) is observed with 

addition of avidin, indicating the large supramolecular aggregate is still formed, 

regardless of the charge type of avidin (Figure 3-17). 

 
Figure 3-17. Normalized correlation functions of biotin-TMR, Poly-1/biotin-TMR, and 

Poly-1/biotin-TMR/avidin with [avidin]/[biotin-TMR] = 0.25 in phosphate buffer 
solution (10 mM, pH 10.5). The black solid lines are single species fitting 
curves. Reprinted with permission from Wu, D. L., et al.176 

Further control experiments were carried out to test whether the biotin-avidin 

interaction is essential to the aggregation behavior of the complex. This was achieved 

by replacing biotin-TMR with TMR that is still able to intercalate into the Poly-1 but has 

no binding interaction with avidin (Figure 3-18). Parallel FCS experiments were 

conducted in both pH 7.4 (Figure 3-19A) and pH 10.5 (Figure 3-19B) solutions. Not 
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surprisingly, the addition of avidin to the two Poly-1/TMR assaying solutions does not 

cause a significant change in the FCS curves, except a slight increase in the diffusion 

time for the Poly-1/TMR/avidin in pH 7.4 buffer solution (~0.89 ms) (Figure 3-19A), 

which arises from non-specific interaction between the polymer and protein. However, 

the effect is negligible when compared to that of the binding between avidin and biotin. 

The AFM images of deposited Poly-1/avidin and Poly-1/TMR/avidin are shown in Figure 

3-20. Consistent with FCS results, no large particles are observed. The conclusion can 

be derived from the above findings that the non-specific interaction between avidin and 

polymer is not strong enough to enable the formation of huge aggregations and cause 

the substantial change in diffusion time. Since the pH-dependent non-specific 

interactions are weak and negligible, additional work regarding the avidin assay was 

performed in buffers with pH 7.4. 

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

0.0

0.2

0.4

0.6

0.8

1.0
 

 

 TMR

 TMR/avidin

N
o

rm
a

liz
e

d
 G

(
)

 (millisecond)
 

Figure 3-18. Normalized correlation functions for ligand-free TMR with and without 
avidin in 10 mM phosphate buffer. Reprinted with permission from Wu, D. L., 
et al.176 
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Figure 3-19. Normalized correlation curves for Poly-1/TMR and Poly-1/TMR/avidin in 

10mM phosphate buffer A) pH 7.4 ([Poly-1] = 200 nM, [TMR] = 13.6 nM, 
[avidin] = 3.4 nM) B) pH 10.5 ([Poly-1] = 200 nM, [TMR] = 9.2 nM, [avidin] =  
2.4 nM). Reprinted with permission from Wu, D. L., et al.176 

 
Figure 3-20. AFM images for A) Poly-1/avidin and B) Poly-1/TMR/avidin ([avidin]/[TMR] 

= 0.25). Line scans for C) Poly-1/avidin and D) Poly-1/TMR/avidin. Different 
colors represent different scans. Reprinted with permission from Wu, D. L., et 
al.176 

In a negative control experiment, the same amount of protein BSA (pI = 4.7 33), 

which has a similar molecular weight of 66 kDa with avidin but has no binding sites for 
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biotin was added into the Poly-1/biotin-TMR in pH 7.4 buffer. No significant change is 

oberved in the FCS curves (Figure 3-21). All the findings shown above prove that the 

aggregation/crosslinking in Poly-1/biotin-TMR/avidin system is the result of the 

intercalation of TMR into the polymer and the binding between biotin and avidin. 
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Figure 3-21. Normalized correlation functions for biotin-TMR, Poly-1/biotin-TMR and 
Poly-1/biotin-TMR/BSA with [BSA]/[biotin-TMR] = 0.25 in phosphate buffer 
(10 mM, pH 7.4). Black solid lines are single species fitting curves. Reprinted 
with permission from Wu, D. L., et al.176 

Avidin sensing strategy  

The avidin-induced aggregation of Poly-1/biotin-TMR gives rise to the sensing 

strategy of avidin. Concentration-dependent experiments were performed by adding 

varying amounts of avidin into the Poly-1/biotin-TMR solution (Figure 3-22, [Poly-1] = 

102.8 nM, [biotin-TMR] = 7 nM). When [avidin]/[biotin-TMR] is lower than 0.1, no 

significant change in the diffusion time is observed. However, a noticeable distortion in 

the correlation curve is observed when [avidin]/[biotin-TMR] reaches 0.1. As 

[avidin]/[biotin-TMR] increasing from 0.1 to 100, the correlation curves shift largely to a 



 

114 

longer diffusion time. Only at a ratio of 0.25, the well-defined correlation function is 

obtained, indicating a relatively homogeneous distribution in the size of aggregation, 

possibly due to the 4:1 stoichiometry between biotin and avidin. For other ratios, 

especially at higher [avidin]/[biotin-TMR], the correlation curves become complicated, 

and cannot be simply fit by Equation 2-2, suggesting an inhomogeneous distribution of 

the aggregate size. 

 
Figure 3-22. Normalized correlation functions for biotin-TMR (■), Poly-1/biotin-TMR (○), 

and Poly-1/biotin-TMR/avidin with [avidin]/[biotin-TMR] equal to 0.01 (□), 0.02 
(+), 0.1 (◊), 0.25 (►), 0.5 (♦), 1 (◄), 10 (▼) and 100 (●) in phosphate buffer 
(10 mM, pH 7.4). Reprinted with permission from Wu, D. L., et al.176 

Based on the analysis above, for our system, the critical [avidin]/[biotin-TMR] when 

avidin is detectable is 0.1. A Poly-1/biotin-TMR complex with [Poly-1] = 14.68 nM and 

[biotin-TMR] = 1 nM was further detected in the presence of 100 pM avidin. A 

correlation curve for Poly-1/TMR/avidin with the same concentration of Poly-1 and 
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avidin was also recorded for monitoring the non-specific interaction between Poly-1 and 

avidin. As shown in Figure 3-23, there is a slight non-specific interaction between Poly-1 

and avidin (Poly-1/biotin-TMR ~0.79 ms, while Poly-1/TMR/avidin ~0.85 ms), however, the effect 

is quite limited. A relatively large shift for Poly-1/biotin-TMR/avidin is well detectable, 

even at such a low concentration. A detection limit less than 100 pM for avidin is 

expected for our sensing system, which is lower than most of the values reported for 

avidin sensing.26, 198-201 

 
Figure 3-23. Autocorrelation FCS curves for Poly-1/biotin-TMR, Poly-1/TMR/avidin and 

Poly-1/biotin-TMR/avidin in phosphate buffer (10 mM, pH 7.4). [Poly-1] = 
14.68 nM, [biotin-TMR] = 1 nM, [avidin] = 0.1 nM are fixed. Reprinted with 
permission from Wu, D. L., et al.176 

Conclusion 

In summary, a fluorescent, helical CPE as the “transducer” for an avidin-biotin 

fluorescent sensor is first developed. The sensor response is based on FRET between 

an intercalated dye and the helical CPE, and interruption of this process by the 
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preformed avidin-biotin interaction. A systematic investigation on the fluorescence 

spectra of CPE mixed with pre-formed avidin/biotin-dye reveals the so-called 

phenomenon steric constraint. Relying on molecular recognition/hydrophobic 

interactions, a FRET-based discontinuous biosensing method is developed with a 

detection limit as low as 100 pM for the target protein. The intercalative interaction 

between dye-biotin and helical CPE as well as the formation of supramolecular 

aggregation of helical CPE/dye-biotin/avidin is further demonstrated by FCS and AFM 

images. A novel avidin sensing system is developed with signal response based on the 

diffusion behavior change of the CPE/dye-biotin in the presence of the target molecule 

avidin as [avidin]/[biotin] > 0.1. The sensitivity is < 100 pM, which is better than most of 

other methods reported.  The two new biosensing strategies described in this chapter 

provide platforms for establishment of a highly sensitive biosensing system. 

Experiments and Materials 

Materials 

The synthesis of Poly-1 and Poly-2 is described in the literature.23, 24 Biotin-TMR 

(5-(and-6)-tetramethylrhodamine biocytin) was purchased from Invitrogen. Avidin was 

purchased from Sigma. All sample solutions were prepared using water that was 

distilled and purified by a Millipore purification system (Millipore Simplicity Ultrapure 

Water System). Buffer solutions were prepared with reagent-grade materials (Fisher). 

All concentrations of polymers were provided in the polymer repeat unit concentration 

(PRU). Concentrated stock solutions of Poly-1, Poly-2, biotin-TMR and avidin were 

prepared in buffer to obtain the desired concentrations. All assays were conducted in 1 

mM or 10 mM phosphate buffer (pH 7.4 or pH 10.5). Centrifugal filter units were bought 
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from Millipore. Membranes with both 10,000 and 30,000 molecular weight cutoff 

(MWCO) were used. 

Preparation of Poly-1/biotin-TMR complex  

The Poly-1/biotin-TMR complex was prepared by ultracentrifuging the mixture of 

100 M Poly-1 and 10 M biotin-TMR in two centrifugal filter units with different 

molecular weight cutoff (MWCO, 30 kDa and and 10 kDa) membranes under 14,000 x g. 

All of the polymer chains with MW higher than 30 kDa or less than 10 kDa, as well as 

free unbound biotin-TMR molecules, were centrifuged away. The remaining 

concentrated solution, which was collected for experiments, contains Poly-1/biotin-TMR 

complex with the MW in the range of 10 kDa - 30 kDa. Two buffer solutions, 10 mM 

phosphate buffers (pH 7.4 or pH 10.5), were used for sample preparation. 

Concentrations of two components ([Poly-1] = 9.6 M, [biotin-TMR] = 0.65 M) in the 

stock solution were calculated using Beer’s Law, 

   
 

   
 (3-2) 

where A is absorbance.   is the molar absorptivity or extinction coefficient in unit of M-

1•cm-1. The values for   for each component are displayed in Table 3-1. l in unit of cm is 

the path length of the cuvette in which the sample is contained. c is the concentration of 

the compound in solution, expressed in M. 

