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Synopsis 

 

The content of this synopsis report entitled “Rational Engineering of Polyfluorene based 

Conjugated Polymers for Sensing and Antibacterial Applications” is divided into five 

chapters. Chapter1 give brief introduction about the respective research area where the scope 

and significance of the subsequent chapters are discussed. Chapter 2 discussed the 

development of benzimidazole functionalised polyfluorene homopolymer (PFBZ) and its 

specific detection of bilirubin (jaundice biomarker) in the real serum samples as well as the 

preparation of fluorescence paper-based test kits for onsite bilirubin detection. Chapter 3 

discussed the synthesis of polyfluorene based copolymers PFP and PF2CN with the monomer 

M2CN playing a key role in tuning the emission wavelength as well as AIEE activity. Further, 

these polymers were utilized for the detection of pendimethalin (mutagenic and carcinogenic 

herbicide) in real vegetables and natural water samples and also a smartphone integrated point 

of care testing device was developed for rapid onsite detection in a very straightforward 

manner. Chapter 4 discussed the development of a series of copolymers P1, P2 and P3 by 

incorporation of M4 monomer and their structure property relationship in the molecular and 

aggregated level. Further the AIEE active P3 polymer is modified into PFAN polymer by 

functionalizing with methyl imidazole which act as a receptor for HSA/BSA (predominant 

protein in human and animals’ sera) in the aqueous medium. The PFAN detection of HSA/BSA 

shows significant color change which is beneficial for the construction of smartphone 

integrated point of care testing device for rapid onsite detection. Chapter 5 discuss the 

development of conjugated polyelectrolytes PFTMI and PFTPyMI and their antibacterial 

application. 

Chapter 1: Introduction 

Conjugated polymers (CPs) are categorized as a unique type of organic macromolecules 

formed by alternate σ (single) bond and highly delocalized π (multiple) bond along its 

backbone. The research on CPs began in the late 1970’s and has gained a tremendous attention 

since the discovery of polyacetylene's electrical properties after halogen doping. After 23 years 

of progress, such an initial step of switching plastic insulator like polyacetylene into an 

electrically conductive metal was honored in 2000 with Nobel Prize in Chemistry jointly to the 

three pioneered Scientist Alan J. Heeger (University of California), Alan G. MacDiarmid 

(University of Pennsylvania), and Hideki Shirakawa (University of Tsukuba). Since then, there 
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have been massive advancement in the interdisciplinary research of material science, biological 

science and optoelectronic devices.  

Conjugated polymers (CPs) are gaining popularity as a promising material for sensing and 

biological application due its high absorption coefficient, intense emission, super sensitivity, 

low detection limits, ease of solution process ability etc. Such a superior property of CPs as 

compared to small molecule is because of its highly delocalized π electrons allowing efficient 

exciton migration along the backbone as a whole. The different parts of CPs along with some 

common backbone chain such as poly (p-phenylene ethylene) (PPE), polyfluorene (PF), poly 

(p-phenylene) (PPP), poly (p-phenylene vinylene) (PPV), poly (p-pyrrole) (PPy), 

polythiophene (PT) etc. are shown in Figure 1(a), (b). Further, the integration of ionic 

functional groups upon CPs (conjugated polyelectrolytes) not only improved the solubility in 

aqueous solution but also serve as a binding site for various charge species like protein, DNA, 

surfactants etc.  

 

Figure 1: (a) Pictorial representation of conjugated polymer (b) Structures of some well-known 

conjugated polymer system. 

CP as Amplified Signal Transducer: 

CPs could be employed as an amplified transducer to translate a biological or chemical 

recognition signal into a measurable signal by simply modifying the hydrophobic backbone or 

side chain or both. The photophysical signal is determined by the effective conjugation length, 

chemical nature, intermolecular and intramolecular packing arrangements that provides 

suitable mechanism for sensing.  In the process excitons are transfer into an acceptor in solution 

or interchain polymer in aggregate or in solid state thereby generating amplified change in 

fluorescence signal. Such an amplify signal is more appealing in CPs based sensor than the 

small molecule based sensor where Swager and co-workers first demonstrated this amplified 

property known as  "Molecular Wire Effect," in 1995. According to this, the fluorescence 

response in CPs are due to the collective response of the backbone as the whole chain, which 
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ultimately results in signal amplification when compared to small molecule-based sensors 

where the change in fluorescence signal usually occurred due to a single chromophore after 

binding events as shown in Figure 2. This property makes CPs highly demanding in sensing 

and biomedical applications allowing the use of very dilute probe concentration. 

 

Figure 2: Pictorial representation of fluorescence quenching in monomer and polymer by 

analyte molecules. 

Engineering CPs for Sensing and Antibacterial Applications: 

Over the past few years, CPs with varied backbone and side chain functionalities have been 

designed for sensing of chemical and biological species such as explosives, toxic chemicals, 

protein, biomarkers, pathogens etc (Figure 3). The inherent signal amplification property of the 

CP-based sensor results in a low detection limit (ppb to ppt level) and hence more 

biocompatible. Homopolymer having various receptors is extensively used in sensing and 

antibacterial application because of its easy synthetic pathway. Continuous effort has been 

made by the researcher worldwide for the development of donor- acceptor (D-A) based 

conjugated polymers to tuned the color of luminescence as well to obtain the ratiometric 

response in sensing, to achieve naked eye detection and quantification of various analytes for 

practical applications. In recent years, considerable attention has been given to obtain 

AIE/AIEE (aggregation induced emission/aggregation induced enhanced emission) polymer 

due to their diverse applications covering the field of optoelectronic devices, bio/chemo sensor, 

phototheranostic, anti-counterfeiting and many more.  

Moreover, bacterial infection and the rising problem of multi-drug resistance pathogens 

demands new efficient antibacterial materials. Conjugated polyelectrolytes are regarded as 

good antibacterial materials due to their high antibacterial activity, biocompatibility, and good 

photo and thermal stability.  
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Figure 3: Schematic diagram illustrating the signal amplification properties of several CPs 

(homopolymer, D-A polymer, and AIE/AIEE polymer) for utilization as a fluorescence sensors 

or/and antibacterial agents. 

Among the conjugated polymers, polyfluorene is as effective blue emissive materials with high 

photoluminescence efficiency and high thermal stability for practical application. The 

polyfluorene blue emission can be tuned to desired colors by designing donor-acceptor (D-A) 

strategy in the backbone. The incorporation of AIE unit into the D-A polymer will improve the 

sensing performance allowing solid state detection with tunable color. 

Chapter 2: Conjugated Polymer Nanoparticles as a Fluorescence Probe for 

Amplified Detection of Human Serum Bilirubin 

In this Chapter 2, a conjugated homopolymer, poly1,1'-((2,7-dimethyl-9H-fluorene-9,9-diyl) 

bis(hexane-6,1-diyl)) bis(1H-benzo[d]imidazole) (PFBZ) was synthesized incorporating with 

a specific receptor benzimidazole for bilirubin detection using a low-cost and straightforward 

oxidative coupling polymerization. The PFBZ polymer spontaneously forms nanoparticles in 

aqueous medium and unveils excellent sensitivity and selectivity towards bilirubin in an 

aqueous PBS medium with LOD 6.9 pM, which is far less than the clinically relevant range. 

The sensing mechanism is based on probe-analyte interaction chemistry and FRET, which were 

confirmed from both experimental and theoretical studies. This method is successfully utilized 

for the quantitative determination of BR in real serum samples. Also, a portable florescent test 

kit was fabricated for onsite detection (Figure 4). 
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Figure 4: Schematic representation of bilirubin detection by PFBZ polymer 

Chapter 3: Receptor Free AIEE Conjugated Polymer Nanoparticle based 

PoC device for Amplified Detection of Pendimethalin 

In this chapter 3, the concept of Aggregation induced enhanced emission (AIEE) property 

combined with polymer science as an innovative approached of designing sensory material 

allowing solution and solid-state detection with signal amplification, biocompatibility and 

portability. Polyfluorene based polymers PFP and PF2CN polymers were developed (Figure 

5) and highlighted the importance of M2CN monomer for AIEE, red shifted emission and 

sensing of Pendimethalin as compared to PFP. The PF2CN-CPNs shows ultra-sensitivity 

towards PDM with LOD 2.8 nM. The simultaneous occurrence of PET and FRET serve as 

“Receptor Free” selective sensor for pendimethalin (PDM).  Further, the sensing platform 

provides a practical approach for designing a portable smartphone-based Point of care (PoC) 

device for onsite detection offering an easy and quick response that could be beneficial in 

preventing PDM residues from being consumed through food samples and natural water 

sources (Figure 6). 

 

Figure 5: Structure of PFP and PF2CN polymers 
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Figure 6: Schematic representation of Pendimethalin detection using PF2CN polymer  

Chapter 4: Ratiometric Turn-On Detection of HSA using Aggregation 

Induced Enhanced Emission Conjugated Polyelectrolyte and Prototype 

Smartphone based Sensor 

In this chapter 4, a series of Conjugated polymer (CPs) P1, P2 and P3  were developed (Figure 

7) by taking consideration of  molecular movements, a key features of matter playing crucial 

roles in their structures and behaviours. Different mole fraction of AIE monomer  were 

incorporated into the polyfluorene backbone  in order to unravel the correlation between 

photophysical property and their structure-property relationships at the molecular and 

aggregate levels which is quite challenging due to diversity and complexity of structures and 

behaviours. In the process, the photophysical properties of the resulting copolymers are highly 

tuned which could be beneficial for various types of application. Further, the AIE-P3 polymer 

is functionalised with methyl imidazole to obtain a conjugated polyelectrolyte (PFAN) and 

utilized for the light up detection of human serum albumin (HSA). Computational and 

experimental studies were performed to understand the binding energy and mechanism for 

interaction and are in good agreement. The method of detection is direct and involves 

substantial color change that motivates us to make a  smartphone integrated point of care 

decvce (PoC) for onsite detection (Figure 8). Though small molecules based AIEgens are 

widely used, the exploration of new AIE active conjugated polymers (CPs) will be a promising 

research in the near future. 
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Figure 7: Structure P1, P2, P3 and PFAN polymers 

 
Figure 8: Schematic representation for polyfluorene backbone tuning in solution and solid 

state and the HSA detection by PFAN polyelectrolyte. 

Chapter 5: Switching from Cationic Side Chain into Cationic Backbone in 

Polyfluorene Polyelectrolytes to Effectively Combat Antibiotic Resistance 

and Biocompatible Antibacterial Coating 

In this chapter 5, two conjugated polyelectrolytes (CPEs) PFTMI and PFTPyMI were designed 

(Figure 9) in order to address the rising global problem of bacterial infection, which threatens 

human health and civilization. PFTMI-CPE has pendant methyl imidazole groups and 

PFTPyMI CPE has pendant methyl imidazole and pyridinium ion in its backbone chain where 

both of them shows colour change upon anchoring with bacterial membrane allowing easy 

detection. PFTPyMI-CPE shows better antibacterial activity via membrane disruption, with the 

more positive charge density aiding more electrostatic and hydrophobic interactions as revealed 

from FESEM study (Figure 10). Further both the CPEs are low cytotoxic to normal HEK 293 

cell lines and toxic to HeLa cell which open up a new avenue for exploration in real-time 

biomedical applications. Further CPEs are employed as an anti-coating agent over a cotton pad, 

and the results are quite promising and far better than the commercially available antibiotic 

Kanamycin. 
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Figure 9: Structure of PFTMI and PFTPyMI polyelectrolytes. 

 

Figure 10: Schematic representation of bacterial membrane anchoring by cationic 

polyelectrolytes leading to membrane disruption 

Conclusion  

In conclusion, various novel conjugated polymers were developed by modifying the pendant 

side chains and planar backbone of polyfluorene. Oxidative coupling polymerization, Suzuki 

and Stille cross coupling polymerization reaction were used to obtain the CPs in good yield. 

The incorporation of non-planar monomer having accepting tendency into the planar backbone 

of polyfluorene results in highly tuned photophysical properties that are applicable for 

detection of several chemical and biological analytes such as bilirubin, a jaundice biomarker; 

pendimethalin, a mutagenic and carcinogenic herbicide; HSA/BSA, a predominate protein of 

human and animal sera and bacteria. 

Furthermore, using the aforesaid strategy, there is still scope for developing novel 

conjugated polymers with multifunctional properties for a wide range of applications to 

serve mankind.
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1.1 Conjugated Polymers (CPs): 

Conjugated polymers (CPs) are categorized as a unique type of organic macromolecule with a 

structural framework consisting of alternate σ and π bonds. These π electrons are highly 

delocalized, leading to excellent optoelectronic properties such as absorption, emission, and 

charge mobility.1 The research on CPs began in the late 1970s and has gained tremendous 

attention since the discovery of  polyacetylene's electrical properties after halogen doping.2, 3 

After 23 years of progress, such an initial step of switching plastic insulators like polyacetylene 

into an electrically conductive metal was honored in 2000 with the Nobel Prize in Chemistry 

jointly to the three pioneer Scientists i.e., Alan J. Heeger (University of California), Alan G. 

MacDiarmid (University of Pennsylvania), and Hideki Shirakawa (University of Tsukuba). 