Negative Control Experiment by Using BSA 

Protein bovine serum albumin (BSA, pI = 4.7 33), was added into the Poly-1/biotin-

TMR ([Poly-1] = 102.8 nM, [biotin-TMR] = 7 nM) in pH 7.4 buffer to get [BSA] = 7 nM. 

The diffusion time becomes smaller (~0.68 ms) when comparing to the diffusion time 

0.79 ms of Poly-1/biotin-TMR complex 
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Instrumentation. 

FCS measurement  

FCS measurements were performed using the homemade setup shown in Figure 

3-7. The FCS was developed from an Olympus IX70. A 543 nm HeNe laser, specific for 

rhodamine dye, was employed as the excitation source light, which was focused onto 

the sample though Olympus 60x numerical aperture 1.2 water immersion objective. The 

fluorescence is collected by the same objective, separated from the excitation light by a 

dichroic mirror, then split by a 50/50 cube splitter and sent into an avalanche photodiode 

(SPCM-AQR-14-FC, Perkin Elmer) through a 50 m-inner diameter optical fiber after 

passing through a 590 ± 20 nm band pass filter. Chambered Cover Glasses (Fisher) 

were used as the container for samples in FCS measurement. In each FCS experiment 

the fluorescence fluctuations were measured for 10-20 min. Free tetramethylrhodamine 

(TMR, D = 2.88×10-10 m2
•s-1)143 was used for calibration. Autocorrelation was processed 

by a hardware correlator (ALV 5000/EPP, ALV-GmBH, Langen, Germany).  

Fluorescence spectroscopy.  

Fluorescence spectra were recorded on a Photon Technology International (PTI) 

fluorometer and corrected by using correction factors generated with a primary standard 

lamp. 

UV-Vis measurement 

UV-Vis spectra were measured in quartz cuvettes with 1 mm light path on a UV-

Vis spectrophotometer (Shimadzu, UV-1800). 
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CHAPTER 4 
STUDY OF CONFORMATION CHANGE OF CPES INDUCED BY PROTEINS AND 

DEVELOPMENT OF SENSOR ARRAY FOR PROTEINS BY FCS 

Background 

In recent years, the interactions between CPEs and proteins have drawn much 

attention.33, 34, 97, 109-111, 123, 131 It has been well elucidated from spectra that the “non-

specific” interaction causes significant change in both conformation and photophysical 

properties of CPEs.33, 34, 97, 110 For instance, Bazan and coworkers found that an anionic 

sulfonated PPV mixed with small amounts of various proteins, including positively 

charged avidin and tau as well as negatively charged bovine serum albumin (BSA) and 

pepsin A, would have a several-fold increase in emission intensity, which was arise from 

a combination of electrostatic and hydrophobic forces.33 Bunz and coworkers also 

reported that BSA could enhance fluorescence of a carboxylate-substituted CPEs; 

While a series of proteins, such as histone, lysozyme, myoglobin, and hemoglobin 

quenched the fluorescence of CPE due to the formation of complex.110 

Here, the aggregation state change of CPEs induced by interaction with various 

proteins is explored by focusing on the diffusion dynamics of the resulting 

polymer/protein aggregates. FCS has already been employed to study the conformation 

change of large molecules, e.g., Borsch and coworkers used FCS to monitor protein 

folding or unfolding transitions.142 Schwille and coworkers conducted research on the 

fluorescence fluctuations of green fluorescence protein (GFP) by FCS and revealed the 

relationship between structural changes of GFP and its fluctuations in emission, making 

the probing local pH possible.202 Waldeck and coworkers have uncovered the three 

regimes in the hydrodynamic radius changing of the complexes formed by an anionic 

CPE and a surfactant via FCS.131 Our group has recently systematically investigated the 
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aggregation of a dye-ligand intercalated helical CPE induced by avidin and developed a 

novel avidin sensor.176 Therefore, FCS is very attractive as a promising tool for 

monitoring the aggregation state and size change of CPEs. 

The current chapter explores how the aggregation state or size of six CPEs 

changes when exposed to solutions of seven different types of proteins, which is 

accomplished by measuring their diffusion time through FCS and analyzing their 

diffusion behavior change. If the charge types of CPEs and proteins are opposite, the 

aggregation of CPEs are easily observed; by contrast, if the CPEs and proteins have 

the same charge nature, de-aggregation occurs for CPEs in aqueous solution. 

Meanwhile, other factors including charge density, protein molecular weight, and 

polymer backbone structure also influence the final physical state of CPEs. As a result, 

the final diffusion time for each CPE-protein mixture varies and the diffusion time 

response pattern created by the six-CPE array for a typical protein is unique, which can 

be utilized for protein recognition and distinction. 

Subsequently, a sensor array comprising six CPE probes with various charge 

properties, structure characteristics and molecular scales is developed for seven 

proteins, which also have various isoelectric point (pI), molecular weight and structure 

specificity. Each type of protein can be well classified via linear discriminant analysis 

(LDA) of the FCS diffusion times. Combination of sensor array with LDA has been 

applied in many sensing strategies.97, 124, 203, 204 In this project, multiple LDA operations 

are employed for training data matrix, and creating a series of canonical plots as 

standard patterns for classifying different proteins. Then the technique readily identifies 

a series of unknown protein samples with recognition accuracy 93%. One superior 
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advantage for this sensing approach is noninvasive and labor-saving. Unlike the 

conventional sensors requiring specific markers design, the CPE probes do not need to 

be attached covalently but undergo self-assembly via non-specific interaction. This 

novel protein sensor array will make contribution to the medical diagnostics or clinical 

research,82-85 where detection of more than one protein in one single technical setting at 

one time is highly preferred. 

Results and Discussion 

Properties of Six CPEs and Seven Proteins 

A set of six CPEs consisting of three with anionic and three with cationic ionic 

charge were chosen for exploring their interactions with proteins. The CPE structures 

with their abbreviations are shown in Figure 4-1 and their estimated molecular weights 

are listed in Table 4-1. A series of normalized absorption/emission spectra for those 

CPE is displayed in Figure 4-2. The first anionic CPE, P1, is a poly(phenylene 

ethynylene) (PPE) with poly(ethylene glycol) (PEG) hydrophilic side chains and dendritic 

carboxylate groups. The bulky, highly charged ionic functional groups are capable of 

keeping the “single chain state” of P1 by reducing the hydrophobic interchain 

interactions and increasing the electrostatic repulsion between polymer chains. The 

fluorescence spectrum of P1, which features sharp emission peak around 470 nm, 

evidences the dominance of non-aggregated chains in the solution. Two other anionic 

CPEs, P2 and P3, have similar structure featuring PPE backbone and sulfonated side 

groups. The only difference in structure is P2 is meta-linked whereas P3 is para-linked 

on the phenyl ring of the backbone. In water, P2 self-assembles into a helical 

conformation in aqueous solution, attributed to the intra-molecular - stacking 

interaction in their backbones.23, 51 P3 can form lamellar aggregates in the aqueous 



 

122 

solution.24, 26, 127, 205, 206 Both P2 and P3 have broad emission band as shown in Figure 

4-2. 

 
Figure 4-1. Chemical structures of six CPEs. 

Table 4-1. Basic information of CPEs (diffusion times are measured in 5 mM HEPEs 
buffer, pH 7.2, room temperature by FCS). 

 P1 P2 P3 P4 P5 P6 

Estimated MW 
(kDa) 

11.0 40.0 ~100.0 10-70 NA 7-70 

d (×10-5 s) 
8.4 ± 
0.9 

29.4 ± 
3.0 

101.3 ± 
25.9 

21.7 ± 
3.9 

27.3 ± 
3.1 

24.0 ± 
8.6 

The cationic CPEs P4 and P6 are less aggregated than P3 due to their relatively 

long cationic bisalkylammonium side groups that provide a steric barrier between the -

conjugated chains.29 This statement can be proved by comparing their emission spectra 

(Figure 4-2), where the peaks with shorter wavelength corresponding to the higher 

emitting energy in non-aggregated states, are obvious for P4 and P6 but invisible for P3. 

While P5 displaying related broad emission band can also be explained as its shorter 
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side groups are not capable to prevent aggregation. Due to their various molecular 

weights and conformations, this set of six CPEs displays different diffusion behavior 

reflected by the FCS diffusion time as summarized in the bottom row of Table 4-1. It is 

not possible to apply gel permeation chromatography to measure the absolute 

molecular weights (MW) for P2-P6 due to their amphiphilic nature; however, other 

techniques have been used to estimate their MWs.23, 24, 29
 The results are displayed in 

Table 1 with the factor that the CPEs of higher molecular weights generally display 

longer diffusion times. 

 
Figure 4-2. Normalized absorption and emission spectra for six CPEs. 
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Seven proteins were used in this work and their properties are summarized in 

Table 2 along with the acronyms that are used herein. Avidin and LYZ have isoelectric 

point (pI) > 7, exhibiting positive charge in neutral solution; PLD2, HK3,207 BSA, and 

GOx have pI < 7, so they are negative in neutral solution. However, for the protein HRP, 

due to its complexity, it is hard to determine its pI value.208 Those proteins also feature 

different molecular weights varying from 14-200 kDa and distinct structural 

characteristics. 

Table 4-2. Basic information of proteins. 

Abbreviation Protein MW (kDa) pI 

Avidin Avidin 66 10 
LYZ Lysozyme 14 11.0 
HRP Horseradish Peroxidase, type I 44 3-9 
PLD2 Phospholipase D, type II 200 4.65 
HK3 Hexokinase Type III 54 PI :5.25 PII: 4 
BSA Bovine Serum Albumin 66 4.7 
GOx Glucose Oxidase 160 4.2 

 
FCS Results and Discussion 

To quantitatively test the interaction between the CPEs and proteins, all the 

experimental conditions including concentrations of both CPEs and proteins, ion 

strength and pH of buffer solution (pH = 7.2) are fixed. The concentrations of proteins 

were determined through Bradford protein assay, a dye-binding assay in which a 

differential color change of a dye occurs in response to various weight concentrations of 

protein.209 Each of the six CPEs are mixed with seven proteins individually in 5 mM 

HEPEs buffer with final [CPE] = 500 nM (in repeat units) and [protein] = 2 g/mL. 