Since then, CPs have become a preferred functional material in the realms of interdisciplinary 

research such as material science, biological science and optoelectronic devices.4-6 Moreover, 

CPs are being explored as a unique and smart sensory material because of their remarkable 

optical and electrical properties, facile processability, good photo/thermal stability, and signal 

amplification properties.7, 8 

The different parts of CP along with some well-known backbone such as poly(p-phenylene 

ethylene) (PPE), polyfluorene (PF), poly(p-phenylene) (PPP), poly(p-phenylene vinylene) 

(PPV), poly(p-pyrrole) (PPy), polythiophene (PT) etc. are shown in Figure 1.1(a), 1.1(b). Based 

on the requirement, this π-conjugated backbone can be modified into a copolymer consisting 

of more than one monomeric units or by incorporating pendant side chain with or without 

functional groups.5, 9 The integration of ionic functional groups upon CPs (conjugated 

polyelectrolytes) not only improved the solubility in aqueous solution but also served as a 

binding site for various charge species like protein, DNA, surfactants, metal ions and anions 

etc.10-13 

 

Figure 1.1: (a) Pictorial representation of conjugated polymer, (b) Structures of some well-

known conjugated polymer systems. 
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1.2 Design and Development of Different Types of CPs: 

The conjugated backbone of CPs is the basis for excellent optoelectronic properties. This 

backbone can be engineered in various ways to tune their physical or electronic properties. For 

instance, copolymerizing an electron-rich backbone with varied amounts of electron-deficient 

monomer is a general approach to reduce the band gap due to the formation of hybridized 

molecular orbital.14 Further, a solid-state emissive polymer can be designed by suppressing the 

intramolecular motion or intermolecular interaction, which is highly demanded in organic 

light-emitting diodes (OLEDs),6 solid-state laser,15 polymer light-emitting transistor,16 

luminescence-based sensing bio-imaging, etc. Broadly conjugated polymers can be studied into 

(1) homopolymer (2) D-A acceptor polymer, and (3) AIE or AIEE polymer based on their 

designed strategies. The following Figure 1.2 shows examples of homopolymers (CP1, CP2, 

CP3), D-A polymers (CP4, CP5, CP6), and AIE/AIEE polymers (CP7, CP8, CP9). 

 

Figure 1.2: Structures of some conjugated homopolymers (CP1, CP2, CP3), D-A polymers 

(CP4, CP5, CP6) and AIE/AIEE polymers (CP7, CP8, CP9). 

1.2.1 Homopolymer 

The CP designed by only one type of monomeric unit (repeating unit) is called a homopolymer. 

Polyacetylene is a simple conjugated homopolymer, and halogen doping on it resulted in the 

CP1 CP2 CP3

CP4 CP5 CP6

CP7 CP8 CP9

Homopolymer

D-A polymer

AIE/AIEE polymer
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discovery of conducting polymers.3 Synthetic chemists became interested in developing novel 

conducting polymers with desirable characteristics in the 1980s.17 The low optical band gap 

‘boron’ substituted poly(9-borafluorene) (Figure 1.2 CP1) homopolymer (Eg,opt = 2.28 eV) was 

developed whose band gap is significantly reduced from alkyl substituted polyfluorene and 

polycarbazole based homopolymer (Eg,opt ~3 eV).18 Moreover, the conformations and stability 

of polyfluorene are found to be affected by the length of alkyl substituents, with even carbon 

atoms being more rigid than odd carbon atoms.17 This conformation plays a key role in 

controlling the charge carrier mobility, efficiency and stability of photoelectric devices.20, 21 

Several new backbones of homopolymers have also been developed for various purposes, such 

as sensing and theranostics.18, 22 Interestingly, the dual state (both solution and condensed 

states) emission feature of polyfluorene decorating with a specific receptor for target analyte 

of interest are employed for sensing, bioimaging, and cancer theranostics.23-25 

1.2.2 D-A polymer 

To adjust the optical and electrical band gaps, donor-acceptor (D-A) polymers are developed 

with an architecture in which the polymer's backbone comprises of electron-rich (donor) and 

electron-deficient units, resulting in a gradient in electron density within the backbone. The 

dihedral angle of adjacent monomeric units along the conjugated backbone regulates the 

intramolecular charge transport dynamics. For instance, the coplanarity of adjacent units 

maximizes the π-orbital overlap, resulting in efficient electron or hole transport. Torsion, on 

the other hand, diminishes π-orbital overlap, creating conformational traps, which in turn 

hamper the charge transport process.26 Similarly, considerable π-orbital overlap improves 

intermolecular charge transport through π-π stacking and interchain interactions.27, 28 Thus, the 

development of high-performance, generally low band gap polymer requires effective 

intra/inter-molecular charge transfer at the segmental level. This has sparked interest in 

identifying structure-property relationships. In the last few years, several D-A-based polymer 

backbones have been developed depending on needs such as band gap or optical characteristics 

for various applications such as sensing,29 OFET devices,30 bioimaging and photo 

theranostics,9, etc. 

1.2.3 AIE/AIEE polymer 

CPs with high solid-state emission are essential for the development of modern optoelectronic 

devices, sensing and therapeutic applications, and so on.5, 31, 32 However, conventional 

luminophores suffer from aggregation-caused quenching (ACQ) phenomena, wherein they are 
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highly emissive in the solution state but non-emissive or less emissive in the solid state or 

aggregated state, which limits their practical utility. The main reason for the ACQ nature is the 

planarity of the molecular structure (e.g., perylene) leading to the formation of non-emissive 

aggregate through π–π stacking [Figure 1.3(a)].33 To address the above issue, the concept of  

aggregation induced emission (AIE) or aggregation induced enhanced emission (AIEE) were 

developed, as initially reported by the Tang group in 2001.34 Here the π–π stacking of planar 

ACQ molecule is restricted by a twisted propeller or butterfly-like molecular design, e.g., 

tetraphenylethylene (TPE), 10,10′,11,11′-tetrahydro-5,5′-bidibenzo [a, d] [7]-annulenylidene 

(THBA). In the solution state, such propeller-like structures have a high degree of freedom for 

intramolecular rotation, and this motion utilizes excited state energy, resulting in the formation 

of a non-emissive (AIE) or less-emissive (AIEE) state. However, in the aggregated (condensed) 

state, restriction of such intramolecular motions (RIM), such as restriction of intramolecular 

rotation (RIR) in TPE and restriction of intramolecular vibration (RIV) in THBA, allows 

maximal utilization of excited energy for emergence (AIE) or enhancement (AIEE) of emission 

[Figure 1.3(b)].35 The fundamental distinction between AIE and AIEE is their emissive 

properties. In AIE, the molecule emits nothing in its solution state but becomes emissive in the 

aggregated (condensed) state. In AIEE, the molecule emits in the solution state, and its 

emission is enhanced in the aggregated (condensed) state. 

 

Figure 1.3: (a) ACQ in Perylene due to π–π stacking, (b) Mechanism of AIE/AIEE: RIR in 

TPE and RIV in THBA (RIM = RIR + RIV). 

Solution State   Condensed State

(a)

(b)

TH-3541_186122048



Chapter 1   Introduction 

6 

 

In recent years, considerable attention has been devoted to designing smart AIE/AIEE 

polymers with diverse structures and configurations for various advanced applications.5, 31, 36 

Figure 1.4 provides various strategies for designing AIE/AIEE polymers such as (A) direct 

polymerization of AIE monomer; (B) copolymerization of AIE monomer with other 

monomers; (C) use of AIE inactive precursor generates AIE polymer after reaction; (D), (E) 

attachment of AIE active moiety in the side chain of polymerizable monomer undergoing 

homo/copolymerization reaction and (F) used of AIE-active initiator which results in the linear 

polymerization with AIE active monomer at the terminal of polymer.37 

 

Figure 1.4: Various design strategies for AIE/AIEE polymers. Reproduced with permission 

from Ref. 37. Copyright 2014 Royal Society of Chemistry. 

1.3 Fluorescent Sensor 

A fluorescence sensor is an analytical tool that converts physical, biological, or chemical 

recognition into a measurable optical signal. A typical fluorescent sensor contains two basic 

components: a recognition unit (i.e., receptor) and a signaling unit [Figure 1.5(a)]. The receptor 

senses or responds to external stimuli through either chemical or physical interaction, whereas 

the signaling unit translates these chemical or physical events into a meaningful output optical 

signal. Depending on the output optical signal, fluorescent sensors can be studied into turn-off, 

turn-on, ratiometric, and chemodosimeters [Figure 1.5(b)]. Turn-off, turn-on, and ratiometric 

sensors are types of optical signals formed when an analyte physically interacts with the probe, 

resulting in the quenching, enhancement, and shifting of the probe's fluorescence, respectively. 

These changes could be induced by numerous non-covalent interactions between the probe and 
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the analyte, either in the ground or excited state, or both, and the process is usually reversible. 

A fluorescent chemodosimeter, on the other hand, is typically based on a specific reaction 

involving the irreversible translation of a fluorescent signal caused by the analyte of interest.38 

Sensors with efficient sensitivity and selectivity are in constant demand in a wide range of 

arena cybersecurity. Fluorescent sensors have been widely explored as biosensors and chemo 

sensors due to their cost-effectiveness, excellent sensitivity, quick response time, and 

simplicity and portability. Various functional materials such as metal-organic framework 

(MOF), carbon nanoparticles, metal oxides, organic small molecules, and polymers are being 

developed and explored for the specific detection of several biomarkers and environmental 

toxic contaminants. CPs, on the other hand, are a potential sensing material due to their 

excellent photo physical characteristics, good chemical and thermal stabilities, 

biocompatibility, and signal amplification capability. 

 
Figure 1.5: (a) Basic components for designing a fluorescence sensor, (b) Various types of 

sensors based on the output signal. 

The primary design approach for CP-based chemo/biosensors is to integrate the receptor 

(recognition unit) and the signaling unit (conjugated backbone), allowing these two 

components to communicate with one another. During the binding event, the analyte causes 

variation in the physical properties of CPs, which is assessed as an amplified signal response. 

E NE

NE E

E EC

E/NE IDS

E = emissive, NE = Non emissive, EC = emissive with color change, E/NE = emissive 

or non emissive, IDS = Irreversibly different signal ( may be emissive or non emissive)
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Fluorophore

Signaling 

unit

Spacer

Analyte

(b) Types of  Output Signal
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Thus, functionalizing a conjugated backbone with a specific receptor not only adjusts the 

desired physical characteristics but also boosts the sensitivity and selectivity of CPs towards 

the target analyte of interest.39, 40 

1.4 Mechanisms of Sensing 

Fluorescence signals after probe-analyte binding are governed by various detection 

mechanisms. The detection mechanism can be broadly classified into (a) non-covalent 

interaction mechanism (NCIM), (b) interaction-free mechanism (IFM), and (c) reaction-based 

mechanism (RBM). 

1.4.1 Non-Covalent Interaction Mechanism (NCIM) 

The fluorophore and target analytes interact non-covalently, resulting in changes in 

fluorescence signals. Some of the non-covalent interaction mechanisms are discussed below 

1.4.1.1 Ground-state complex (GSC): Most of the fluorophores have opposite charge with 

respect to the target analyte, allowing fluorophore-analyte selective interaction. These 

interactions result in the formation of GSC, which exhibits unique photo physical 

characteristics such as an absorption spectrum entirely different from that of the fluorophore 

and can undergo non-radiative decay, leading to a change in fluorescence signal.41, 42 The 

resultant fluorescence intensity for the GSC is dependent on the quencher (analyte) 

concentration, which can be simply determined from the association constant (Ks) as: 

Ks = [F-Q]/[F][Q] 

Where the symbols [F-Q] = GSC concentration, [F] = uncomplex fluorophore concentration 

and [Q] = quencher (analyte) concentration. 

1.4.1.2 Photo-induced electron transfer (PET): In the PET mechanism, photoexcitation of 

fluorophore (donor) generates excited state electron donors (D*), where D* donates an electron 

to electron accepting species (A), generating a complex [D+·A−] * [Figure 1.6]. This charge 

transfer (CT) complex relaxes to the ground state through a non-radiative decay process; 

however, exciplex emission may occur in some situations. The excess electron on the acceptor 

may eventually return to the electron donor. The PET mechanism generally gives turn off 

response.42 
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Figure 1.6: Schematic representation of the frontier molecular orbital (FMO) for (a) PET 

mechanism and [(b) (i)] a- PET mechanism, [(b) (ii)] d- PET mechanism.  

Further, the depth insight of PET mechanism can be studied into (i) a-PeT and (ii) d-PeT 

processes with proper diagrams for better mechanistic insight of PET mechanism. 

(i) a-PET: characterized by transfer of electron from the HOMO of acceptor towards the empty 

HOMO of the excited state fluorophore. Here, the HOMO level of acceptor should lie above 

the HOMO of the excited state fluorophore. Figure [(b)(i)] 

(ii) d-PET: characterized by transfer of electron from the LUMO of excited state fluorophore 

towards LUMO of the electron deficient acceptor. Here the LUMO level of acceptor should lie 

below the LUMO of the excited state fluorophore. Figure [(b)(ii)] 

1.4.1.3 Förster Resonance Energy Transfer (FRET): In the FRET mechanism, the photo 

excited D* (fluorophore) undergoes relaxation to the ground state by releasing excited energy 

that is absorbed by A (analyte or absorber) and is used for the excitation to a higher-level energy 

state (A*) [Figure 1.7(a)]. The energy transfer rate is determined by three factors: (1) The 

relative dipole orientation of D and A, (2) the degree of spectral overlap between the absorption 

spectrum of A and the emission spectrum of D [Figure 1.7(b)] and (3) the Förster distance, i.e. 

(i) a -PET (ii) d -PET
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distance between the D and the A.43 FRET occurs due to long-range dipolar interactions 

between D* and A, and hence it is not affected by steric influences.42 

 

Figure 1.7: (a) Schematic representation of the frontier molecular orbital (FMO) for the FRET 

mechanism. (b) Spectral overlapped between the absorption spectrum of the absorber and the 

emission spectrum of the fluorophore. 

1.4.1.4 Intramolecular/Intermolecular Charge Transfer (CT). In the intramolecular CT 

process, the fluorophore typically comprises both electron-rich and electron-deficient sites and 

electron/charge transfer occurs from an electron-rich donor (D) unit to an electron-deficient 

acceptor (A) moiety within the same molecule, i.e., through bond electron/charge transfer. The 

process primarily occurs in the excited state of a molecule, in which photoexcitation enables 

the transfer of an electron from one fragment of a molecule/ion to its other counterpart in the 

excited state, resulting in a charge distribution that differs from that of the ground state. The  

 

Figure 1.8: Schematic representation of (a) Intramolecular through bond and through space 

charge transfer; (b)Intermolecular through space charge transfer. 

Through bond ICT “On”
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addition of an analyte during this state may undergo ICT On-Off, modifying the fluorescence 

signal.44 However, in addition to through bond electron/charge transfer, there is also 

intramolecular and intermolecular through-space charge/electron transfer, in which the donor 

and acceptor groups are in proper configuration [Figure 1.8].45, 46  

 

1.4.1.5 Twisted Intramolecular Charge Transfer (TICT). It is a type of intramolecular 

charge transfer that occurs in a fluorophore with a twisted donor-acceptor (D-A) architecture. 

According to it, a twisted fluorophore has two local minima in the first excited state (S1) 

potential energy surface (PES). Upon photoexcitation, the fluorophore will initially enter a 

locally excited (LE) state with planar geometry and then twist in a perpendicular direction to 

enter the TICT state. With the twist, the extent of ICT progressively increases until an electron 

is transferred from the “D” to the “A” group which leads to the complete charge separation 

between them [Figure 1.9]. Such a TICT state is generally less/non-emissive, but an intense 

fluorescence can be noticed when chemical reactions or physical interaction inhibit TICT 

rotations (giving LE/ICT state). The TICT process creates significant changes in fluorescence 

intensities/lifetimes, giving a great opportunity to design a fluorescent probe.47 

 

Figure 1.9: Schematic representation of LE/ICT emission and TICT state. 

1.4.2 Interaction-Free Mechanism (IFM) 

The fluorophore and analyte do not interact directly in this case, but the matching of structural, 

electronic, or photo physical properties causes fluorescence changes. Some interaction-free 

sensing mechanisms are discussed below 

1.4.2.1.  Inner filter effect (IFE): The IFE was first thought to be a fluorescence measurement 

error, but in recent years it has been investigated as a sensing mechanism.41, 48 In this case, the 
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analyte (absorber) reabsorbs the excitation or emission energy of the fluorophore, resulting in 

an exponential quenching of the fluorophore emission. The IFE can be classified as primary 

IFE (pIFE) if the analyte absorbs excitation energy or secondary IFE (sIFE) if the analyte 

absorbs the emission energy of the fluorophore. IFE-based sensing mechanisms operate on 

simple principles that do not require any interaction between the fluorophore and the analyte. 

However, it requires the perfect spectral overlap of the absorption spectrum of the analyte (e.g., 

NACs) with the excitation and/or emission spectra of the fluorophore 49 [Figure 1.10]. 

 
Figure 1.10: IFE spectral overlapped condition of absorber (analyte) with (a) the fluorophore 

excitation, (b) fluorophore emission, and (c) both excitation and emission of fluorophore 

1.4.2.2.  Indicator displacement assay (IDA): IDA is another interaction-free sensing 

mechanism based on host/guest chemistry in which a host molecule (macromolecules or small 

molecules) with a cavitand structure holds an appropriate guest. Typically, the guest is a dye 

(indicator molecule) preferentially displaced by an analyte due to its greater affinity for the 

host42, 50 [Figure 1.11]. 

 
Figure 1.11: Schematic representation of IDA-based host-guest mechanism. Reproduced with 

permission from Ref. 50. Copyright 2020 Royal Society of Chemistry 
 

1.5.3 Reaction Based Mechanism (RBM) 

If the host-guest interaction chemistry is based on an irreversible chemical reaction with a 

change in fluorescence signal, then the indicator is called a chemodosimeter. The designed 

strategy of chemodosimeter required two basic functional units i.e. reaction site and a 

spectroscopic signaling unit. The reaction site of the host reacts with the target analyte, which 
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is then translated into a measurable optical signal by the signaling unit. Figure 1.12 

demonstrates two primary ways to design luminescence chemodosimeters; (a) the analyte 

serves as a reactant, chemically binding to the chemodosimeter to produce a new product. And 

(b) the analyte catalyzes a chemical reaction, resulting in the modification of the 

chemodosimeter and a corresponding change in its optical properties.51 

   
Figure 1.12: Reaction-based mechanism leading to the formation of new product or 

modification of chemodosimeter. Reproduced with permission from Ref. 51. Copyright 2013 

American Chemical Society. 

1.5 Signal Amplification in CPs 

CPs could be employed as an amplified transducer to translate a biological or chemical 

recognition signal into a measurable signal by simply modifying the hydrophobic backbone or 

side chain or both.52 The photo physical signal is determined by the effective conjugation 

length, chemical nature, intermolecular and intramolecular packing arrangements that provide 

a suitable mechanism for sensing.  In the process, excitons from a donor are transferred into an 

acceptor in solution or an interchain polymer in aggregate or in a solid state, thereby generating 

amplified change in the fluorescence signal.53 Such an amplified signal is more appealing in 

CPs based sensor than the small molecule-based sensor, where Swager and co-workers first 

demonstrated in 1995 in poly(phenylene ethynylene) functionalized with cyclophane (PPE CP) 

for the sensing of paraquat, and this amplified property is known as the "Molecular Wire 

Effect." Paraquat is an electron-deficient analyte that reversibly interacts with PPE-CP and 

forms rotaxane complexes, resulting in remarkable fluorescence quenching of PPE-CP. An 

equivalent small molecular probe containing cyclophane was synthesized to verify the signal 

amplification mechanism, and the movement of exciton and its role were explored within a 

single isolated polymeric chain. This investigation shows that polymers exhibit 65-fold higher 

quenching than model small molecular probes.54 As a result, CPs in solution behave like a one-
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dimensional wire, and the fluorescence response of a single CPs-analyte binding event is due 

to the collective response of the backbone as the whole chain due to efficient migration of 

exciton or charge carriers, which ultimately results in signal amplification when compared to 

small molecule-based sensors, where the change in fluorescence signal is usually occurred by 

a single chromophore after binding events as shown in Figure 1.13. This property makes CPs 

highly demanding in sensing and biomedical applications, allowing the use of very dilute probe 

concentrations 

 
Figure 1.13: Pictorial representation of fluorescence quenching in monomer and polymer by 

analyte molecules. 

1.6. Stern Volmer Theory for Fluorescence Quenching 

In the quenching process, the quencher (the target analyte) -fluorophore (probe) interaction led 

to a decrease in the intensity of fluorescence of the donor and its lifetime. The quenching 

process is divided into two types, viz. static quenching and dynamic quenching, depending on 

the mode of molecular interactions between the fluorophore and the quencher. 

Static or ground state complexation 

                                 1 

Dynamic or collisional quenching 

                    2 

Here, X and X* represent the fluorophore in the ground state and excited state, Q is the 

quencher, Ka denotes the association constant for the ground state complex [X, Q] quenching 

constant, and Kq is the bimolecular quenching rate constant. 

Both static and dynamic; 

                       3 
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Where I0 and I are the fluorescence intensity of the fluorophore before and after the addition of 

an analyte, Ksv, and Q represent the Stern Volmer constant and the concentration of the 

quencher, respectively. 

Static quenching occurs due to the formation of a non-fluorescent fluorophore-quencher 

complex before the photoexcitation process (equation 1). In contrast, dynamic quenching 

occurs due to a collision between the fluorophore and the quencher at the excited state, leading 

to the nonradiative decay of the fluorophore41 (equation 2). There are several parameters to 

distinguish between these two quenching processes. In the case of static quenching, the 

fluorescence intensity of the fluorophore decreases without affecting the excited-state lifetime 

of the fluorophore-quencher complex, as this complex formed at the ground state that is 

independent of quencher concentration. However, the lifetime of dynamic quenching decreases 

with the concentration of quencher as the addition of quencher results in non-radiative decay 

of the fluorophore to the ground state. 

It is also feasible that both of these processes exist simultaneously in the system. Therefore, to 

define fluorescence quenching by these two limiting mechanisms, the Stern-Volmer equation 

is used (equation 3). 

When quenching is solely a dynamic process, Ksv = Kq𝜏0, where 'Kq' and '𝜏0' represent the 

bimolecular quenching constant and excited state fluorescence lifetime of fluorophore X*, 

respectively. Accordingly, the Stern-Volmer equation can be modified as equation 3.1 

          3.1 

And if quenching is solely a static mechanism, Ksv = Ka, where 'Ka' signifies the dissociation 

constant for the ground state complex.55 In this scenario, the Stern-Volmer can be expressed as 

equation 3.2 

          3.2 

Hence, the S-V curve should be linear if a static or dynamic process dominates the quenching 

mechanism. 

In the case of dynamic quenching, the fluorophore lifetime should vary linearly with the 

concentration of the quencher, but the fluorescence lifetime remains unchanged in static 

quenching [Figure 1.14]. However, in several systems, the S-V plot displayed nonlinearity, 

TH-3541_186122048



Chapter 1   Introduction 

16 

 

indicating the presence of multiple mechanisms such as fluorophore aggregation, reabsorption, 

mixed dynamic and static mechanisms, etc.42 

 
Figure 1.14: Fluorescence intensity (I) and decay lifetime (𝜏) vs quencher concentration [Q] 

plots in static and dynamic quenching. 

1.7 Application of CP as a Bio/Chemo Sensor 

CP's unique properties, which include a high absorption coefficient, a high photoluminescence 

quantum yield (PLQY), super sensitivity, biocompatibility, good thin-film forming ability, 

resistance to photo bleaching and high thermal stability, make it an ideal sensory material for 

the detection of various biomarkers and environmental toxic contaminants, pathogens, etc. 

1.7.1 Selected Examples for CP as Bio/Chemo Sensor 

In 2020, Zhiyi Yao et al. designed a water-soluble polythiophene-based cationic polyelectrolyte 

(PMT-1) via FeCl3 oxidative coupling polymerization [Figure 1.15].56 The polymer (PMT-1) 

self-assembles into a nanoaggregate upon supramolecular interaction with Flavin 

mononucleotide (FMN) due to a synergistic effect of noncovalent interactions involving 

electrostatic, hydrophobic, and π-π interactions. Moreover, the PMT-1-based FMN sensor 

generates a ratiometric signal (yellow-purple), allowing visual detection of FMN in aqueous 

and practical samples. The sensor offers a broad detection range, a rapid reaction time, and 

excellent selectivity and sensitivity, with a limit of detection (LOD) of 1.1 nM in the buffer 

and 32 nM in the actual real sample. 
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Figure 1.15: Structure of PMT conjugated polymer. 

In 2022, Hoon Choi et al. developed a set of novel CPs (BDTBT-NI, BDTBT-NDI, and 

BDTBT-PDI) with a donor (D)-σ-acceptor (A) dyad architecture incorporated with NI, NDI, 

or PDI as acceptors in their side chains and BDTBT as donor backbones of CPs [Figure 1.16].57 

Among them, BDTBT-PDI has been found to have more efficient intramolecular PET energy 

transfer (EnT) due to the stronger accepting tendency of PDI. Further, BDTBT-PDI selectively 

complexes with Fe2+, giving a “Turn On” response, and this BDTBT-PDI: Fe2+ complex was 

demonstrated as an excellent sensor for spermine in urine samples. Finally, a portable 

fluorescent paper-based test kit was made for the detection of spermine vapor from fermented 

food. Moreover, the "On-Off" fluorescence response due to dual sensing of Fe2+ and spermine 

by BDTBT-PDI offers to create a molecular logic gate. The detection limit (LOD) of BDTBT-

PDI for Fe2+ was reported as 43.6 pM, while BDTBT-PDI: Fe2+ for spermine detection was 

found to be 0.16 nM. 

 

Figure 1.16: Structure of BDTBT-NI, BDTBT-NDI and BDTBT-PDI conjugated polymers. 

Reproduced with permission from Ref. 57. Copyright 2022 American Chemical Society. 

In last few years, the most successful application of CP-based sensors is the detection of 

electron-deficient nitro compounds. Both polymers have electron-rich carbazole backbones 

and an AIE active moiety, tetraphenylethylene (TPE), on the side chains [Figure 1.17].58 The 

polymers show an amplified fluorescence sensing response towards TNB with a quenching 

constant of 2.14 x 105 M-1. The reason behind the amplified response is the polymer's 
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architecture. The polymer takes on a twisted 3D structure in a nanoaggregate state, which forms 

a twisted 3D structure in a nanoaggregate state. Such an architecture facilitates the fast inter-

chain exciton diffusion as well as excited state charge transfer. 

 

Figure 1.17: Structure of PCzTPE0.5 and PCzTPE conjugated polymers. 

Similarly, Iyer et al. also synthesized a novel “receptor-free” AIEE polymer (PFTPBZ) by 

incorporating an AIE unit (TPBZ) into the conjugated backbone via Suzuki polymerization 

reaction [Figure 1.18].59 This polymer detected PA and TNT differently by simply altering the 

THF: Water fractions (fw), where TNT is sensed in the aggregated state (95 % fw and 40 % fw) 

and PA in both aggregated state (95 % fw and 40 % fw) and solution state (THF). The limit of 

detection (LOD) for TNT was respectively 53.74×10−6 M and 14.26×10−7 M at in 95 % fw, 40 

% fw. Whereas for PA, it was respectively 28.16×10−7 M, 10.47×10−6 M, and 47.39×10−8 M in 

THF, 95 % fw and 40 % fw. The mechanisms for both PA and TNT selective detection were 

FRET and PET. Finally, cost-effective PFTPBZ-coated yellow fluorescent paper strips were 

made for visual, quantitative detection of these nitro explosives based on the intensity of dark 

color. 

 

Figure 1.18: Structure of PFTBZ conjugated polymer. 