Twenty replicates are prepared for each CPE-protein pair and all the samples are 

submitted for FCS measurement in sequence. 
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Figure 4-3. FCS curves for P4 without protein (■) and with avidin (●) LYZ (▲)HRP (▼) 

HK3 (►) BSA (♦) PLD2 (◄) GOx (★) in 5 mM HEPEs buffer  pH 7.2.  Black 

lines are the single species fitting curves. 

Figure 4-3 illustrates a typical FCS measurement results for the cationic CPE, P4, 

with and without seven proteins. Based on the FCS curves, the mixtures of P4 with 

avidin (d = 20.7 × 10-5 s) or LYZ (d = 22.5 × 10-5 s), whose pI value > 10, have 

approximately the same diffusion times as pure P4 (d = 21.7 × 10-5 s). By contrast, the 

other 5 proteins, whose pI averagely < 7, to various degrees, induce the aggregation of 

P4 and a dramatic increase in the diffusion times. The order for the diffusion rate of 

P4/proteins is: HRP > BSA > HK3 > PLD2 > GOx with increasing d = 1.95, 5.66, 7.80, 

13.00, and 219.00 ms, respectively. Due to the polydisperse nature of the aggregates, 

the FCS curves are the combination of several single-species curves with different 

diffusion times. Nevertheless, the single species fitting equation (Equation 2-2) is still 
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applied and an average diffusion time for each CPE/protein aggregate is thereby 

obtained. As stated above, HRP and HK3 are the mixtures of several isozymes. Their 

FCS curves are more complicated and difficult to be fit by a single species fitting 

equation. 

 
Figure 4-4. Fluctuation profiles for A) P4 without and with seven proteins and B) their 

enlargement ([P4] = 500 nM, [protein] = 2 g/mL in 5 mM HEPEs buffer pH 
7.2). 
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The fluorescence fluctuation profiles for each mixture are displayed in Figure 4-4. 

Higher and broader peaks are corresponding to the large aggregates passing through 

the excitation volume which lead to longer diffusion times as shown in Figure 4-3. Those 

time-dependent profiles also provide the evidence for the heterogeneity or size multi-

distribution of aggregated CPEs. 

 
Figure 4-5. Log (d/0) response 2D bar pattern of six CPEs mixing with seven proteins. 

Bar height is the average value of twenty replicates for each CPE-protein pair. 

The FCS results for all the samples are shown as a bar graph in Figure 4-5 in 

terms of log (d/0), where d and 0 are the diffusion time of CPE with and without 

protein, respectively. The error bars represent the calculated standard deviation for 20 

replicates. Figure 4-6 is the 3D column graph for the FCS results. The rows with the 

same color are belonging to the same protein and the charge type for each species is 

embodied in their abbreviations by color: negative charge is black, positive charge is red 

and the protein HRP with mixed pI is blue. There are several clear trends that emerge 

upon inspection of the data in Figures 4-5 and 4-6. First, it is clear that the diffusion time 

increases (i.e. log (d/0) > 0) for the oppositely charged CPE/protein pairs, e.g., LYZ/P1, 

or PLD2/P4, due to the attraction-induced formation of polymer-protein aggregates. In 
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sharp contrast, when the charge of the protein and CPE are the same, especially for the 

pairs of anionic CPE and protein with pI < 7, such as PLD2/P2 or HK3/P3, the mixtures 

exhibit shorter diffusion time compared to the CPE alone (i.e., log (d/0) < 0 ). 

Apparently the Coulombic repulsion between two anionic macromolecules disrupts the 

aggregation of CPEs. 

 
Figure 4-6. Log (d/0) response 3D column pattern of six CPEs mixing with seven 

proteins. Column height is the average value of twenty replicates for each 
mixture. 

For the cationic CPE with positively charged proteins, e.g., LYZ/P5 or P6, some 

aggregation is apparent with average log (d/0) varying in the range of 0-0.1. This is 

likely due to the hydrophobic interaction.109
 The much larger error bars observed for 

HRP/CPE pairs (e.g., HRP/P5), is presumably due to the complexity in the mixture of 

protein isozymes. However, based on the average log (d/0) values for HRP with 

various CPEs, HRP is able to induce aggregation when mixed with cationic CPEs, while 

disrupting aggregation when mixed with anionic aggregated CPEs. Therefore, HRP is 

displaying more anionic characteristics in neutral system. 
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Besides electrostatic or hydrophobic interaction, other factors may also influence 

the final response. For example, the log (d/0) for anionic P2 with cationic LYZ is much 

larger compared to that of P2 with avidin. We attribute this phenomenon to the high 

charge density of LYZ, which has the smallest molecule weight and highest pI value. 

However, when considered P4 mixed with a series of anionic proteins, the molecule 

weight of proteins seems have impact on the final diffusion time change. The value of 

log (d/0) increases roughly as the increase of the molecular weight of the protein: HRP 

(44 kDa) < HK3 (54 kDa) ≈ BSA (66 kDa) < PLD2 (200 kDa) < GOx (160 kDa). However, 

this trend does not apply to other types of oppositely charged CPE/protein mixtures.  

In addition to the influence of the protein, the properties of polymers also influence 

the trends in the diffusion time changes for the CPE-protein mixtures. For example, the 

thiophene containing CPEs (P4 and P5) appear to form larger aggregates compared to 

P6 which contains only phenylene repeat units. In particular, when P4 is mixed with 

oppositely charged proteins (BSA, HK3, PLD, GOx), the resulting log (d/0) values are 

larger than those for P6 with the same proteins. This finding is consistent with the 

previous reports that the thiophene containing CPEs appear to have a larger 

hydrophobic character compared to the phenylene analogues.210
 The bond linking style 

in backbone may also enhance the interaction between CPE and proteins. For instance, 

the diffusion time for P2, a helical CPE, is greater than that of P3, which has linear 

backbone, mixed with oppositely charged proteins (LYZ, avidin), even though P3 has 

higher MW than P2 does. Consequently, the final signal response is affected by charge 

type, charge density, molecular weight and structure property of both proteins and 

CPEs. It is difficult to de-convolute each part just relying on the FCS measurement. We 
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are pleased to find that the six CPEs are displaying unique signal response pattern for 

each protein, which is much beneficial for processing distinguish and identification of 

proteins in the next sensory development. 

Protein Sensing 

Linear discriminant analysis of FCS diffusion times for protein/CPE mixtures 

In order to provide more insight into the structure-property relationships for the 

CPE/protein mixtures, we carried out studies aimed at subjecting the FCS results to 

linear discriminant analysis (LDA, the details of the theory and procedures for LDA can 

be found in the literature).125, 126 As outlined below, this work leads to the development 

of a novel CPE-FCS based method allowing the identification of a protein in an 

unknown sample (Figure 4-7). As can be seen below, a single LDA operation on the 

entire set of data was unable to afford a high degree of accuracy due to the reason that 

the single LDA was originally developed for two-class problems and it is sub-optimal if 

multiple classes are considered.211. Thus, we applied a sequence of LDA steps 

afterwards to multiple subgroups of proteins and generated subspaces that have higher 

overall classification power.212 

 
Figure 4-7. Flowchart for protein sensor array development. 
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The details about the multiple LDA process can be found in Figure 4-8. Initially, we 

used the full set of log (d/0) values to construct a matrix consisting of (6 CPEs) × (7 

proteins) × (20 replicates) for LDA analysis (Table A-1 in Appendix A). The eigenvectors 

which maximize the ratio of between-class variance to the within-class variance are 

obtained through LDA implemented as a script in Matlab. Then the three most 

significant eigenvectors (carrying 82.5, 9.31, and 5.77% of the discriminant information, 

respectively) are used to plot sample data in a 3D discriminant space as shown in 

Figure 4-9A. The 6 × 7 × 20 samples are presented with different colors denoting the 

different proteins. In principle, each protein should occupy a specific region in the 3D 

space and the different proteins should be well separated from each other. As displayed 

in Figure 4-9A and Figure 4-10, three protein groups of avidin, BSA and GOx are well 

classified with individual accuracy ≥ 95%. However, mingling occurs among the 

categories of HRP, PLD2, HK3 and BSA with error to be 4/20, 7/20, 7/20, and 5/20, 

respectively, resulting in the total classification accuracy 83%. 

A second LDA operation is applied using only the sub-sets of data that belong to 

HRP, PLD2, HK3 and BSA. A new discriminant space specifically for these four proteins 

is created and the improvement in the separation of groups can be easily observed 

(Figure 4-9B). The errors are reduced to be 2/20, 2/20, 2/20, and 1/20 for HRP, PLD2, 

HK3 and BSA, respectively, with an increased total accuracy 94% for seven proteins 

(Figure 4-10). More LDA operations are continuously applied for those groups with 

relatively lower individual training accuracy (<95%). As shown in Figure 4-9C, D and 

Figure 4-10, after four times LDA operations, the total classification accuracy for the 6 × 

7 × 20 training matrix reaches 98%, much higher than the result of a single LDA 
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operation, i.e., 83%. By building up multiple subspaces instead of a single large space, 

the protein discriminant method is well established (4 sets of eigenvalues are 

summarized in Table 4-3). 

 
Figure 4-8. Flowchart of multiple LDA operation for training known samples. 
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Figure 4-9. LDA discriminant spaces/plots for the diffusion time response patterns 

obtained with six CPE probes sensor array against A) seven proteins (avidin, 
LYZ, HRP, PLD2, HK3, BSA, GOx), B) four proteins (HRP, PLD2, HK3, BSA), 
C) three proteins (HRP, PLD2, HK3), D) two proteins (HRP, PLD2). Twenty 
replicates for each mixture. 