Tang et al. synthesized a multifunctional conjugated polyelectrolyte (PBFBT-NP) to detect 

nitroreductase (NTR) enzyme, which was overexpressed in hypoxic tumors [Figure 1.19].60 
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The sensory material incorporates a p-nitrophenyl group on the pendent chain, which 

undergoes an intramolecular PET process, giving rise to very low emissions. The addition of 

NTR results in a 110-fold increase in fluorescence due to PET inhibition, which converts the 

p-nitrophenyl group to the p-aminophenyl group via a chemical process. As a result, an in vitro 

selective NTR sensing technique has been developed with a limit of detection (LOD) of 2.9 

ng/ml. Furthermore, the probe was successfully used to image hypoxic tumors and NTR-

expressed pathogens like bacteria (E. coli), and it demonstrated exceptional antibacterial 

properties against E. coli when exposed to white light. 

 

Figure 1.19: Structure of PBFBT-NP conjugated polyelectrolyte. 

Huang et al. combine supramolecular chemistry with polymer science by developing a novel 

supramolecular cross-linked CP network based on host-guest interactions between the pendent 

DB24C8 units of a CP and the DBA unit of a bis-ammonium cross-linker (SC-CP) [Figure 

1.20].61   Because of CP inter/intra chain aggregation, this supramolecular network showed less 

fluorescence than pristine CP. Due to the multi-responsive nature of these host-guest 

interactions, the supramolecular structural network can be disrupted by several external signals, 

resulting in an increase in fluorescence. As a result, the network can act as multifunctional 

fluorescence sensors for pH and temperature variation, gas, cation (K+), and anion (Cl-). 

Moreover, this supramolecular CP cross-link network can be used to fabricate a film that 

enhances fluorescence when exposed to ammonia by disrupting the network's structure via 

protonation. 
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Figure 1.20: Structure of supramolecular crosslinked conjugated polymer (SC-CP). Adapted 

with permission from Ref. 61. Copyright 2013 American Chemical Society. 

1.8 Application of CP as an Antibacterial Material 

Bacterial infection is one of the most serious global threats to health and society. Besides, the 

rising problem of multi-drug resistance bacterial species demands new efficient antibacterial 

materials.62 Polymers are regarded as good antibacterial materials due to their high efficacy, 

biocompatibility, and good photo and thermal stability.63 

1.8.1 Selected Examples for CP as Antibacterial Materials 

Shu Wang et al. synthesized a novel cationic polymer (PPV-NMe3+) that can successfully 

discriminate between a fungus (C. albicans), Gram-positive bacteria (B. subtilis), and Gram-

negative bacteria (E. coli).64 PPV-NMe3+ can differentially bind to microbial cell walls with 

distinct components, where a unique fluorescent microscopic imaging trend was observed after 

staining with the polymer in the PBS solution of varied ionic strengths [Figure 1.21]. The 

isothermal titration shows that electrostatic interactions dominate PPV-NMe3+ binding to C. 

albicans and E. coli, whereas hydrophobic interactions dominate PPV-NMe3+ binding to B. 

subtilis. The approach for detecting pathogenic microorganisms is very simple and can be done 

within 3 hours. 

 
Figure 1.21: Structure of PPV-NMe3+ conjugated polymer. 
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Yanli Tang et al. developed a multifunctional fluorescent co-assembly made of neutral PFVBT 

polymer and cationic surfactant CTAB to kill bacteria in an efficient and economical manner 

by disrupting the bacterial membrane without the need for light energy or chemical reactions 

[Figure 1.22].65 By reprecipitation method, CTAB was enclosed around the conjugated 

polymer PPVBT via hydrophobic interaction, resulting in a positively charged shell layer. 

Here, CTAB could make the co-assembly more hydrophilic and produce positive charges. The 

30-minute incubation of PFVBT-CTAB co-assembly at 0.80 μg/mL killed over 91 % of 

Escherichia coli bacteria, while incubation with 1.0 μg/mL led to the death of over 96 % of 

Staphylococcus aureus. 

 
Figure 1.22: Structure of PPVBT-CTAB co-assembly conjugated polymer nanoparticle. 

Adapted with permission, Ref.65. copyright 2018 American Chemical Society. 

Considering the role of positive charge for antibacterial activity, Shu Wang et al. synthesized 

a cationic CPs (PFPhim) that comprises cationic imidazolium at the backbone in addition to 

quaternary ammonium at the side chains66 [Figure 1.23]. Evidence has shown that the cationic 

backbone increases interactions with negatively charged bacterial membranes, resulting in 

increased antibacterial activity under both dark and light irradiations. 

 
Figure 1.23: Structure of PFPhim conjugated polymer. 

1.9 Objectives and Conclusion of the Thesis Work 

The primary emphasis of the current thesis work was to design and develop various types of 

CP and utilize them as fluorescent sensors for various biologically and environmentally 
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important analytes, with the main purpose of overcoming the problems and obstacles associated 

with existing sensing systems. Various CPs, such as homopolymer, AIEE polymer, and 

conjugated polyelectrolytes, are rationally designed and successfully utilized as rapid, 

sensitive, and on-site monitoring portable testing devices for disease biomarkers, pesticides, 

and bacteria. The basic goal and conclusion for each work are provided below: 

⮚ Bilirubin (BR) is a biomarker of jaundice and liver malfunction. The human serum contains 

<25 μM (<1.2 mg/dL) of BR is considered as good health which increases up to 50 μM during 

the jaundice condition. Such a medical condition is fatal as it can accumulate in body organs; 

thereby, its toxicity leads to mental disorders, hepatitis, Gilbert syndrome, brain damage, 

anemia, and even death in neonates due to the inhibition of mitochondrial functions. Chapter 2 

discussed the design and development of a conjugated homopolymer incorporated with a 

specific receptor, benzimidazole and the implementation of it as a selective sensor for BR from 

the real human serum. Further fluorescence paper-based test kits were made for onsite 

detection. 

⮚ Pendimethalin (PDM) is a chemically synthesized herbicide primarily employed to control 

broadleaf weeds and woody plants. It enters our environment from production industries and 

by human activity in farming. PDM residues in edible food and water sources is a serious 

worldwide problem linked to various health issues.  Chapter 3 discussed the design and 

development of a “receptor free” AIEE conjugated polymer for the detection of pendimethalin. 

As a preventive measure for preventing its consumption of edible food stuffs, a portable 

smartphone PoC device was constructed based on fluorescent response of newly synthesized 

AIEE CP. 

⮚ Chapter 4 explored structure-motion-property relationship of a conjugated molecular, 

emphasizing the importance of controlling molecular motion and charge transfer of an organic 

luminogen, which is the key to giving various photo physical properties. For these 3 sets of 

CPs were developed, and their photo physical properties were studied in solution and 

condensed state. Finally, an AIEE CPE was developed for the detection of a biologically 

important protein, i.e., serum albumin whose abnormal concentration is linked to various health 

issues. The ratiometric response of the polymer towards serum albumin is beneficial for the 

construction of real-time visual detecting devices based on smartphones. 

⮚ The emergence of antibiotic-resistant pathogen infections has become a public health 

concern, putting pressure on global healthcare systems. According to Center for Disease 

Control and Prevention (CDCP) research, the number of individuals afflicted by multidrug-
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resistant bacterial infections is approximately two lakhs every year, with an average death rate 

of 10 million by 2050. As a result, there is an urgent demand for the development of new 

antimicrobial materials with high efficacy and biocompatibility. Chapter 5 discussed the 

development of cationic CPEs and the detection of bacteria ratiometrically. The antibacterial 

properties of the developed CPEs are superior to those of commercially available antibiotics. 

Moreover, the CPEs are less cytotoxic towards mammalian cells but show efficient killing 

towards cancerous cells, suggesting a good material for healthcare applications. 
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Abstract 

Bilirubin (BR) is a potent biomarker for jaundice and liver malfunction. However, its 

quantitative determination remains a bottleneck due to the interference of numerous 

biomolecules present in the blood serum. To overcome this, a conjugated polyfluorene 

derivative, poly1,1'-((2,7-dimethyl-9H-fluorene-9,9-diyl) bis(hexane-6,1-diyl)) bis(1H-

benzo[d]imidazole) (PFBZ), was synthesized by incorporating it with a specific receptor 

benzimidazole for BR detection using a low-cost and straightforward oxidative coupling 

polymerization. The PFBZ polymer spontaneously forms nanoparticles in an aqueous medium 

and unveils excellent sensitivity towards BR in an aqueous PBS medium with LOD 6.9 pM, 

which is far less than the clinically relevant range. The sensing mechanism is based on probe-

analyte interaction chemistry and FRET, which were confirmed from both experimental and 

theoretical studies. This platform offers excellent sensitivity and selectivity, which motivated 

us to successfully explore the quantitative determination of BR in real serum samples. This 

sensing method is straightforward, noninvasive, and can be used as a biomedical sensor to 

diagnose the onset of jaundice and liver malfunction. 

Keywords: conjugated polymer nanoparticles; fluorescence; bilirubin; jaundice; FRET; IFE; 

complexation 
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2.1 Introduction 

Bilirubin (BR)  is a neurotoxic, yellow-orange degradation product of heme catabolism whose 

turnover is greatly associated with jaundice.1, 2 Under a typical physiological state, BR is 

enzymatically converted to mono and di-glucuronide conjugates in the liver and gets rid of the 

body along with the body fluids.3 The human serum contains <25 μM (<1.2 mg/dL) of BR, 

which increases up to 50 μM during the jaundice condition.4, 5  Such a medical condition is fatal 

as it can accumulate in body organs; thereby, its toxicity leads to mental disorders, hepatitis, 

Gilbert syndrome, brain damage, anemia, and even death in neonates due to the inhibition of 

mitochondrial function.6-11 Several reports have found that a low serum BR level is also 

connected with several diseases like coronary artery disease (CAD) and atherosclerosis.12, 13 

Thus, monitoring the abnormal concentration of BR, a key biomarker for various physiological 

processes in our body, precisely and early in low concentration is of immense importance to 

ensure early treatment. 

Clinically, the BR level is tested either by the diazo method or the peroxidase method based on 

the color change of the serum.14, 15 The major disadvantage is that the diazo reaction sometimes 

leads to a false positive response as it detects an amine group. Moreover, it is pH-dependent; 

the sample needs pretreatment to precipitate out protein, which often co-precipitates with BR.16 

Besides, the final product decomposes if excess diazo reagents are not eliminated from the 

reaction mixture quickly. Currently, the peroxidase- method is widely used as a routine clinical 

testing method, but the method is indirect and requires multiple measurements with a relatively 

long response time.17 Several enzyme-based methods have also been reported, but they are 

prone to having less stability and using expensive enzymes. Moreover, enzyme catalytic and 

electro catalytic reactions are greatly affected by slight changes in temperature, pH, and 

chemical compounds surrounding them.18, 19 As such, there is an immediate requirement for 

finding a quick, simple, and economical method for the precise analysis of BR levels in blood 

serum. Recently, the demand for fluorescence probes in biosensing and bioimaging has grown 

increasingly due to their noninvasive nature, cost-effectiveness, fast response, and easy 

detection of various biomarkers with excellent sensitivity and selectivity. Although various 

fluorescence probes such as quantum dots,20 small organic molecules,21 MOF,2 nanosheet22 and 

conjugated polymers (CPs)23, 24 have been reported to detect BR in the complex biosystem, 

they need improvements in terms of sensitivity and selectivity for real-time practical 

applications. Moreover, conjugated polymer nanoparticles (CPN) have emerged as a versatile 
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nanomaterial, promising great potential in the field of biosensing, bioimaging, and 

nanomedicines. The inherent properties of CPN, such as outstanding fluorescence brightness, 

high photo stability, tunable optoelectronic property, and excellent biocompatibility, make 

them highly attractive in the field of material science.25-27 The applicability of CPNs as 

biosensing platforms for molecular diagnosis of human diseases is an active area of research 

in view of their facile functionalization and tunable surface chemistry with excellent light-

harvesting properties. The active exciton migration in the CPNs facilitates amplified energy 

transfer, which can be utilized for the development of ultrasensitive biosensor.28, 29 

In recent years, few CPs have been reported for the detection of BR. However, no CPN-based 

probe has been explored for BR detection. Additionally, most of the sensing mechanisms focus 

only on the spectral overlap between the probe and the analyte, such as resonance energy 

transfer (RET), electron transfer processes, or/and the inner filter effect (IFE) mechanism. 

Meanwhile, less attention has been paid to probe-analyte interaction chemistry, resulting in a 

lack of the required selectivity from competitive biomolecules. An ideal probe should have 

high sensitivity as well as selectivity, which again depends on the choice of the receptor. 

However, choosing a new receptor to explore specific sensing of a target analyte is quite 

challenging.30-32 

Herein, we have designed a novel conjugated polymer nanoparticle PFBZ [poly1,1'-((2,7-

dimethyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1H -benzo[d]imidazole] with a 

specific receptor for the selective detection of BR. The pendant benzimidazole moiety strapped 

to the side chains of the PFBZ polymer nanoparticle imparts solubility in polar organic solvents 

and spontaneously forms nanoparticles in aqueous media.33 The polymer nanoparticle exhibits 

ultra-sensitivity towards BR with a detection limit in the picomolar range due to the combined 

effect of a huge spectral overlap of polymer emission with BR absorption and ground state 

complexation. Low-cost, portable paper strips were fabricated to demonstrate the ability of 

PFBZ for real-time BR sensing, which is covered in this work for the first time. 

2.2 Experimental Section 

2.2.1 Materials and methods: BR was procured from Sigma Aldrich. All other chemicals, as 

well as reagents, were bought from Sigma Aldrich, Merck (India), and Alfa-Aesar. Real human 

serum is collected from IITG Hospital. Milli-Q water has been used for the preparation of the 

stock solution for all the experiments. Recordings of 1H NMR (400 MHz, 500 MHz) and 13C 
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(100 MHz, 125 MHz) NMR spectra were performed on the Varian-AS400 NMR spectrometer 

(400 MHz and 500 MHz). For recording UV-visible absorption spectra and photoluminescence 

spectra, Perkin Elmer Lambda-25 and Horiba Fluoromax-4 spectrofluorometers have been 

used with 1 ml of quartz cuvettes (path length = 1 cm, slit = 3 nm). Time-resolved fluorescence 

decay profiles were obtained from the Edinburg Life Spec II instrument. Horiba Jobin Vyon, 

Model LabRam HR, was used to obtain Raman spectra with a 785 nm laser source. FTIR was 

measured in a Perkin Elmer FT-IR spectrophotometer, and fluorescence absolute quantum 

yield was obtained from an Edinburgh FLS980 fluorescence spectrometer. FESEM images 

were obtained from the Zeiss Sigma Field Emission Scanning Electron Microscope (FESEM). 

2.2.2 Synthetic Procedure 

2.2.2(a). Synthesis of 9,9-bis(6-bromohexyl)-9H-fluorene, (M2): The starting monomer 

(M2) was synthesized following the reported procedure.34 A mixture of fluorene (1g, 6.015 

mmol), 50 % NaOH (aq), and tetra butyl ammonium iodide (TBAI) (0.582 g, 1.805 mmol) was 

taken in a clean RB flask and was made inert by applying free-thaw degassing technique (3 

times). After that, 1,6-dibromohexane (6.48 mL, 42.12 mmol) was injected cautiously through 

a syringe, maintaining the inert condition. Finally, the reaction mixture was heated at 80 °C 

with proper stirring for 5 h. The completion of the reaction was monitored by TLC in hexane 

and then extracted with chloroform. The extracted organic layer was again washed repeatedly 

with water (3 times), and then the excess 1,6-dibromohexane was removed by Kugelrohr to get 

the crude product. Finally, the crude product was further purified by passing over a thick silica 

gel bed using a column chromatography technique where hexane was selected as eluent to 

obtain the desired product as a highly viscous colorless liquid. (Yield = 90 %, 2.7 g). 

MALDI_TOF: The mass of monomer M2 (M = 492.078, M+2 = 494.127). 

1H NMR (400 MHz, CDCl3, δ ppm): 7.71 (d, J = 7.8 Hz, 2H), 7.33 (dd, J = 6.8, 4.3 Hz, 6H), 

3.28 (t, J = 6.8 Hz, 4H), 2.02 – 1.92 (m, 4H), 1.66 (dd, J = 14.3, 7.1 Hz, 4H), 1.19 (dt, J = 14.7, 

7.4 Hz, 4H), 1.11 – 1.02 (m, 4H), 0.68 – 0.56 (m, 4H).  

13C NMR (100 MHz, CDCl3, δ ppm): 151.96, 139.24, 130.42, 126.12, 121.60, 121.18, 55.69, 

40.33, 34.02, 32.28, 28.68, 27.98, 23.33. 

2.2.2(b). Synthesis of poly(9,9-bis(6-bromohexyl)-9H-fluorene), PF: The synthesis of PF 

was done by following the already reported procedure in our lab.33 Ferric chloride (1.318 g, 

8.125 mmol) was made to dissolve completely in 7 mL of nitrobenzene in a clean two-neck 

RB fitted with an inert argon inlet. Then 9,9-bis(6-bromohexyl)-9H-fluorene (M2) (1g, 2.031 
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mmol) dissolved in 8 mL of nitrobenzene was injected gently into the reaction mixture, 

maintaining the inert condition. Finally, the reaction mixture was continuously stirred for 40 

hours at room temperature. Then, the polymer was extracted by precipitation with methanol. 

The crude precipitates were further purified by extracting chloroform and then precipitated 

from methanol, centrifuged, filtered (repeated thrice), and finally kept for drying under vacuum 

for 12 hours to obtain the desired brown powder polymer. (Yield = 49 %, 0.49 g) 

1H NMR (500 MHz, CDCl3, δ ppm): 7.84-7.67 (b), 7.56 (b), 56-7.49 (b), 7.36-7.33 (b), 3.28 

(b), 2.06-2.14 (b), 0.62-1.53 (b). 

GPC in THF, polystyrene standard. Mw= 52601 g mol–1, PDI = 1.99 

2.2.2(c). Synthesis of poly1,1'-((2,7-dimethyl-9H-fluorene-9,9-diyl)bis(hexane-6,1-

diyl))bis(1H-benzo[d]imidazole) (PFBZ): The synthesis of PFBZ polymer was performed by 

refluxing PF (29 mg, 0.059 mmol), benzimidazole (69.70 mg, 0.59 mmol) and K2CO3 (100 

mg) in 2 mL of dry DMF with continuous stirring for 36 h at 110 °C under inert atmosphere. 

After completion of the reaction, DMF was removed by excess diethyl ether, and the resulting 

precipitates were dissolved in a minimal amount of chloroform. Then, it was further re-

precipitated from methanol to remove the unreacted polymer and benzimidazole. Finally, the 

precipitate was dried to achieve the desired brownish-yellow polymer (PFBZ). (Yield = 80 %, 

23.2 mg) 

1HNMR (400 MHz, CDCl3, δ ppm): 7.53-7.69 (b), 7.13-7.18 (b), 3.92 (b), 0.63-1.98 (b), 

 

Scheme 2.1 Synthetic pathway of the polymer (PFBZ) (a) aqueous 50 % NaOH, 1,6-

dibromohexane, TBAI, 80 °C, 4h. (b) Nitrobenzene, FeCl3, rt, 36 h. (c) benzimidazole, DMF, 

K2CO3 110 °C, 36 h. 

2.2.3 Stock Solutions Preparation of PFBZ 

The polymer PFBZ stock solution for experiments was prepared in DMF with a concentration 

of 1 mM. Also, the stock solution of BR with a concentration of 2.5 × 10-2 M was prepared in 

DMSO and stored in the dark. Similarly, stock solutions of various biologically active metal 

ions, biomolecules, and amino acids were prepared with the same concentration as the target 
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analyte, Milli Q water, to check their interference. All the photo physical studies of the 

developed PFBZ polymer in the absence and presence of various analytes were performed in 

PBS buffer (10 mM, pH-7.4) containing 6.5 µM of PFBZ in 1 mL quartz cuvette with a path 

length of 1 cm. 

2.2.3 Photoluminescence Quantum Yield 

The absolute quantum yield for the developed PFBZ polymer was determined by the use of 

Horiba Fluoromax-4 spectrometer through the integrated sphere technique. 

2.3.4 The overlapped integral value and Förster distance 

The magnitude of the spectral overlap integral value determines the amount of energy transfer 

from PFBZ (donor) towards BR (acceptor), which can be calculated by the formula shown 

below.35 

 

Where the symbols J(λ) represents the overlapped integral value, FD (λ) signifies the corrected 

emission intensity of PFBZ from λ to Δλ normalizing the overall intensity to unity, εA 

represents molar absorptivity (in M-1cm-1) of the BR (acceptor) at the wavelength λ. The Förster 

distance (R0) between the PFBZ polymer and the BR was determined using the following 

equation. 

 

Where J is the amount of spectral overlapping between the emission spectrum of PFBZ (donor) 

and the absorption spectrum. BR (acceptor), Ф symbolizes the fluorescence quantum yield of 

PFBZ (donor), η represents the refractive index (RI) of the experimental medium (water =1.33), 

and k2 is constant (taken as 0.667) representing the dipole orientation factor. 

The overall FRET efficiency (E) has been calculated with the following equation. 

 

Where the symbols τD, τDA signify the time-resolved photoluminescence lifetimes of the donor, 

PFBZ, without and with the acceptor, BR, respectively. Then, the appropriate distance (R) for 

donor-acceptor (D–A), i.e., the PFBZ-BR distance, was determined from the following 

equation. 

J(λ) = 

R0 = 0.211[(J)Ф(η-4)(k2)]1/6 
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2.2.5 Inner filter effect (IFE) correction. The suppression effect of IFE in the emission 

intensity of PFBZ can be determined by means of the following equation (for 1 cm path length 

cuvette).36 

 

Where Iobs and Icorr represent the fluorescence emission intensity without and with IFE 

correction, respectively. Aem and Aex represent the values of UV-Vis absorption of the PFBZ 

(fluorophore) at the wavelengths of emission maxima and excitation with BR (analyte) 

addition. 

2.2.6 Lowest Limit of Detection (LOD) 

The calculation of the lowest LOD was done by taking fluorescence spectra of various samples 

of PFBZ polymer with different concentrations of BR viz (0-175ρM) in a PBS solution (10 

mM, pH 7.4) containing PFBZ (6.5 µM). From the above calibration plot, the lowest LOD was 

calculated using the standard formula. LOD=3σ/k, where the symbols σ and k denote the 

standard deviation (SD) and the slope of the calibration plot, respectively.37 

2.3 Results and Discussion 

2.3.1 Characterization of PFBZ. The PF polymer poly(9,9-bis(6-bromohexyl)-9H-fluorene) 

was synthesized by using low-cost oxidative coupling reaction and the target yellow color 

emitting polymer PFBZ poly1,1'-((2,7-dimethyl-9H-fluorene-9,9-diyl) bis(hexane-6,1-

diyl))bis(1H ben-zo[d]imidazole) was obtained by post functionalization method as shown in 

Scheme 1. The synthesized monomer and polymers at each step were well purified and 

characterized by NMR, mass, and GPC before being used in further studies [Figures. A2.1-

A2.6]. The benzimidazole groups incorporated into the alkyl chains of PFBZ acts as a unique 

site for BR recognition, which amplifies its selectivity and sensing efficiency via multiple non-

covalent/H-bonding interactions with the carbonyl groups present in the BR molecule. The 

PFBZ polymer exhibited high solubility in organic solvents and spontaneously formed 

nanoparticles in water. The synthesized PFBZ polymer nanoparticles exhibit absorption 

maxima at 376 nm, excitation maxima at 370 nm, and emission maxima at 526 nm with an 

absolute fluorescence quantum yield (Φs) of 29 % in aqueous PBS buffer (10 mM pH = 7.4). 

Icorr/Iobs = (10) (Aex +Aem)/2) 

TH-3541_186122048



Chapter 2   Homopolymer for Bilirubin Detection 

37 

 

2.3.2 Sensing Studies in PBS Buffer Medium 

 

Figure 2.1. (a) PL quenching of PFBZ (6.5 µM) by addition of BR (0-2 µM) in PBS (10 mM 

pH 7.4) Inset: Photograph of PFBZ (6.5 µM) in PBS buffer (10 mM pH 7.4) before and after 

BR addition (2 µM). (b) Stern-Volmer plot obtained for PFBZ (6.5 µM) by addition of BR (0-

2 µM). (c) Selectivity of PFBZ (6.5 µM) in PBS buffer media (10 mM pH 7.4) towards several 

analytes present in our body. (d) Percentage interference of several interfering analytes (2 µM) 

in the detection of BR by PFBZ (6.5 µM) in PBS buffer media (10 mM pH 7.4). 

The PFBZ polymer nanoparticle (6.5 µM) emits yellow fluorescence (526 nm) in an aqueous 

PBS medium (10 mM, pH = 7.4), where the intensity of yellow color diminishes gradually on 

sequential addition of BR [Figure 2.1a] (Inset: Photograph of PFBZ solution in PBS buffer 

before and after BR addition). Further, it was also observed that the PFBZ polymer nanoparticle  

is highly sensitive to the BR, with 31 % quenching on its initial (first) addition of only 0.25 

µM concentration, and finally becomes saturated at 89 % on further adding up to 2 µM 

concentration. The fast and drastic quenching on the initial addition of BR (0.25 µM) is due to 

the combined effect of both the molecular wire effect and the energy transfer process, where 

the detection process may be enhanced due to multiple non-covalent/H-bonding interactions. 

The N-atoms of benzimidazole-strapped PFBZ polymer nanoparticles could be expected to 

undergo multiple H-bonding interactions with the carboxylic moieties present in the BR 

molecule. The efficiency of PFBZ in response to BR is calculated from the Stern-Volmer (S-

a

c

b

d

Equation Y = 2.22x + 0.96

R Square 0.99205
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V) relation (I0/I = 1 + Ksv[Q]), in which Io and I represent the emission intensity of PFBZ 

(fluorophore) before and after the addition of BR (quencher), respectively; Q is the quencher 

concentration of BR), and Ksv represents the Stern-Volmer constant (M-1). The value of Ksv 

obtained from the linear fitting of Stern-Volmer data was found to be 2.22 × 106 M-1, indicating 

effective sensitivity of PFBZ for BR in PBS buffer (10 mM pH=7.4) [Figure 2.1b]. The Ksv 

plot is fitted linearly at lower concentrations and rises exponentially at higher concentrations [ 

Inset: Figure 2.1b], where this deviation from linearity nature is evidence for amplifying the 

quenching response of a CP, which might be responsible for the molecular wire effect or 

multiple mechanisms.  Finally, the LOD determined from the relation 3σ/k was found to be 6.9 

ρM [Figure A2.7], which is far below the clinical detection range <25 to >50 μmol/L, 

suggesting the practical applicability of PFBZ for early diagnosis of jaundice and liver 

malfunctions. Furthermore, such outstanding Ksv and LOD are reported for the first time using 

benzimidazole strapped PFBZ polymer nanoparticles and the highest among all the reported 

BR probes [Table A2.1]. 

2.3.3 Selectivity studies in PBS buffer Medium 

 The selectivity of the PFBZ polymer nanoparticle (6.5 µM) towards BR was analyzed by 

monitoring the fluorescence change of PFBZ (6.5 µM) in the presence of several competing 

analytes such as metal ions [Ca(II), Cu(II), Hg(II), Zn(II), Fe(II), Fe(III), Cr(III)], salts (KCl, 

NaCl), amino acids (homocysteine, glycine, glutamate), and various biomolecules (glucose, 

ascorbic acid, creatinine) each of concentration 2 µM. The emission intensity of PFBZ (6.5 

µM) remained unperturbed by any of these analytes [Figure 2.1c], as seen from the quenching 

efficiency plots for each analyte, demonstrating excellent selectivity of PFBZ for BR. 

Furthermore, it was also remarked that all the analytes show negligible interference compared 

to the sensing of BR (89 % quenching) [Figure 2.1d]. 