 

Table 4-3. Eigenvalues with their percentage of each LDA operation training matrix. 

LDA operation  1 2 3 Total 

1st  
1.7293 
(82.5%) 

0.1951 
(9.31%) 

0.1209 
(5.77%) 

2.0963 

2nd  
0.2026 
(64.1%) 

0.0593 
(18.7%) 

0.0543 
(17.2%) 

0.3162 

3rd  
0.1975 
(76.8%) 

0.0597 
(23.2%) 

 0.2572 

4th  
0.1772 
(100%) 

  0.1772 
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Figure 4-10. Training results for multiple LDA operation of diffusion time response for six 

CPE probes against seven proteins (twenty replicates for each probe-target 
pair). 

Unknown sample test 

After succeeding in classifying known samples, the detection and identification of 

unknown protein samples (Table B-1 in Appendix B) were further studied. Forty-two 

artificial protein samples prepared by a second researcher are undergoing the same 

protocol as described above, including determining concentration through Bradford 

protein assay, mixing proteins with six CPE probes individually, adjusting their 

Avidin LYZ HRP PLD2 HK3 BSA GOx Sum

Error/total 0/20 0/20 4/20 7/20 7/20 5/20 1/20 24/140

Training 
Accuracy

100% 100% 80% 65% 65% 75% 95% 83%

Avidin LYZ HRP PLD2 HK3 BSA GOx Sum

Error/total 0/20 0/20 2/20 2/20 2/20 1/20 1/20 8/140

Training 
Accuracy

100% 100% 90% 90% 90% 95% 95% 94%

Avidin LYZ HRP PLD2 HK3 BSA GOx Sum

Error/total 0/20 0/20 2/20 2/20 0/20 1/20 1/20 6/140

Training 
Accuracy

100% 100% 90% 90% 100% 95% 95% 96%

Avidin LYZ HRP PLD2 HK3 BSA GOx Sum

Error/total 0/20 0/20 0/20 1/20 0/20 1/20 1/20 3/140

Training 
Accuracy

100% 100% 100% 95% 100% 95% 95% 98%

1st LDA training

2nd LDA training

3rd LDA training

4th LDA training
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concentrations to [CPE] = 500 nM and [protein] = 2 g/mL, conducting FCS 

measurements and generating final data matrix (Figure 4-7).  

 
Figure 4-11. Flowchart for multiple LDA operation for testing unknown samples. 

As processed by first level LDA operation, the entire unknown samples are 

projected to the discriminant space built up in the above training process. Based on the 

theory of LDA,125, 126 in the created 3D discriminant space, the Mahalanobis distances of 

each unknown spot in the space to the centroid of each class are calculated and these 
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unknown spots are assigned and identified according to the shortest Mahalonobis 

distance. Based on the classification accuracy obtained in the training process, the 

samples that assigned to the groups of avidin, LYZ and GOx are believed to be 

identified with accuracy > 95%. The sub-set data belonging to those three proteins are 

removed from the entire matrix, and the rest matrix is submitted for a second level LDA 

operation and processed in a similar manner (Figure 4-11). As four-time LDA has been 

operated, all of the unknown samples get identification. Verification is assisted by the 

researcher who prepares unknown samples. Error report is shown in the Figure 4-12. 

Total identification accuracy is improved from 88% (failure test: 1 for HRP, 1 for HK3, 

and 3 for BSA) for a single LDA operation to 93% (failure test: 1 for HRP and 2 for BSA) 

for a multiple LDA operation (final failure test samples are marked with star in Table B-

1). 

 
Figure 4-12. Test results for multiple LDA operation of diffusion time response for six 

CPE probes against forty-two unknown protein samples. 

Based on the LDA results discussed above, we can find that proteins with pI > 7, 

e.g., avidin and LYZ, are easily separated from the rest groups with 

Avidin LYZ HRP PLD2 HK3 BSA GOx Sum

Error/total 0/6 0/6 1/6 0/6 1/6 3/6 0/6 5/42

Test 
Accuracy

100% 100% 83% 100% 83% 50% 100% 88%

Avidin LYZ HRP PLD2 HK3 BSA GOx Sum

Error/total 0/6 0/6 1/6 0/6 0/6 2/6 0/6 3/42

Test 
Accuracy

100% 100% 83% 100% 100% 66.7% 100% 93%

Multiple LDA 
operation
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classification/identification accuracy ~100% for both known and unknown samples, 

followed by GOx (pI = 4.2) with classification/identification accuracy 95% and 100% for 

known and unknown samples, respectively. HRP, PLD2, HK3 and BSA are relatively 

hard to be distinguished from each other, which are probably due to their similarity in 

charge properties, resulting in similar interaction with each CPEs and requiring further 

LDA processes. The complexity in the pI value for multi-isozyme mixture, such as HRP, 

may also bring in the difficulty in identification of proteins: the identification accuracy for 

HRP is relatively low. The separation of proteins with opposite charge is the easiest to 

be achieved, suggesting the charge type plays the most significant role in the interaction 

between CPEs and proteins as well as the recognition of proteins. While further 

discriminant between proteins with similar charge properties needs more analysis on 

the minor differences in data matrix. Those differences probably arise from molecular 

structure, charge density or molecular weight of both CPEs and proteins. As discussed 

above, those factors can also make their own contributions to the differentiation of 

proteins. 

Summary 

In sum, a systematical investigation was conducted on the aggregation state/size 

change of CPEs induced by non-specific interaction between various CPEs and 

proteins from a molecular dynamics aspect. By employing FCS system, the 

aggregation/de-aggregation of CPEs can be reflected on the diffusion behavior changes. 

Many factors including charge type, charge density, molecular weight and structure of 

CPEs or proteins contribute to the final conformational and diffusional changes of CPEs. 

Among those factors, charge type plays the essential role. The patterns of signal 

responses generated by six CPEs are discernible for different proteins, arousing the 
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development of a new CPE based sensor array for protein. By applying multivariate 

pattern recognition chemometrics, LDA, in a multiple operation mode, a series of 

discriminant spaces is created and seven different proteins have been successfully 

classified. Forty-two unknown samples were further tested and a high identification 

accuracy 93% was obtained, which verified the robustness and feasibility of this novel 

sensor array. This type of sensing strategy establishes a new protein sensing platform 

where the proficient manipulation and strong biological background are not required for 

operators. Further effect can be made upon the optimization of probes including 

improving the monodispersion of polymers, conjugating more versatile functional groups 

to the backbone or introducing in new probes. Moreover, the development of the sensor 

array in more complicated biological environments is necessary to eliminate potential 

interference and enhance their feasibility in the real world. 

Material and Experiment 

Materials 

Avidin from egg white (avidin, A9275), lysozyme from chicken egg white (LYZ, 

L6876), peroxidase from horseradish, type I (HRP, P8125), phospholipase D from 

arachis hypogaea (peanut), type II (PLD2, P0515), hexokinase from saccharomyces 

cerevisiae, type III (HK3, H5000), albumin from bovine serum (BSA, A2153), and 

glucose oxidase from Aspergillus niger (GOx, G7141) were purchased from Sigma. The 

synthesis procedures and characterization of P1,182, 183 P2,23 P3,24 P4,29 P5,27 and P629 

has been previously reported. All sample solutions were prepared using water that was 

distilled and purified by a Millipore purification system (Millipore Simplicity ultrapure 

water system). Buffer solutions were prepared with reagent-grade materials (Fisher). All 

concentrations of polymers are provided in polymer repeat unit concentration (PRU). 
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Concentrated stock solutions of the CPEs and proteins were prepared in buffer to obtain 

the desired concentrations. All assays were conducted in 5 mM phosphate buffer, pH 

7.2 at room temperature. Coomassie brilliant blue G-250 was obtained from Sigma. 

Phosphoric acid and methanol were HPLC grade solvents bought from Sigma. 

Bradford Protein Assay Procedure 

Bradford protein assay was conducted following an instruction.213 Coomassie Blue 

G (10 mg) was dissolved in 5 mL of methanol and displaying dark blue. The solution 

was added to 10 mL of 85% H3PO4, and diluted to 20 mL with Millipore water. The final 

reagent was dark red and containing 0.5 mg/mL Coomassie Blue G, 25% methanol, and 

42.5% H3PO4.  The stock solution was kept in a dark bottle at 4°C. The assay reagent 

was freshly prepared for each measurement by diluting 1 volume of the dye stock with 4 

volumes of Millipore H2O and it appeared brown. Six standard solutions (1 mL each) 

containing 0, 250, 500, 1000, 1500 and 2000 µg/mL BSA (extinction coefficient 43,824 

M-1 cm-1 at 280 nm)214 were prepared as standard samples. The UV-Vis 

spectrophotometer was set in a point-read mode at 595 nm to collect the data. A 4 mL 

plastic cuvette filled with millipore water was inserted to auto-zero the reading at 595 nm. 

2.0 mL assay reagent and 0.04 mL of protein standard solution were mixed in a vial and 

it was gently inversely shaken several times. After 10 min standing, the absorbance of 

each stable sample was measured under room temperature, starting with the lowest 

protein concentration and working up. All the absorbance must locate between 0 and 2, 

otherwise, the outstanding sample should be adjusted or rejected and repeated. A plot 

of absorbance at 595 nm vs [BSA] as the standard curve was drawn through the 

instrument. The Bradford assay gives a hyperbolic plot for absorbance versus protein 

concentration, but within a range of relatively low protein concentrations, the hyperbolic 
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curve can be approximated reasonably well by a straight line.213  A one order straight 

line was used to fit the points and a high fitting coefficient above 0.99 was obtained (if 

not, all the experiments should be restarted over). The measurement of protein samples 

with unknown concentration was followed the same procedure and their absorbance at 

595 nm was obtained. By using the standard curve, their concentrations were easily 

figured out. 

Instrumentation 

FCS measurement.  

The measurements were performed in a setup constructed in house that described 

in Chapter 2. In each FCS experiment the fluorescence fluctuations were recorded for 

1-2 min. Free fluorescein (D = 3.00 × 10-10 m2
∙s-1)215 was used for calibration.  

UV-Vis measurement 

UV-Vis spectra were measured in 1 cm light path disposable polystyrene cuvettes 

(Fisher) on a UV-Vis spectrophotometer (Shimadzu, UV-1800). 
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CHAPTER 5 
STUDY OF INTERACTION OF META-LINKED POLY(PHENYLENE ETHYNYLENE) 

SULFONATE CONTAINING PYRIDINE WITH METAL IONS 

Background 

The strong photoluminescence and amplified quenching intrinsic to CPEs enable 

them to be ultrasensitive chemosensors for metal ions.16, 54, 91 The addition of oppositely 

charged small ions into solutions of CPEs has been reported to lead to significant 

changes in their photophysical properties.16, 42 Early studies found that some metal ions, 

such as Pd2+ and Ca2+, exhibit an amplified quenching ability towards carboxylated 

poly(p-phenylene ethynylene)s (PPE) in aqueous solution.47, 216 The superior sensitive 

photophysical response of CPEs is attributed to a combination of several factors, 

including delocalization and rapid diffusion of the singlet exciton along the CPEs’ 

backbone to the quencher “trap site”, as well as the various interactions between CPEs 

and ions, such as electrostatic attraction, or chelation, through which the aggregation of 

CPEs may be induced.24, 42, 43 Consequently, a series of CPE based sensors for metal 

ions has been developed.47, 67, 216 

Pyridine has a strong binding affinity towards metal ions and many pyridine 

substituted macromolecules have been synthesized and developed for metal ion 

sensors in the past few years.56, 217-219 Bai and coworkers published a series of papers 

regarding development of pyridine derivative-containing conjugated polymer based 

sensing methods for Pd2+ or Pt2+.217-219 Wang and coworkers also reported a fluorimetric 

detection method for copper ions using bipyridyl-substituted cationic CPEs.56 As stated 

in Chapter 1 and 3, meta-linked PPEs have the tendency to form a helical structure in 

polar solvents stabilized by their amphiphilicity and - intramolecular stacking. Winter 

and Eisenbach have reported that meta-linked PPE provides flexibility and spatial 
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registry for three-dimensional molecular binding of analytical targets.220 By coupling in 

the pyridine units, the helical structure adopted by meta-linked CPE can be stabilized 

and enhanced by silver ions or H+.221 Recently, Tan and Huang have designed an 

anionic CPE by combining meta- and para-linked pyridyl and phenylene ethynylene (PE) 

units into one polymer chain which shows high sensitivity and selectivity for silver 

ions.222 

Palladium is capable of eliciting a series of cytotoxic effects which may cause 

severe primary skin and eye irritations.223, 224 Among the conventional analytical 

techniques used for palladium detection, such as atomic absorption spectrometry,225 

plasma emission spectroscopy,226 X-ray fluorescence227 and inductively coupled plasma 

mass spectrometry (ICP-MS),228 colorimetric and fluorimetric based methods are 

expected to be more desirable due to their simplicity and ultrasensitivity.217, 218, 229-232 

Particularly, conjugated polymer (CP) based sensors have attracted much attention.217, 

218, 230  

 
Figure 5-1. Structure of mPPESO3py.  

In this chapter, a sulfonated poly(phenylene ethynylene) (PPE) containing meta-

linked pyridine rings in the polymer backbone (mPPESO3py, Figure 5-1) is investigated. 

A solvent-induced change in photophysics is observed, suggesting a coil-helix 

conformation transition and an electron donor-acceptor complexation. By incorporating 



 

143 

the meta-substituted monopyridyl units, the spatial matching for selective binding is 

improved. Particularly, the photophysical study indicates that the strong chelation of 

Pd2+ with pyridine rings rearranges and stabilizes the helical conformation of 

mPPESO3py. Moreover, Pd2+ ion shows overwhelming amplified quenching ability over 

other metal ions towards mPPESO3py, giving rise to a novel type of Pd2+ sensor that 

overcomes the water insolubility drawback of CPs. FCS studies show that upon addition 

of Pd2+ to an mPPESO3py solution, a poor correlation of the emission signal and a 

shorter diffusion time for mPPESO3py are observed. These phenomena are presumably 

due to the formation of a more compact conformation for mPPESO3py with Pd2+ via 

chelation as well as the low quantum yield for mPPESO3py due to amplified quenching, 

which leads to fast fading of photons emitted by a single polymer chain. Longer diffusion 

time is observed for mPPESO3py mixed with various other multi-valence ions, 

particularly, Fe3+ and Cr3+, which is the result of aggregation induced by the binding 

between metal ions and the nitrogen atoms belonging to adjacent CPE chains. 

Nevertheless, electron transfer and high binding affinity between CPEs and metal ions 

are the dominant factors in the amplified quenching mechanism. 

Results and Discussion 

Photophysical Properties of mPPESO3py 

Solvent-induced photophysics change 

In previous work, a meta-PPE was reported to adopt a random-coil conformation 

in a “good solvent” such as methanol (MeOH). In a polar solvent, such as acetonitrile 

and water, the polymer chain collapses into a -stacking helical conformation to 

minimize solvent-backbone contacts while maintaining favorable solvent/side-chain 

interactions for solvation.51-53 This conformational transition is reflected in the UV-Vis 
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absorption spectrum. Figure 5-2A shows the spectra for mPPESO3py in MeOH titrated 

with water. The absorption spectrum of mPPESO3py features two absorption bands at 

387 nm and 306 nm in MeOH, both of which decrease and slightly red-shift when the 

volume percentage of water increases in the solvent mixture. These changes in spectra 

are similar to that of meta-oligo(phenylene ethynylene) when the random-coil to helix 

conformation transition occurs. 51-53 Figure 5-2B plots the ratio of the two absorption 

peaks (AL/AS, AL and AS are the absorbance at longer and shorter wavelength peaks, 

respectively) as a function of the volume concentration of water in the mixed solvents. A 

general decrease in the ratio is observed with increasing content of water, suggesting 

the coil-helix conformation transition has more impact on the absorbance at longer 

wavelength, which is consistent with the observation reported in the literature.51-53 

 
Figure 5-2. A) Absorption spectra for mPPESO3py in solvent mixture with different 

component volume ratio. B) Ratiometric plot of AL/AS versus the percentage 
of water in methanol. AL and AS are the absorbance at longer and shorter 
wavelength peaks, respectively. 

Note that a broad shoulder peak appears at 450-500 nm and increases with 

increasing volume fraction of water in the solvent, this band may be due to a charge-

transfer absorption, which is similar to the spectra observed in the donor-accepter 

system.233, 234 The helix theoretically contains six aromatic members per helical turn with 
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- stacking between two identical aromatic rings, e.g., pyridyl-pyridyl. However, during 

the folding process of the coil-helix transition, a twist may occur due to the mismatch in 

the size of functional groups or steric hindrance, bringing electron-rich alkoxy 

substituted phenyl and electron-deficient pyridyl units in close proximity, where a donor-

acceptor interaction between them takes place. As illustrated in Figure 5-3A, the 

solvophobicity and - stacking drives mPPESO3py to adopt a helical conformation in 

water; while the pyridyl-phenyl interaction further stabilizes the helical structure, 

although it twists the helical circle. As more water is added into the mixture, more 

random coils tend to fold into helixes and more pyridyl-phenyl pairs are involved in the 

complexation, thus enhancing the intensity of the shoulder peak in the spectrum. 

 

Figure 5-3. A) Mechanism of solvent- and metal ion-induced formation of helical 
structures. B) Mechanism of multi-valence metal ion-induced crosslinking of 
CPE. 
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Figure 5-4. A) Emission spectra for mPPESO3py in solvent mixture with different 

component volume ratio. B) Absorbance ratio of two bands versus the 
percentage of water in MeOH. 

The solvent induced changes in emission spectra as a function of solvent are 

shown in Figure 5-4A. In a good solvent, mPPESO3py features two bands with a 

pronounced high peak at ~450 nm and a structureless broad band around 680 nm. The 

450 nm band is likely to be the emission from a relatively localized excited state. The 

broad band in the low energy region may emanate from an excimer-like excited state, 

attributed to the -stacking hydrophobic interaction or donor-acceptor complexation.51 

As more and more water is added into the solution, quenching is much more 

pronounced for the shorter wavelength band. A plot of I450/I680 as a function of 

percentage of water in the mixture is displayed in Figure 5-4B. As expected, the ratio 

decreases as the volume of water in the composition increases, which corresponds to 

the folding process of the polymer chain undergoing a coil-helix transition. 

Palladium ion-induced photophysics change 

A titration of Pd2+ to the mPPESO3py aqueous solution was conducted. The two 

absorption peaks continue to decrease and red shift, which are ascribed to the electron 

density change caused by the complexation of metal ions or conformational changes in 
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the polymer's backbone as a result of the chelation.235 The AL/AS keeps decreasing from 

1.12 to 0.91, indicating an advanced folding process that further enhances the helical 

conformation (Figure 5-5B). A plausible mechanism is illustrated in Figure 5-3A: when 

Pd2+ is present, the chelation between two Ns and one Pd2+ causes more random coil 

portion to undergo coil-helix transformation. Meanwhile, the high binding affinity 

between N and Pd2+ makes the “spring-like” helical coil pressed more with Pd2+ as the 

“clip”, disrupts the charge-transfer phenyl-pyridyl interaction and rearranges the stacking 

of the aromatic rings, e.g., pyridyls pairing with pyridyls instead of phenyls. The closely 

packed core with relatively narrow helical angle enhances the - stacking hydrophobic 

interaction, leading to the further decrease and red-shift in the absorption peak as 

observed. The rearrangement in the helical packing structure can be evidenced by the 

gradual disappearance of the shoulder peak in the region of 450-500 nm (Figure 5-5A). 