2.3.4 Mechanism of Sensing 

The detailed analysis of both theoretical and experimental findings reveals the possibility of 

more than one mechanism for BR sensing by PFBZ. These can be (a) Förster resonance energy 

transfer (FRET) or/and inner filter effect (IFE) and (b) ground state complexation. BR has a 

broad UV-visible absorption spectrum (λmax 434 nm) overlapping with both the excitation 

spectrum and emission spectrum of PFBZ in PBS buffer (10 mM, pH 7.4), which are the 

prerequisite conditions for either FRET or IFE or both to occur in the mechanism of sensing 
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Figure 2.2. (a) Spectral overlap of excitation/emission spectra of PFBZ with the absorption 

spectra of BR. (b) Lifetime decay of PFBZ before and after the addition of BR. (c) IFE 

suppression efficiency for PFBZ after the addition of BR. (d) UV-visible spectra of PFBZ with 

BR addition (0-2 µM). (e) Zeta potential spectra of PFBZ and BR and their mixture (f) 

Structural optimization of PFBZ and BR using the B3LYPP (6-31G*) function in the Gaussian 

Program. (g) FT-IR spectra of PFBZ, BR, and their mixtures. (h), (i) FESEM images of PFBZ 

(6.5 µM) in the absence and presence of 2 µM (BR), respectively. 

[Figure 2(a)]. In principle, the occurrence of IFE required considerable spectral overlaps of the 

acceptor (BR) absorption spectrum with excitation and/or emission spectra of the donor 

(PFBZ). In contrast, FRET occurs only when the spectral overlap occurs exclusively between 

the emission and absorption spectra of the donor (PFBZ) and accepter (BR), respectively.38 

Hence, to ascertain the dynamic quenching, the time-resolved photoluminescence lifetime of 

PFBZ (6.5 µM) was studied before and after additions of various concentrations of BR (0.5 

μM, 1 μM, 1.5 μM and 2 μM) in PBS buffer (1 mM, pH= 7.4) [Table S2]. Notably, a huge 

change in the lifetime of PFBZ (3.067 ns) after the final addition of BR (1.542 ns) was 

observed, confirming the FRET mechanism [Figure 2.2b]. The change in lifetime indicates that 

FRET is the key cause of sensing rather than IFE in the sensing mechanism. This assumption 

is also in agreement with the ineffective spectral overlap of the absorption spectrum of BR and 

the excitation/emission spectra of PFBZ [Figure 2.2a], which consequently gives rise to less 
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IFE suppression efficiency in the PBS medium (10 mM pH 7.4) [Figure. 2.2c]. From all these 

observations, it can be concluded that FRET is the pivotal mechanism in sensing, with ~50 % 

of FRET efficiency [Table A2.3] and no input of IFE [Table A2.4]. Since steady-state 

quenching efficiency for BR (89 %) is more than FRET efficiency, hence we assume that static 

quenching also contributes to the sensing mechanism. 

To validate the ground state complexation, the UV visible spectra of PFBZ (6.5 µM) were 

monitored in BR, which shows a 10 nm red shift upon BR addition [Figure 2.2d]. This shift 

can be attributed to the complexation between the PFBZ and BR, leading to polymer 

aggregation. Also, the decrement of the PFBZ absorption peak at 380 nm and the corresponding 

increment of the broad BR peak at 450 with an isobestic point at 415 also support the formation 

of a non-fluorescent complex between PFBZ and BR.39 The complexation was well studied by 

ζ potential measurement, where the positive ζ potential of PFBZ (+11.5 mV) was almost 

neutralized (0.00963) upon the addition of negatively charged BR (−31.7 mV), indicating 

effective complexation between PFBZ and BR [Figure 2.2e]. Theoretical and experimental 

studies were carried out to identify the nature of the interaction between the PFBZ polymer 

nanoparticle and BR. The complexation was investigated theoretically through Gaussian 03 

software using the DFT, B3LYP, and 6-31G* basis sets. It was evident from the resulting 

structure that there is a possibility of 7-membered ring formation with close proximity between 

the O-atom of carboxylic moiety (BR) and ‘H’ of imidazole (PFBZ); ‘H’ of hydroxy (BR), and 

N of imine (PFBZ) [Figure 2.2f]. To verify such complexation experimentally, Raman and 

FTIR spectra of both the PFBZ and BR and their mixtures were recorded. There is a shift in 

the stretching frequency of the -NH group of benzimidazole in PFBZ from 3448 cm-1 to 3416 

cm-1 in the PFBZ_BR mixture, which confirms multiple H-bonding interactions between the 

NH of benzimidazole and carboxylic moieties in BR [Figure 2.2g]. This complexation is also 

evident from Raman spectra, as there is a ~9 nm shift in carbonyl stretching (1600.23 to 

1609.08) of BR in the PFBZ_BR complex mixture [Figure. A2.8]. Furthermore. The polymer 

aggregation by BR was studied using FESEM and TEM analysis. Initially, the PFBZ has a 

nano cubic structure of diameter ~240 nm [Figure. 2.2h), Figure A9a], which changes into 

larger aggregate structures [Figure 2.2i, Figure A2.9b] after BR addition. The change in size 

of the polymer nanoparticles was also supported by DLS measurements. The hydrodynamic 

diameter of polymer nanoparticles increased from 267 nm to 1043 nm on BR addition [Figure 

A2.10a, A2.10b]. This interaction brings the combined species close enough with appropriate 

orientation within a bonding distance and is ideal for enhancing the FRET mechanism. 
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2.3.5 Detection of BR in blood serum 

The outstanding sensitivity and selectivity of PFBZ directed us to examine the practical 

application of this system in real blood serum samples. Serum samples of 3 individuals, two 

jaundice patients (J1, J2) and one normal person (N1), were collected from the IITG Hospital 

and used without further treatment. The BR-containing serum sample was tested by adding it 

to a cuvette containing PFBZ solution to monitor the change in fluorescence spectra. The 

amount of BR present in serum was then determined by a calibration plot (Figure A2.11). The 

results of our standard method were compared with the well-known peroxidase method 

performed at the Medical laboratory of IIT Guwahati. Table 2.1 represents the BR 

concentration determined by our probe and peroxidase method. Hence, the PFBZ detection 

assay is very reliable, simple, rapid, and cost-effective, as no serum pretreatment is needed. 

This method is reproducible for the detection of a wide range of BR concentrations and the 

diagnosis of the onset of jaundice and associated diseases. 

Table 2.1. Determination of blood serum BR 

Serum samples BR detected by PFBZ method 

(10−6 M) 

BR detected by peroxidase method 

(10−6 M) 

J1 49.1±0.1 50 

J2 33.1±0.2 33 

N1 10.4±0.3 10 

 

Fluorescence Test Kit 

After achieving reliable sensing performance through the fluorescence method, a portable, 

cost-effective paper strip device was fabricated for real-time application. The Whatman filter 

paper was cut into test strips of the desired dimension of 1 cm by 1 cm and dipped into the 

PFBZ polymer nanoparticle solution (10-3 M), followed by drying on a hot plate at 50 °C. The 

PFBZ-coated paper strips were then used for real-time onsite detection of BR. Different 

concentrations of BR stock solution were prepared and drop-cast into fluorescent PFBZ-coated 

paper strips. The filter papers were then photographed using a 365 nm UV light source (Figure 

2.3). Noticeable dark spots of different strengths were observed by the naked eye under 365 

nm, which corresponded to the BR concentration drop that was cast. A blank solvent spot was 

used as a control. The limit of detection was found to be 58.5 ng/cm2, which permits the utility 

of these paper strips for onsite detection of BR to identify the onset of jaundice and its 

associated diseases. 
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Figure 2.3. Color of paper-based fluorescence test kits under UV-lamp (365 nm) after the 

addition of 10 μL of various concentrations of BR (10-2M – 10-7M). 

2.4 Conclusion 

In summary, benzimidazole incorporated yellow emitting conjugated polymer nanoparticle 

PFBZ was synthesized by means of a low-cost and straightforward oxidative coupling 

polymerization reaction for sensing BR in a complex biosystem for the first time. The receptor 

benzimidazole is specific to BR, achieving excellent selectivity in the presence of other 

interfering analytes, which is the key requirement for an ideal sensing system. PFBZ being a 

CPN, its sensory signal was amplified to a great extent, improving its sensitivity up to LOD 

6.9 ρM, which is far less than the clinically relevant range in aqueous PBS buffer medium at 

physiological pH and label-free conditions. The sensing mechanism elucidated both 

experimentally and theoretically was primarily found to be due to FRET and ground state 

complexation between the PFBZ and BR. It was also found that PFBZ polymer nanoparticles 

can be successfully utilized in the quantitative study of BR in real blood serum, where the 

results obtained were in good agreement with the standard clinical routine test results with a 

very low standard deviation. Further, a paper-based fluorescence test kit was fabricated in a 

very simple way, giving a quick response time and offering a reliable platform to diagnose the 

onset of jaundice and liver malfunction for real-time application. 
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APPENDIX 

 
Figure A2.1. 1H NMR spectra of M2 in CDCl3 

 
Figure A2.2. 13C NMR spectra of M2 in CDCl3. 
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Figure A2.3. Maldi-TOF spectra for monomer M2 

 
Figure A2.4. 1H NMR spectra of PF in CDCl3. 

 

Figure A2.5 GPC chromatogram of polymer PF 
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Figure A2.6. 1H NMR spectra of PFBZ in CDCl3. 

 
Figure A2.7. Fluorescence intensity of PFBZ (6.5 µM) in PBS buffer (10mM pH 7.4) vs BR 

concentration (0-150ρM). 

LOD = 3 × S.D./k= 3 × 2417.21/ (1052.9) = 6.9pM 

Table A2.1. A comparative study of some fluorescent probes for bilirubin detection 

 Materials used Ksv 

(M-1) 

Lod Medium 

Present Manuscript Conjugated 

polyfluorene 

2.22×1

06 

6.9 pM 

 

PBS 

pH = 7.4 

ACS Appl. Bio Mater. 

2020, 3, 4074−4080 

A coumarin-

based small 

molecule 

- 76 nM HEPES buffer at 

pH 7.2, 5% 

DMSO) 

ACS Appl. Polym. Mater. 

2019, 1, 1230−1239 

Amphiphilic 

polystyrene 

262. 

008 

20 

nM, 

Ches buffer at 

pH = 10 
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Molecular and 

Biomolecular 

Spectroscopy. 2019, 221, 

117150 

Pyrene Schiff 

Base AIE 

nanodots 

- 0.3 μg/mlμ

M, 

DMSO: 

water (10:90) 

medium 

Anal. Chem. 2018, 90, 

13687-13694 

Graphene-

isolated-Au-

nanocrystals 

- 7 

μM 

CH2Cl2 

RSC Adv., 2018, 8, 17854-

17859 

Europium-Doped 

Yttrium Oxide 

Nanosheets 

- 41 

nM. 

- 

Macromolecules 2015, 48, 

3449−3461 

Conjugated 

Polyfluorenes 

- 150 nm PBS buffer 

pH=10 

Biosensors and 

Bioelectronics  2014, 59 

370–376 

HSA stabilised 

gold nanoclusters 

- 248 nM Aliquots (1 mL) 

containing PBS 

(pH 7.4) 

Macromolecules 2013, 46, 

2159−2171 

Conjugated 

Polyfluorenes 

- - THF/water 

Table A2.2. Fluorescence lifetime decay of each component and their fractions in PBS 

Sample τ1 

(ns) 

% τ2 

(ns) 

% τ3 

 

% τavg 

(ns) 

PFBZ 0.361 17.240 1.924 47.250 5.902 35.510 3.067 

PFBT-BR (2ul) 0.278 34.913 1.391 44.054 4.337 21.034 1.622 

PFBT-BR (4ul) 0.251 34.717 1.293 42.641 4.250 22.642 1.601 

PFBT-BR (6ul) 0.229 35.220 1.240 39.540 4.008 25.220 1.582 

PFBT-BR (8ul) 0.251 34.787 1.183 39.774 3.856 25.469 1.542 

Table A2.3: Förster distance, overlap integral J (λ) values and FRET efficiency, D-A distance 

is calculated for BR in PBS (1mM, pH=7.4) 

Solvent Förster 

distance R0 (Å) 

J (λ) values 

(M−1cm−1nm4) 

FRET efficiency 

(%) 

Donor- Acceptor 

distance (R) (Å) 

PBS (10mM, 

pH=7.4) 

43.51 

 

5.44×1014 49.72 43.59 

Table A2.4. Calculations for IFE corrections for quenching in PBS 

BR 

(µM) 

Aex 

(370 

nm) 

Aem 

(530 

nm) 

Iobs Icorr 

Icorr /Iobs 

Correction 

factor 

(CF) 

Icorr/Icorr,₀ Eobs Ecorr 

0 0.2364 0.0206 460578 619273 1.34455 1 0 0 

0.25 0.2229 0.0213 316674 419535 1.32481 0.67746 31.2442 32.2536 

0.5 0.2106 0.0211 227170 296659 1.30589 0.47904 50.6772 52.0955 

0.75 0.2011 0.0212 173830 224551 1.29178 0.36260 62.2582 63.7395 
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1 0.1830 0.0201 116988 147827 1.26361 0.23871 74.5996 76.1288 

1.25 0.1732 0.0195 87933 109785 1.24850 0.1772 80.9080 82.2719 

1.5 0.1477 0.0176 74010 89526 1.20964 0.14456 83.9310 85.5433 

1.75 0.1384 0.0167 57719 69008 1.19557 0.11143 87.4680 88.8565 

2 0.1384 0.01694 48309 57775 1.19593 0.09329 89.5110 90.6704 

 

 
Figure A2.8. Raman spectra of PFBZ, BR and their equimolar mixture (laser 785 nm source). 

 

Figure A2.9. TEM images of PFBZ (a), before and (b) after addition of BR. 