 
Figure 5-5. A) Absorption spectra of 15 M mPPESO3py titrated with Pd2+. B) The 

absorbance ratio of two bands versus the concentration of Pd2+ in aqueous 
solution (AL and AS are the absorbance at longer and shorter wavelength 
peaks, respectively). 

The quenching behavior of Pd2+ on the emission of mPPESO3py is displayed in 

Figure 5-6 (The sharp peak around 780 nm is the second-order scattering for the 
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excitation beam at 390 nm). A dramatic decrease in the emission peak is observed as 

the [Pd2+] increases from 0 to 40 M. As [Pd2+] reaches 30 M, the emission of 15 M 

mPPESO3py is almost quenched and the shoulder band in the absorption spectrum 

disappears, suggesting the saturation of the metal-pyridyl complexation at this 

concentration. 

 
Figure 5-6. Emission spectra for 15 M mPPESO3py with various [Pd2+] in aqueous 

solution. The sharp peak shown up around 780 nm is the second-order 
scattering for the excitation beam at 390 nm. 

Photophysics change of mPPESO3py with various metal ions 

High quenching efficiency of Pd2+ towards mPPESO3py is evidenced when 

compared to other metal ions, including Cu2+, Fe3+, Cr3+, Fe2+, Li+, Ag+, Ca2+, Zn2+, and 

Mg2+. Figure 5-7 and Figure 5-8 display the Stern-Volmer plots and     bar graph for 

the polymer with different metal ions in water. Pd2+ has the highest     = 2.50 × 105 M-1 

of all the metal ions and is ~4 times greater than that of Cu2+, which has the second 

highest    . The selectivity of mPPESO3py for Pd2+ can be evaluated in the bar graph 

(Figure 5-9), where 15 M Pd2+ can greatly quench 15 M of the polymer with I/I0 ratio > 
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3 times higher than that of the other metal ions at the same concentration. As the 

concentration of Metal ions increases, the selectivity of mPPESO3py for Pd2+ over other 

metal ions becomes greater, which paves a promising avenue for Pd2+ sensor 

development.  

 
Figure 5-7. Stern-Volmer plots for mPPESO3py with various metal ions in water. 

 

Figure 5-8. Stern-Volmer constant for various metal ions in water. 
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Figure 5-9. Bar graph for fluorescence quenching ratios I0/I at 680 nm of mPPESO3py 

with different metal ions at various concentrations in aqueous solution. Insert: 
Enlargement of lower I0/I region. I0 and I are the emission intensity of 
mPPESO3py without and with metal ions, respectively. 

FCS Study on the mPPESO3py with Various Metal Ions 

To gain more insight into the intermolecular interaction induced by metal ions, the 

FCS technique has been used to detect the diffusion behavior change of mPPESO3py 

with and without metal ions. The diffusion time of pure polymer (15 M) in aqueous 

solution is 1.39 × 10-4 s (Figure 5-10A). Upon titration with Pd2+ from 10 M-50 M, the 

correlation curves for the polymer become noisier at a fixed photon recording time (2 

min), which are poorly fitted with fitting coefficient ~84% when Equation 2-2 is applied 

(Figure 5-10A). Recall that the correlation of the fluorescence fluctuation is 

accomplished by calculating the similarity between a signal F(t) and a replicate of the 

same signal but shifted by a time lag , F(t+). Only when the two sets of signal F(t) and 

F(t+) are identical, i.e., produced by the same molecule, that the similarity/correlation of 

signal will reach the maximum. Once the polymer chain diffuses out of the excitation 
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volume after its characteristic diffusion time D, the correlation is greatly reduced. 

However, when the quencher molecules are introduced, its efficient quenching ability 

largely reduces the number of photons emitted by a single polymer chain or aggregate, 

which makes detection of the signal for the photon counting device much more difficult, 

resulting in a poor correlation curve. A smooth correlation curve and good fitting still can 

be obtained when the FCS photon recording time is largely extended, e.g., to 30 min. A 

decrease in diffusion time is observed as the concentration of Pd2+ increases (Figure 5-

11). There are two possible reasons for the apparent fast diffusion. The first is failure in 

detecting the second photon signal that is generated by the same polymer 

chain/aggregate due to amplified quenching, which produces a false appearance that 

the polymer chain has already diffused out of the excitation volume. The second is the 

chelation between pyridine and Pd2+ compacts the conformation of mPPESO3py, which 

decreases the hydrodynamic radius and accelerates the diffusion of the CPE (Figure 5-

3A).  

 

Figure 5-10. A) FCS correlation curves and B) fluctuation profiles for 15 M 

mPPESO3py without (red) and with 40 M Pd2+ (green) or Cr3+ (blue) in 
aqueous solutions. Black lines in A are the single-species fitting curves. 
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Figure 5-11. Diffusion time ratio for mPPESO3py with different amount of Pd2+ 

measured for 30 min in aqueous solution. D and D0 are the diffusion time of 
mPPESO3py with and without Pd2+, respectively. 

More FCS experiments have been done for the CPE with other metal ions. As 

shown in Figure 5-12, upon addition of 40 M Cr3+, 15 M mPPESO3py undergoes 

large aggregation with d/d0 ~7, where d0 and d are the diffusion time of mPPESO3py 

without and with Cr3+, respectively. A relatively smooth correlation curve can be found in 

Figure 5-10A (fitting coefficient ~99%). Several spikes show up in the fluctuation profile 

in Figure 5-10B, indicating the formation of large aggregates. Fe3+ can also induce 

aggregation with d/d0 ~6.5, followed by Fe2+ (d/d0 ~2) and Cu2+ (d/d0 ~1.4). Triply 

charged ions seem have higher capability for aggregation induction, which is probably 

due to their ability to bind three pyridyl moieties belonging to different polymers to 

induce interchain crosslinking as depicted in Figure 5-5B. 

0 10 20 30 40 50
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 

 

 D
/

D
0

[Pd
2+

] (M)



 

153 

 
Figure 5-12. Diffusion time ratio of mPPESO3py before and after the addition of metal 

ions. D and D0 are the diffusion time of CPE with and without metal ion, 

respectively. [mPPESO3py] = 15 M, [metal ion] = 40 M. 

Although aggregation is one of the mechanisms that cause amplified quenching of 

CPEs, 28, 103  it is not the dominating factor in this system. As shown in Figure 5-12 and 

Figure 5-8, even though Cr3+ possesses highest cross-linking ability, it has a relatively 

low quenching efficiency. The quenching ability of copper ions is second best compared 

to palladium ions; however, it can only induce slight aggregation in CPEs. Charge 

transfer from the electron-rich conjugated backbone to the electron-deficient metal ions 

as well as the high coupling affinity between the pyridine moiety and multi-valent ions 

are the dominant effects in the amplified quenching process. 

Summary 

In summary, the solvent-induced coil-helix transition on the meta-linked anionic 

CPE containing monopyridyl units is investigated. Changes in the photophysical 
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properties provide evidence for the conformational alteration of the CPE as well as the 

donor-acceptor complexation in the helix. On the basis of the spectroscopic study, Pd2+ 

induced rearrangement and tighter compaction in helical rings of the polymer backbone 

are revealed. The quenching efficiency of Pd2+ overwhelms other metal ions, giving rise 

to a Pd2+ sensing strategy. The FCS study shows that although the triply charged ions 

(Fe3+, Cr3+) can induce interchain crosslinking, aggregation is not the dominant factor in 

the amplified quenching behavior. Charge transfer and high binding affinity between 

CPEs and metal ions play essential roles in the quenching phenomenon.  

Experimental 

Materials 

mPPESO3py was synthesized according to previous report.196 Solutions of metal 

ions were prepared from their chloride salts, except for AgNO3 and FeSO4. With the 

exception of PdCl2, all metal sample solutions were prepared by using water that was 

distilled and purified by a Millipore purification system (Millipore Simplicity Ultrapure 

Water System). A stock solution of PdCl2 was prepared in dimethylsulfoxide (DMSO). 

The polymer stock solution was diluted with water or methanol to a final concentration of 

15 μM. All concentrations of polymers are provided in polymer repeat unit (PRU) 

concentration. 

Instrumentation 

Absorption and Emission measurement 

Absorption spectra were obtained on a Varian-Cary 100 UV-Vis absorption dual 

beam spectrophotometer. Steady state fluorescence spectra were recorded on a 

spectrofluorometer from Photon Technology International and corrected by using 

correction factors generated with a primary standard lamp.  
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FCS measurements  

The measurements were performed in a setup constructed in house that is 

described in Chapter 2. In each FCS experiment the fluorescence fluctuations were 

recorded for 5-30 min. Free TMR (D = 2.88 × 10-10 m2
∙s-1)143 was used for calibration. 
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CHAPTER 6 
CONCLUSION 

The water solubility and -conjugated backbones endow conjugated 

polyelectrolytes (CPEs) favorable optical properties, charge interaction ability and 

solvent-dependent self-assembly. This class of polymers has been studied for chemical 

and biological sensing applications due to their superior signal amplification and 

increased sensitivity compared to other molecular dyes. 

Fluorescence correlation spectroscopy (FCS), developed from a fluorescence 

microscope, is a powerful single-molecule spectroscopic technique, which utilizes the 

fluctuations in emission (caused by Brownian diffusion, flow, chemical reactions, etc.) 

from fluorescent molecules moving in and out of a microscopic confocal volume 

(~femtoliters). By employing FCS, the diffusion behavior, concentration, 

conformation/size change of fluorescence molecules, particularly, CPEs, can be 

monitored directly, so that a number of events, including chemical reaction, mobility, 

molecular interaction, self-assembly, or binding kinetics, can be detected. 