 

Figure A2.10. DLS spectra of PFBZ (a) before and (b)after addition of BR 

(a) (b)

TH-3541_186122048



Chapter 2   Homopolymer for Bilirubin Detection 

51 

 

 
Figure A2.11. Calibration plot of PFBZ (6.5 µM) on the addition of various concentrations of 

BR (0-2µM).  
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Abstract 

Pendimethalin (PDM) is a chemically synthesized herbicide and is primarily employed to 

control broadleaf weeds and woody plants. It enters our environment from production 

industries and from human activity in farming. Pendimethalin residues in edible foodstuffs and 

water sources are a serious worldwide problem as they are linked to various health issues. As 

such there is an urgent need for the construction of a portable point of care (PoC) testing device 

for the detection of pendimethalin residues from food and vegetables before being consumed. 

Considering this challenge, an aggregation induced enhance emission (AIEE) polymer PF2CN 

is developed by modifying the conjugated backbone of polyfluorene based polymer PFP. The 

insertion of M2CN monomer into the conjugated backbone of PF2CN plays a key role in tuning 

the photophysical property of the PF2CN polymer where it shows AIEE activity with red 

shifted emission. Further the PF2CN polymer shows remarkable sensitivity and selectivity 

toward PDM with a limit of detection (LOD) of 2.8 nM which is very less than the standard-

maximum residual limits for pesticides in food. Notably, the simultaneous occurrence of PET 

and FRET serves as a “receptor free” selective sensor for PDM. Furthermore, the designed 

PF2CN conjugated polymer based PDM detection process was miniaturized into a prototype 

smartphone device, thereby providing a rapid and practical solution for on-site toxic analyte 

detection thereby providing higher environmental safety and protection. 

Key words: Conjugated polymer; Receptor free sensing; Molecular wire effect; ACQ; AIEE; 

Pendimethalin; PoC device; Herbicide. 
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3.1 Introduction 

Herbicide residues in fruits, vegetables, soil, and water are a severe health concern because 

they accounts for approximately 47.5 % of chronic effects on overall pesticide consumption 

and multiple organ damage.1 Herbicides are widely used in the agricultural sector to restrict 

the growth of unwanted weeds and grasses as a method to increase worldwide food production. 

These chemicals have a lengthy half-life from 69 days to even 10 months depending on soil 

types and get leached from the agricultural fields into the water bodies.2, 3 The persistent 

accumulation of herbicide residues in natural water bodies and edible foodstuffs causes severe 

food-chain pollution as well as ecosystem devastation. It can imitate steroid hormones by 

interacting with estrogen receptors, and can trigger the transcription of estrogen receptor-

regulated genes.4, 5 

Pendimethalin (PDM), a dinitroaniline derivative (N-(1-ethylpropyl)-2,6-dinitro-3,4-xylidine), 

is a common herbicide of the “K1 group” that is widely used to manage weeds and grasses in 

cereal crops, peanuts, legumes, peppers, potatoes, soybeans, onions, fruits, vegetables, and 

other crops.6 However, the Environmental Protection Agency (EPA) of the United States has 

designated PDM as a persistent bioaccumulative hazardous substance and a class C carcinogen 

(possible human carcinogen).7 Human exposure can occur by ingestion, inhalation, and skin 

contact.2 According to China's GB 2763-2019, the national food safety standard residual limits 

for pesticides in food, the acceptable daily intake (ADI) of PDM is established at 100 g/kg 

body weight.8, 9 PDM exposure has been linked to several physiological changes and endocrine 

effects demonstrated in animal studies, including liver and kidney damage and a number of 

mutagenic effects, genotoxicity oxidative stress10  inflammation  and the risk of pancreatic 

cancer in humans.11 On account of safety concerns, dinitroaniline based herbicide is safe to use 

and administered strictly according to the labeled guidelines. Furthermore, due to the highly 

explosive nature of these nitroaniline-based herbicides, they are prohibited from use in regions 

where sources of ignition, such as smoking and open flames, are present.12 

Several detection platforms are being developed for herbicide detection, such as gas 

chromatography (GC),13 liquid chromatography mass spectrometry (LC-MS),14 high 

performance liquid chromatography (HPLC),15 chemiluminescence,16 electrochemical,17 and 

others.18, 19 However, such techniques are either expensive or require highly skilled workers, 

and are time consuming. Further, due to its explosive nature a rapid, simple, and low-cost 

detection approach is particularly desirable for on-site detection. In this context, fluorescent 
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probe-based herbicide sensing is gaining much interest because of its quick response, 

simplicity, high sensitivity, and ability to detect in multiple modes (solution and solid state). 

Many fluorescence based materials are being developed for the detection of PDM, such as 

small organic materials,20 gold nanoparticles,6 nanowires,16 quantum dots,21 supramolecules24 

and silica nanoparticles.23 However, surprisingly, there are no reports on conjugated polymer 

(CP) based sensors for PDM. The real challenge in designing sensory materials is the choice 

of a specific receptor where its incorporation requires multiple steps, time consuming and is 

difficult to purify. Numerous literatures have proven that CPs have inherent signal 

amplification property called “molecular wire effect”.24 Therefore, it can display 

ultrasensitivity and selectivity without any receptor.25, 26 Thus, a “Receptor-free” strategy that 

does not need a laborious synthesis and purification technique and less time consuming, but 

still provides outstanding sensitivity and selectivity is an alternative to address the 

aforementioned difficulties. 

CPs are an ideal class of sensory materials on account of their superquenching ability, high 

absorption coefficient, better film forming ability, good photostability, less toxicity and many 

more.27, 28  However, due to planarity of the backbone in conventional CPs, they are plagued 

by the notorious aggregation caused quenching (ACQ) effect, in which they are highly emissive 

in solution but become quenched in the condensed/solid state, limiting their practical utility in 

film/solid state and constituting a hurdle in materials science. The breakthrough for solving 

this obstacle was achieved in 2001 since the introduction of the concept “aggregation induced 

emission/ aggregation induced enhanced emission” (AIE/AIEE).29 AIE/AIEE molecules utilize 

the aggregation phenomena to induce/enhance condensed state and solid state emission. The 

combination of excellent characteristics of CPs along with the AIE property is becoming a 

smart approach for designing functional luminogens to meet various demands for 

ultrasensitivity, biocompatibility, practicability and repeatability  in sensing applications.30 

However CPs due to the complexity of their molecular arrangement, strategically engineering 

their backbone to give AIEE property remains very challenging yet highly demanding in the 

present scenario. 

Herein, we have designed an AIEE polymer, PF2CN by Suzuki coupling polymerization 

reaction (Scheme 1). The monomer (2Z,2'Z)-3,3'-(1,4-phenylene)bis(2-(4-

bromophenyl)acrylonitrile) (M2CN) is used to modify the planar backbone of polyfluorene 

based CP. Hence, planar PFP and a nonplanar PF2CN polymers are developed by the Suzuki 

TH-3541_186122048



Chapter 3   AIEE Polymer for Pendimethalin Detection 

56 

 

polymerization reaction. PF2CN polymer due to the presence of strong electron withdrawing 

CN groups, which are slightly above the planar backbone, plays a key role in the AIEE activity 

and tuning emission wavelength via ICT as compared to PFP. Further, these CPs were utilized 

for the detection of herbicide PDM. Considering the remarkable sensitivity and selectivity of 

PF2CN, the polymer is further analyzed for a detailed mechanistic study. The simultaneous 

occurrence of both electrons transfers and energy transfer is the key cause of ultrasensitivity 

by PF2CN.  

As per our knowledge, these are the first CPs (and AIE platforms) explored for the detection 

of PDM with reliable sensitivity and point of care (PoC) devices. In order to rapidly address 

the ever-increasing challenges of PDM use in the agricultural sector and to detect its residue 

found in edible foodstuffs and natural water sources, a portable smartphone based PoC device 

was constructed that can be used in a very straightforward way with quick response time for 

on-site detection.31 

3.2 Experimental Section 

3.2.1 Materials and Methods: PDM and all of the nitroaromatics used in the study were 

procured from Sigma Aldrich. Milli-Q water has been used for the preparation of the stock 

solution for all the experiments. Recording of 1H NMR (600 MHz) and 13C NMR (150 MHz) 

spectra was performed on the Varian-AS400 NMR spectrometer. For recording UV-visible 

absorption spectra and photoluminescence spectra, PerkinElmer Lambda-35 and Horiba 

Fluoromax-4 spectrofluorometers have been used with 1 ml quartz cuvettes (path length =1 

cm, slit = 3 nm). FESEM images were obtained from a Zeiss Sigma field emission scanning 

electron microscope (FESEM). 

3.2.2 Synthetic Procedure: 

3.2.2a (2Z,2'Z)-3,3'-(1,4-phenylene)bis(2-(4-bromophenyl)acrylonitrile) (M2CN): The 

monomer M2CN was synthesized by Knoevenagel condensation reaction. terephthalaldehyde 

(0.5 g, 3.73 mmol) and 2-(4-bromophenyl)acetonitrile (1.47 g, 7.46 mmol) were solubilized in 

30 ml ethanol at 50 ⁰C with continuous stirring. 100 mg of potassium tertiary butoxide, (t-

BuOK) was solubilized in 5 ml ethanol and then injected into the reaction mixture dropwise. 

After that, the product gets precipitated as a yellowish precipitate from the reaction mixture. 

The progress of the reaction was monitored by TLC, and after 4h, the precipitate was filtered 
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through Whatman filter paper and then wash repeatedly with ethanol to get the pure yellow 

ppt. (yield=97%, 1.90 g). 

MALDI_TOF: The mass of monomer M2CN (mass =490.955) and theoretical mass = 490.20 

1H NMR (600MHz, DMSO-d6, δ ppm): 8.18 (s, 2H), 8.09 (s, 4H), 7.75 (s, 8H). 

13C NMR (150MHz, DMSO-d6 δ ppm): Due to very low solubility of M2CN in all the 

organic solvent, we unable to record 13C NMR  

3.2.2b 2,7-dibromo-9,9-dihexyl-9H-fluorene (FC6): The monomer (FC6) was synthesized 

following the reported procedure.32 A mixture of fluorene (1 g, 3.08 mmol), 50 % NaOH (aq), 

and tetra butyl ammonium iodide (TBAI) (0.227 g, 0.616 mmol) was taken in a clean RB flask 

and were made inert by applying free-thaw degassing technique (3 times). After that, 1-

bromohexane (3 mL, 21.56 mmol) was injected cautiously through a syringe, maintaining the 

inert condition. Finally, the reaction mixture was heated at 80 °C with proper stirring for 5 h. 

The completion of the reaction was monitored by TLC in hexane and then extracted with 

chloroform. The extracted organic layer was again washed repeatedly with water (3 times), and 

then the excess1-bromohexane was removed by Kugelrohr to get the crude product. Finally, 

the crude product was further purified by passing over a thick silica gel bed using a column 

chromatography technique where hexane was selected as eluent to obtain the desired product 

as a white crystalline ppt. (Yield = 96 %, 1.6 g)  

LC_QTOF_HRMS: The mass of monomer FC6 (m/z +1 = 493.2371) 

1H NMR (600MHz, CDCl3, δ ppm): 7.54 (d, J = 8.0 Hz, 2H), 7.46 (s, 4H), 1.95 – 1.91 (m, 

4H), 1.15 (dd, J = 13.9, 7.0 Hz, 4H), 1.10 – 1.04 (m, 8H), 0.80 (t, J = 7.3 Hz, 6H), 0.60 (dd, J 

= 15.9, 7.3 Hz, 4H). 

13C NMR (150MHz, CDCl3, δ (ppm): 152.76, 139.40, 130.17, 126.24, 121.45, 121.11, 55.47, 

40.18, 31.49, 29.63, 23.63, 22.55, 13.57 

3.2.2c Synthesis of Polymer PFP: The polymer PFP was synthesized by the Suzuki Coupling 

polymerization reaction. A mixture of monomers FC6 (200 mg, 0.406 mmol) and benzene 

diboronic acid (67 mg, 0.406 mmol) were taken in a clean RB flask fitted with condenser and 

then made the system inert by degassing followed by purging with argon gas. Thereafter, 5 mg 

of catalyst Pd (PPh3)4 was added maintaining the inert condition. A mixture of THF (9 ml) and 
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2M K2CO3 (3 ml) was injected into the reaction mixture and was made inert by applying the 

free-thaw degassing technique (3 times). The reaction mixture was stirred at reflux conditions 

under an argon atmosphere. After 48 h., the polymer is end capped by injecting iodobenzene 

and phenyl boronic acid and continued the reaction for 3 h maintaining the inert condition.  The 

reaction was then cool down and extracted with CHCl3/water. The organic layer was dried 

under vacuum and further purified by repeated precipitation in methanol. (color, dirty white, 

Yield = 86%, 220 mg). 

1H NMR (600 MHz, CDCl3 δ ppm): 7.77(b), 7.74(b), 7.70(b), 7.61(b), 7.58(b), 7.41(b) 

7.31(b) 2.01 (b), 1.03(b), 0.71-0.70(b).  

GPC in THF, polystyrene standard. Mw= 37562 g mol–1, PDI = 2.26 

3.2.2d Synthesis of Polymer PF2CN: The polymer PF2CN was synthesized by the Suzuki 

Coupling polymerization reaction. A mixture of monomers M2CN, (52.21 mg, 0.107 m moles) 

(9,9-dihexyl-9H-fluorene-2,7-diyl) diboronic acid (150 mg, (0.355 mmoles), and FC6 (297.12 

mg, 0.604 mmoles) were taken in a clean RB flask fitted with condenser and then made the 

system inert by degassing followed by purging with argon gas. Thereafter, 5mg of catalyst Pd 

(PPh3)4 was added maintaining the inert condition. A mixture of THF (9 ml) and 2M K2CO3 (3 

ml) was injected into the reaction mixture and was made inert by applying the free-thaw 

degassing technique (3 times). The reaction mixture was stirred at reflux conditions under an 

argon atmosphere. After 48 h., the polymer is end capped by injecting iodobenzene and phenyl 

boronic acid and continued the reaction for 3 h maintaining the inert condition.  The reaction 

was then cool down and extracted with CHCl3/water. The organic layer was dried under 

vacuum and further purified by repeated precipitation in methanol. (color, yellow, Yield = 80%, 

280 mg).  