The Application of Dye-Ligand Intercalated Helical Conjugated Polyelectrolyte to 
Protein Sensing 

As described in Chapter 3, a DNA intercalator biotin-tetramethylrhodamine (biotin-

TMR) is found to be capable of intercalating into a helical conjugated polyelectrolyte 

(Poly-1). The efficient fluorescence resonance energy transfer (FRET) from the polymer 

to the TMR chromophore is observed; however, the addition of avidin to the poly-

1/biotin-TMR intercalation complex results in no emission recovery of Poly-1. The 

mixing of biotin-TMR with avidin prior to the addition of the polymer can efficiently 

disrupt the FRET signal. The study of the FRET response as a function of 

[avidin]/[biotin-TMR] affords insight into the interaction of the protein with the 
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intercalation complex and reveals the so-called phenomenon steric constraint. This 

project is further studied by FCS coupled with 543 nm laser. A remarkable increase in 

the diffusion time of Poly-1/biotin-TMR complex in the presence of avidin is observed. 

This change is attributed to the formation of large supramolecular polymer aggregates 

induced by the binding between the biotin units of intercalators and avidin, which gives 

rise to a novel sensing strategy for avidin. The detection limit of <100 pM is figured out, 

which is lower than that of most other avidin sensing methods reported. 

New Fluorescence Correlation Spectroscopy and Application on Protein Sensor 
Array Development  

In Chapter 2, a new FCS system coupled with 405 nm blue laser, which can 

directly track the diffusion of blue-emitting CPEs, is successfully constructed. Details 

about the theory and construction of FCS are fully discussed. This new FCS is further 

demonstrated its power and feasibility in Chapter 4, where a CPE-based protein sensor 

array is developed. Six CPEs with various structures and charge properties are exposed 

to seven proteins. Upon hydrophobic or electrostatic interactions, the aggregation states 

of CPEs in aqueous solution change, which results in the change of the diffusion 

behavior of the CPEs. The diversity in structure characteristics, interaction properties 

and the molecular scales of both polymers and proteins contribute to the variation of the 

final molecular size and diffusion behavior of probes, which can be recorded by FCS. 

The resulting data matrix is analyzed by linear discriminant analysis (LDA). The 3D 

signal response pattern created through LDA demonstrates the discrimination ability of 

this sensor array for seven proteins. The success in identification of unknown samples 

further verifies the feasibility of this new sensor array. 
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Study of meta-Linked Poly(Phenylene Ethynylene) Sulfonate Containing Pyridine 
Quenched by Metal Ions 

The changes in photophysical properties of an mPPESO3py, which is a CPE 

containing meta-linked pyridine rings in the backbone in various conditions are 

investigated. Based on the spectra, the electron donor-acceptor complex is formed 

between alkoxy substitute phenyl and pyridyl during coil-helix transition driven by 

solvophobicity and - stacking interaction. The polymer shows a great affinity and 

selectivity for the Pd2+ ion for the quenching efficient of Pd2+ greatly surpasses that of 

the other metal ions. FCS study further reveals that some multivalent metal ions 

including Cr3+, Fe3+, Fe2+, and Cu2+ can induce aggregation of mPPESO3py due to the 

crosslinking between metal ions and Ns belonging to adjacent polymers. Failure in 

getting smooth correlation curve for polymer with Pd2+ is due to its compact 

conformation and low quantum yield which significantly affect the photon detection. The 

quenching mechanism is dominated by the photoinduced electron transfer (PET) 

process or energy transfer (ET) process instead of conformational change of 

mPPESO3py. 

Outlook for Application of FCS in CPE 

In this dissertation, the FCS has successfully extended its application in the CPE 

field, providing insights into the physical state change of CPE and their interaction with 

other molecules from a molecular motion aspect, which cannot be explored by 

conventional technologies. By combining FCS with CPE, a novel platform for 

development of molecular sensing methods has been established, showing its potential 

and specificity. As CPE-FCS based biomolecule sensing methods are just proposed 

and initialized, further development can be made by optimizing the CPE probes 
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including modifying the molecular weight distribution and quantum yield of polymers, 

conjugating more versatile functional groups to the backbone. Sensing assays for some 

potential analytes other than proteins, such as ssDNA and dsDNA, can be designed 

and tested. Moreover, the development of these sensing assays in more complicated 

biological environments is necessary, so that the potential interference can be 

eliminated and their feasibility in the real word can be enhanced. 

For the FCS setup, a temperature controlling accessory may be installed on the 

sample holder to achieve CPE-based enzyme activity sensing, which requires a 

temperature higher than room temperature. In addition, if one more set of detector is 

introduced in, by applying different band pass emission filters, the study of fluorescence 

resonance energy transfer can be conducted. A cross-correlation of the emission 

signals can also be achieved by just upgrading the correlator. 

Besides the application on the biosensors discussed above, some fundamental 

research can be carried out on the interactions between CPEs and other molecules 

such as small ions, surfactants or between different CPEs. If an organic-solvent resisted 

container is used, such as quartz sample well, the investigation of polymers can be 

done in organic solvents, which has many benefits for those conjugated polymers that 

have poor water solubility.  
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APPENDIX A 
TABLES OF TRANING DATA 

Table A-1. Training matrix of Log (d/0) of six CPE sensor array (P1 – P6) against 
seven proteins (1 = avidin, 2 = LYZ, 3 = HRP, 4 = PLD2, 5 = HK3, 6 = BSA, 7 

= GOx) with [CPE] = 500 nM and [protein] = 2 g/mL in 5 mM HEPEs buffer, 
pH 7.2, room temperature. 

P1 P2 P3 P4 P5 P6 Protein # 

1.015 0.856 0.886 0.013 -0.007 0.183 1 
1.105 0.610 0.798 0.026 -0.075 0.542 1 
1.356 0.762 0.344 0.096 -0.080 0.372 1 
0.978 0.659 0.901 0.014 0.047 0.006 1 
0.911 1.010 0.703 0.025 0.001 -0.020 1 
0.645 1.173 0.712 -0.011 -0.049 -0.068 1 
0.711 0.705 0.710 0.045 0.198 -0.121 1 
0.778 0.565 0.775 -0.054 0.057 0.215 1 
0.807 0.765 0.737 0.054 0.003 0.511 1 
1.192 0.890 0.680 -0.040 -0.055 0.512 1 
0.572 0.864 0.981 0.110 -0.025 -0.163 1 
0.988 0.699 0.772 0.034 -0.102 0.266 1 
1.057 0.986 0.782 0.035 -0.075 -0.089 1 
0.279 0.639 0.627 -0.004 -0.034 -0.162 1 
0.236 0.622 0.564 0.021 -0.103 -0.032 1 
0.737 0.926 0.612 0.098 -0.021 -0.036 1 
0.309 0.635 0.601 0.162 -0.065 -0.244 1 
0.289 0.656 0.560 0.116 -0.039 -0.099 1 
0.438 0.831 0.514 0.132 -0.154 -0.334 1 
0.752 0.787 1.050 -0.009 -0.134 0.010 1 
0.814 3.762 0.290 0.042 -0.053 0.656 2 
1.072 2.144 0.553 0.036 -0.059 -0.110 2 
1.080 2.755 0.828 0.035 -0.495 0.029 2 
1.003 2.887 0.653 0.000 -0.049 -0.004 2 
1.473 2.886 0.696 0.089 -0.027 0.161 2 
0.796 2.298 0.894 -0.011 -0.026 0.402 2 
0.439 2.125 0.473 0.063 -0.044 -0.098 2 
0.318 2.431 0.913 0.012 0.007 -0.116 2 
0.850 2.263 1.302 0.014 0.233 0.178 2 
1.117 3.221 0.836 -0.006 0.253 -0.071 2 
1.030 3.363 1.171 -0.003 0.248 0.542 2 
1.234 2.458 1.107 0.046 0.247 0.439 2 
1.494 3.068 0.365 0.208 0.249 0.020 2 
1.733 3.061 1.345 0.047 0.244 -0.040 2 
1.561 3.735 1.325 0.055 0.377 -0.038 2 
1.572 2.153 0.811 0.051 0.221 -0.003 2 
1.176 3.522 0.876 0.062 0.010 -0.114 2 

 



 

161 

Table A-1. Continued. 

P1 P2 P3 P4 P5 P6 Protein # 

1.564 3.816 1.273 0.065 -0.057 -0.106 2 
1.621 3.149 0.639 0.071 0.401 -0.135 2 
0.669 3.263 1.099 0.015 0.028 0.154 2 

-0.013 -0.384 -0.107 1.727 -0.278 0.605 3 
0.045 -0.374 -0.041 1.799 1.842 0.467 3 
0.043 -0.468 -0.099 -0.126 2.301 0.450 3 

-0.032 -0.401 -0.009 1.369 2.201 0.574 3 
-0.079 -0.383 -0.124 0.117 -0.029 0.333 3 
0.043 -0.492 -0.110 0.311 -0.030 0.640 3 

-0.049 -0.378 -0.129 1.281 -0.098 0.454 3 
-0.010 -0.434 -0.124 0.222 0.427 0.494 3 
-0.040 -0.409 -0.161 0.251 -0.008 0.909 3 
-0.002 -0.349 -0.120 1.638 -0.073 0.921 3 
-0.003 -0.391 -0.125 1.016 1.232 0.894 3 
-0.045 -0.373 -0.125 0.411 0.047 0.579 3 
0.050 -0.482 -0.047 1.509 -0.036 0.594 3 
0.057 -0.416 -0.083 -0.048 0.187 0.275 3 
0.094 -0.426 -0.141 -0.067 0.039 0.150 3 

-0.029 -0.497 -0.106 -0.043 -0.068 0.117 3 
-0.026 -0.496 -0.137 -0.121 0.014 0.345 3 
0.000 -0.545 -0.129 -0.186 -0.052 0.571 3 

-0.021 -0.419 -0.010 -0.040 -0.034 0.728 3 
-0.069 -0.349 -0.104 0.088 -0.096 0.486 3 
0.035 -0.261 -0.024 1.409 3.191 0.750 4 
0.023 -0.262 -0.032 1.422 2.995 1.101 4 
0.026 -0.333 -0.022 1.149 2.588 0.946 4 

-0.002 -0.389 -0.051 1.275 2.019 0.832 4 
0.032 -0.362 -0.103 1.609 2.608 0.837 4 
0.004 -0.421 -0.041 1.499 1.469 0.821 4 
0.021 -0.350 -0.066 1.018 3.190 0.942 4 

-0.050 -0.084 -0.071 1.582 3.354 0.701 4 
0.023 -0.112 -0.060 2.090 2.345 0.753 4 

-0.065 -0.158 -0.088 1.951 1.804 0.790 4 
-0.013 -0.151 -0.088 1.470 1.269 0.807 4 
-0.040 -0.122 -0.042 2.012 1.272 0.747 4 
0.001 -0.064 -0.112 2.226 1.230 0.919 4 
0.022 -0.156 -0.118 1.452 3.022 0.809 4 
0.009 -0.212 -0.140 2.065 1.396 0.769 4 

-0.011 -0.307 -0.141 1.112 1.739 0.695 4 
0.024 -0.220 -0.132 1.468 1.460 0.753 4 
0.029 -0.157 -0.135 1.688 1.603 1.212 4 
0.018 -0.145 -0.144 1.681 2.945 1.012 4 
0.005 -0.102 -0.075 1.216 3.124 0.628 4 

 



 

162 

Table A-1. Continued. 

P1 P2 P3 P4 P5 P6 Protein # 

-0.069 -0.269 -0.169 1.199 1.788 0.998 5 
-0.030 -0.254 -0.130 0.816 1.110 0.972 5 
-0.083 -0.213 -0.200 1.360 1.857 0.934 5 
-0.023 -0.286 -0.188 0.926 1.312 1.031 5 
-0.040 -0.303 -0.191 1.002 1.320 1.019 5 
-0.029 -0.223 -0.308 1.173 0.778 1.587 5 
-0.019 -0.314 -0.248 1.614 1.312 0.813 5 
-0.042 -0.330 -0.228 0.973 1.193 1.178 5 
0.000 -0.165 -0.327 0.834 0.912 1.160 5 

-0.086 -0.213 -0.258 1.220 1.355 1.090 5 
-0.011 -0.194 -0.288 1.450 0.749 0.622 5 
0.016 -0.255 -0.301 0.794 1.544 1.301 5 
0.026 -0.265 -0.105 0.886 0.350 1.390 5 
0.000 -0.072 -0.053 1.796 0.970 1.203 5 

-0.070 -0.143 -0.050 1.720 1.628 0.985 5 
-0.034 -0.137 -0.039 0.988 1.286 1.107 5 
-0.081 -0.098 0.045 1.095 0.896 1.163 5 
-0.019 -0.103 -0.095 1.304 1.139 1.323 5 
-0.047 -0.034 -0.117 1.789 1.492 0.938 5 
-0.031 -0.145 -0.111 0.713 1.575 1.170 5 
0.058 -0.106 -0.239 1.482 1.606 0.882 6 
0.027 -0.127 -0.262 1.124 1.732 0.678 6 

-0.012 -0.217 -0.260 1.266 2.590 0.592 6 
-0.014 -0.142 -0.244 0.916 1.191 0.730 6 
0.031 -0.121 -0.266 1.502 1.588 0.649 6 
0.035 -0.125 -0.278 0.828 1.493 0.799 6 

-0.025 -0.091 -0.113 1.166 2.036 0.665 6 
-0.008 -0.123 -0.164 1.229 1.994 0.578 6 
-0.049 -0.108 -0.199 0.857 2.194 0.584 6 
-0.032 -0.094 -0.113 1.228 0.856 0.684 6 
-0.036 -0.120 -0.132 1.234 1.045 0.717 6 
-0.079 -0.148 -0.175 1.363 2.103 0.843 6 
-0.003 0.002 -0.202 1.122 0.884 0.816 6 
-0.014 -0.111 -0.182 0.625 1.218 0.612 6 
0.010 -0.050 -0.144 0.837 1.343 0.863 6 

-0.066 -0.058 -0.083 0.998 1.165 0.572 6 
0.029 -0.109 -0.137 0.859 1.528 0.593 6 
0.030 -0.108 -0.150 0.723 1.089 0.595 6 
0.030 -0.192 -0.267 1.260 1.013 0.452 6 

-0.026 -0.161 -0.122 1.044 1.097 0.757 6 
-0.039 -0.068 -0.033 2.364 0.678 0.455 7 
-0.053 -0.165 -0.018 2.890 0.776 0.507 7 
0.024 -0.142 -0.051 2.605 0.869 0.483 7 
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Table A-1. Continued. 

P1 P2 P3 P4 P5 P6 Protein # 

-0.039 -0.132 -0.038 3.150 0.710 0.503 7 
0.033 -0.143 -0.090 2.383 0.933 0.484 7 
0.066 -0.205 -0.045 2.823 0.707 0.481 7 

-0.045 -0.143 -0.043 2.252 0.734 0.426 7 
0.017 -0.180 -0.054 2.461 0.779 0.624 7 
0.058 -0.126 -0.033 2.942 1.224 0.781 7 

-0.060 -0.008 -0.049 2.222 0.992 0.446 7 
0.012 -0.080 -0.023 1.926 0.737 0.441 7 
0.026 -0.036 0.058 1.892 0.722 0.721 7 

-0.091 -0.041 0.052 1.788 0.861 0.443 7 
-0.038 0.016 0.037 1.564 1.185 0.402 7 
-0.079 -0.024 0.060 3.100 0.697 0.254 7 
-0.014 -0.102 0.078 3.172 0.890 0.243 7 
-0.085 -0.077 0.064 3.291 0.873 0.361 7 
-0.083 -0.116 0.056 2.947 1.314 0.443 7 
-0.069 -0.046 0.056 3.369 1.061 0.450 7 
0.009 0.018 0.025 3.313 0.829 0.380 7 

  



 

164 

APPENDIX B 
TABLE OF TEST DATA 

Table B-1. Unknown sample test matrix of Log (d/0) of 6 CPE sensor array (P1 – P6) 
against various proteins (1 = avidin, 2 = LYZ, 3 = HRP, 4 = PLD2, 5 = HK3, 6 

= BSA, 7 = GOx) with [CPE] = 500 nM and [protein] = 2 g/mL in 5 mM 
HEPEs buffer, pH 7.2, room temperature.(failure tests are denoted with star, I 
= Identification, V = Verification). 

Sample # P1 P2 P3 P4 P5 P6 I V 

1 -0.035 -0.223 -0.019 1.341 2.198 0.718 4 4 
2 1.727 1.032 0.853 0.139 0.013 0.155 1 1 
3 1.763 3.791 0.835 0.039 0.017 0.141 2 2 
4 0.009 -0.247 -0.248 0.774 0.962 1.185 5 5 
5 1.280 2.300 1.193 0.016 0.015 0.069 2 2 
6 0.001 -0.443 -0.237 -0.088 0.755 0.807 3 3 
7 -0.100 -0.243 -0.188 1.023 1.214 1.297 5 5 
8 1.354 1.021 0.677 0.004 -0.007 0.043 1 1 
9 0.044 -0.026 0.020 2.507 0.890 0.630 7 7 
10 -0.029 -0.234 -0.012 2.002 1.712 0.688 4 4 
11 0.024 0.001 0.011 2.642 0.966 0.184 7 7 
12 -0.046 -0.123 -0.263 0.916 2.191 0.730 6 6 
13 -0.020 -0.270 -0.205 1.254 1.256 0.965 5 5 
14 2.635 2.235 1.480 0.235 -0.165 -0.029 2 2 
15 -0.047 -0.411 -0.025 1.675 2.751 0.724 4 4 
16 -0.003 -0.398 -0.279 1.031 1.211 0.415 3 3 
17 1.052 1.332 0.724 -0.020 0.024 0.490 1 1 
18* -0.023* -1.157* -0.163* 1.255* 1.156* 0.772* 3* 6* 
19 0.000 -0.263 -0.171 1.597 1.164 1.167 5 5 
20 -0.020 -0.026 -0.014 3.219 0.835 0.056 7 7 
21 1.850 3.330 1.218 0.032 -0.078 0.340 2 2 
22 1.260 1.041 0.775 -0.018 -0.090 0.386 1 1 
23 -0.020 -0.400 -0.039 1.444 2.493 0.617 4 4 
24 -0.023 -0.455 -0.235 1.380 -0.050 0.673 3 3 
25 -0.014 -0.142 -0.115 0.916 1.332 0.668 6 6 
26 0.034 0.002 0.020 2.612 0.926 0.531 7 7 
27* 0.002* -0.413* -0.206* -0.150* 1.104* 0.918* 5* 3* 
28 -0.038 -0.113 -0.259 1.126 1.270 0.576 6 6 
29 0.003 -0.147 -0.228 1.169 1.448 1.566 5 5 
30 0.033 -0.021 0.012 2.881 0.914 0.902 7 7 
31 -0.038 -0.218 -0.039 1.756 1.428 0.939 4 4 
32* -0.086* -0.150* -0.244* 1.021* 1.181* 0.816* 5* 6* 
33 -0.082 -0.068 -0.224 0.971 1.493 0.808 6 6 
34 -0.021 -0.150 -0.261 1.309 0.884 1.173 5 5 
35 -0.030 -0.304 -0.012 1.643 1.330 0.948 4 4 
36 0.888 1.107 0.704 -0.158 -0.157 0.135 1 1 
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Table B-1.  Continued. 

Sample # P1 P2 P3 P4 P5 P6 I V 

37 1.266 3.183 0.867 0.009 -0.087 0.202 2 2 
38 -0.064 -0.455 -0.261 -0.091 -0.032 0.945 3 3 
39 -0.029 -0.016 -0.011 1.497 0.873 0.091 7 7 
40 0.993 2.728 1.149 0.080 0.011 0.178 2 2 
41 -0.010 -0.409 -0.261 0.202 0.103 0.796 3 3 
42 0.530 0.872 0.747 -0.085 -0.018 0.126 1 1 

*Note: failure test 
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