1H NMR (600 MHz, CDCl3 δ ppm): 7.99(b), 7.76(b), 7.73(b), 7.61(b), 7.59(b), 7.57(b) 

7.51(b) 7.41-7.40(b) 7.30(b), 2.03(b), 1.06(b) 0.7 (b). 

 GPC in THF, polystyrene standard. Mw= 49070 g mol–1, PDI = 1.53 
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Scheme 3.1. Synthetic pathways of monomers and polymers: (a) t-BuOK, ethanol, rt, 12h.; (b) 

50 % (aq) NaOH, TBAI, 70 °C, 4h; (c), (d) tetrakistriphenylphosphine palladium(0), 2 M 

K2CO3 (aq), THF, reflux, 30h. 

3.2.3 Stock Solutions Preparation: Polymer PFP and PF2CN stock solutions for experiments 

were prepared in DMSO with a 1 mg/mL concentration. Also, the stock solution of PDM with 

a concentration of 1mM was prepared in DMSO. Similarly, stock solutions of all the 

nitroaromatics used in the interference and selectivity studies were prepared as 1 mM in 

DMSO. All the photophysical studies of the developed PFP and PF2CN polymers in the 

absence and presence of various analytes were performed in water medium. 

3.2.4 Photoluminescence Quantum Yield ():The absolute quantum yield for PFP and 

PF2CN polymers were determined by using Edinburgh FLS 1000 instrument through the 

integrated sphere technique. 

3.2.5 Limit of Detection (LOD): The lowest LOD was determined by analyzing the 

fluorescence spectra of PFP and PF2CN polymers with varying concentrations of PDM (0-5 

µM) and (0-60 nM) in a water medium. Using the standard formula, LOD=3/k, the lowest 

LOD was calculated from the calibration curve, where the symbols  and k represent the 

calibration plot's standard deviation (SD) and slope, respectively.33 

3.2.6 UV- Visible Detection of Pendimethalin (PDM): PDM has has absorption maxima at 

around 445nm in aqueous medium. To obtained the standard calibration plot from UV-visible 
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study, different concentrations of PDM (0, 10 nM, 20 nM, 30 nM, 40 nM, 50 nM, 60 nM, 70 

nM, 80 nM, 90 nM) were prepared and recorded their absorbance at wavelength of maximum 

absorption (λ445 nm). The calibration plots were linear at a concentration range (0-90 nM) and 

hence the concentration of unknown PDM was determined from it. 

3.2.7 The Overlapping Integral Value: The spectral overlapping integral was determined by 

the following formula to determine the amount of energy transfer from the donor (PF2CN) to 

the acceptor (PDM).34 

               Equation 1 

Where the symbols J(λ) represents the overlapped integral value, FD (λ) represents the 

corrected emission intensity of PF2CN from λ to Δλ normalizing the overall intensity to unity, 

εA signifies the molar absorptivity (in M-1cm-1) of the PDM (acceptor) at the wavelength λ 

(Equation 1). 

3.2.8 Inner Filter Effect (IFE) Correction: The suppression effect of IFE in the emission 

intensity of PF2CN can be determined by means of the following equation (for 1 cm path length 

cuvette).35 

                 Equation 2 

Where, Iobs and Icorr represent the fluorescence emission intensity without and with IFE 

correction, respectively. Aem and Aex represent the values of UV-vis absorption of PF2CN 

(fluorophore) at the wavelengths of emission maxima and excitation with PDM (quencher) 

addition (Equation 2). 

3.2.9 Electrochemical Analysis: The cyclic voltammogram (CV) was performed in inert 

atmosphere to determine the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) energy levels of PF2CN. Saturated Ag/AgNO3 

electrode, glassy carbon electrode and platinum wire, were utilized as reference, working 

electrodes and counter respectively with TBAPF6 (0.1 M in CH3CN) as the supporting 

electrolyte. PF2CN showed a single oxidation peak. The HOMO level (-5.81 eV) was estimated 

by using the onset technique (Equation 3). 

---    ---------Equation 3 

J(λ) = 

Icorr/Iobs = (10) (Aex +Aem)/2) 

E HOMO = (E (onset, ox versus Fc+/Fc) + 4.8) (eV) 
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The band gap (2.40 eV) of PF2CN were determined from the UV-visible spectrum to compute 

its LUMO level (-3.41 eV). 

3.3 Results and Discussion 

The monomers M2CN and FC6 were synthesized by the Knoevenagel condensation reaction 

and the alkylation reaction respectively (Scheme 1). The polymers PFP and PF2CN were 

synthesized by the Suzuki cross-coupling polymerization reaction with 80-86 % yield. The 

synthesized monomers and polymers were well purified at each step and characterized by 

NMR, mass and GPC before using in further studies (Figure A3.1-A3.9). The M2CN monomer 

due to the less solubility issue, did not get 13C NMR.  

3.3.1 Properties of M2CN:  

The monomer M2CN has very low solubility in organic solvents and is insoluble in water due 

to the presence of large aromatic rings. Theoretical studies were performed by employing the 

DFT 631G function with the B3LYP basis set in the Gaussian Program.36 The optimized 

geometry showed that the planarity of conjugated phenyl rings was disturbed by the -CN group 

and its HOMO electronic cloud was diffused across the entire molecule. The LUMO electronic 

clouds are mostly confined across the central benzene ring and the two -CN groups thereby 

suggesting the possibility of weak intramolecular ICT (Figure 3.1). 

 

Figure 3.1. DFT optimized structure of M2CN and its HOMO/LUMO electronic distribution 

calculated using B3LYP/631G of Gaussian 09 program. 

HOMO = -5.96 eV

DE = 3.13 eV

LUMO = -2.83 eV

Side View

TOP View
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3.3.2 Photophysical and Morphological Studies of Polymer PFP and PF2CN. 

Because of the strong electron-withdrawing -CN groups, integration of M2CN into the 

conjugated backbone of polyfluorene is predicted to tune the polymer's photophysical 

characteristics. The photophysical studies of the CPs were performed in various DMSO-water 

fractions. The CPs PFP and PF2CN showed corresponding absorption maxima at 360 and 376 

nm respectively in DMSO. The absorption peak of PFP in water has ~10 nm shift and the 

absorption peak of PF2CN in water has a shoulder peak at 430 nm which is attributed to their 

aggregation (Figure A3.10a, A3.10b). The blue color of the PFP polymer is tuned to the yellow 

color in PF2CN due to the incorporation of the M2CN monomer via intramolecular charge 

transfer (ICT). The emission intensity of PFP gradually decreases with the increase of water 

fraction (fw) from 0 % to 99 % depicting the ACQ nature (Figure 3.2a, 3.2b). The photophysical 

data along with corresponding quantum yield are provided in Table A3.1. The self-assembly 

process of PFP polymer in 99 % fw was analyzed by FESEM where it formed a large 

microaggregate assembly with average size as determined from DLS is around 600 nm (Figure 

3.2c and Figure A.3.11a). On the other hand, the emission of PF2CN initially decreased with a 

slight red shift from 0 to 40 % fw, became non-fluorescence from 50 % to 80 % and then the 

emission enhanced again at 90 % to 99 % fw (Figure 3.2d, 3.2e). Further, the self-assembly of 

PF2CN in 99 % fw was analyzed by FESEM where the polymer spontaneously formed spherical 

nanoparticles (Figure 1f) with an average size of 145 nm as determined from DLS (Figure 

A3.11b). 

 

Figure 3.2: (a) Photoluminescence (PL) spectra of PFP in various DMSO-water fractions. (b) 

Plot of emission intensity vs various fw in DMSO for PFP (c) FESEM images of PFP (d) PL 

spectra of PF2CN in various DMSO-water fractions. (e) Plot of emission intensity vs various 

fw for PF2CN, (f) FESEM images of PF2CN. 
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3.3.3 Detection of PDM in an Aqueous Medium: 

The optical sensing efficiencies of both PFP and PF2CN polymers were analyzed in an aqueous 

medium to determine the role of M2CN. The PFP polymer consumed 40 μM PDM to quench 

its blue emission (Figure 3.3a). In the case of PF2CN, its bright yellow fluorescence was ~92 

% quenched by only 6 μM addition of PDM (Figure 3.3b) (inset: the photograph of the 

fluorescence color change of PF2CN (i) before and (ii) after the addition of PDM). It was 

observed that initially, the emission intensity of both PFP and PF2CN decreased abruptly due 

to the inherent molecular wire effect of CP thereby amplifying the sensory signal and then 

decreased gradually up to 92 %-95 % with the addition of PDM. The Stern-Volmer (S-V) 

quenching constant was determined by linear fitting of fluorescence titration and found to be 

1.4 x 105 M-1 for PFP and  1.6 x 106 M-1 for PF2CN ( Figure A3.12a, A3.12b) and the lowest 

limit of detection (LOD) for both the PFP and PF2CN for PDM was 91 nM and 2.8 nM 

respectively as determined from the relation 3σ/k, which is much below the PDM tolerance 

limits established by 40 CFR 180.361 reassessed by United States EPA.37 PF2CN shows higher 

sensitivity as compared to PFP (Figure A3.13a, A3.13b), suggesting that the incorporation of 

M2CN improved the sensitivity of polymer to a great extent.  

 
Figure 3.3: Fluorescence spectra of (a) PFP by addition of 40 µM PDM and (b) PF2CN by 

gradual addition of PDM (inset: photograph of PF2CN (i) before and (ii) after addition of 6 

µM PDM. (c) SV plot of PF2CN of various NACs (d) Quenching efficiency spectra of PF2CN 

before and after 6 µM PDM addition with different NACs. 
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3.3.4 Selectivity Study:  

Selectivity is a major prerequisite for choosing an efficient sensor which remains a very 

challenging task. The S-V plots for PFP and PF2CN were obtained for all of the interfering 

nitroaromatic compounds (NACs) i.e. DNP, 4 NPDA, NB, DNB, 2,4 DNT, 2,6 DNT, and 4 

NT (structures of these NACs are provided in Figure A3.14). The PFP shows interference of 

10-40% quenching efficiency by these NACs (Figure A3.15). however, most interestingly in 

the case of PF2CN, the NACs have negligible sensitivity as compared to PDM (Figure 3.3c). 

Further, the percentage interference of various nitroaromatic compounds in the sensing of PDM 

was studied where they show negligible interference (Figure 3.3d). Hence, considering the 

remarkable sensitivity and selectivity toward PDM, PF2CN was further investigated for in-

depth mechanistic studies in order to implement the real-world on-site detection application 

platform. 

3.3.5 Repeatability Study: 

The repeatability of the constructed chemosensor for PDM detection was tested to assess its 

practical efficiency in sensing. For this we prepared aqueous PF2CN solution with a 

concentration of 10µM in 5 different vials (M1, M2, M3, M3, M4, M5). The solution was 

titrated with PDM of concentration (0- 6µM) and compared the quenching performance for 

every 5 sets of measurements (Figure 3.4a). Similarly, an interday correlation analysis was 

conducted by preparing 10µM PF2CN in seven different vials (DAY 1, DAY 2, DAY 3, DAY 

4, DAY 5, DAY 6, DAY 7). One sample was used each day to detect PDM (0.5 µM, 1 µM, or 

1.5 µM) and compared the quenching efficiency for each day (Figure 3.4b). From the above 

intra and inter day studies, a comparable sensing performance was obtained with a RSD 3.5 % 

suggesting good repeatability of sensor. 

 
Figure 3.4: (a) Intra- day correlation of sensing performance of PF2CN for 5 different 

measurements with interval of 5h. (b) Inter day correlation of sensing performance of PF2CN 

for 7 days. 
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3.3.6 Mechanism:  

Detailed mechanistic studies were performed to investigate the underlying mechanism of 

sensing PDM by PF2CN. To investigate the potential of electron transfer, the HOMO energy 

level and lowest energy level of PF2CN were measured by cyclic voltammetry. The LUMO 

energy level of PF2CN (-3.41 eV) lies above the LUMO energy level of PDM (-3.95 eV) 

(Figure 3.5a) which strongly suggests the occurrence of the PET process in the sensing 

mechanism. Other nitro compounds are not quenched in the same manner because their LUMO 

level is close to or higher than the LUMO level of PF2CN (Figure A.3.16).20, 38, 39 The 

remarkable sensitivity of PF2CN and the nonlinear fitting of the S-V plot (Figure A3.17), 

inspired us to analyse the possibility of other sensing mechanism(s). Apart from PET, the 

spectral overlap of the absorption spectra of PDM with the excitation and emission spectra of 

PF2CN suggested the possibility of both IFE and FRET mechanisms in the sensing process 

(Figure 3.5b). The decrease in the average lifetime of PF2CN from 1.07 ns to 0.73 ns by 

addition of PDM confirms the presence of FRET mechanism in the sensing process (Figure 

3.5c and Table A3.2). However, by calculating the quenching efficiency before and after IFE 

 

Figure 3.5: (a) HOMO and LUMO energy levels of PF2CN and PDM. (b) Spectral overlapped 

plot of excitation/ emission of PF2CN with the absorption spectra of PDM. (c) Lifetime decay 

profile for PF2CN before and after addition of 6 µM PDM. (d) Energy suppression efficiency 

before and after IFE correction. 
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correction a negligible change was observed, indicating that IFE has a minor role in the sensing 

process (Figure 3.5d, Table A3.3). Furthermore, we investigated the probability of ground state 

complexation by monitoring the UV-visible absorption spectra of PF2CN with and without 

PDM. There is no generation of new peak or shifting of PF2CN absorption spectra, ruling out 

the possibility of ground complexation in the sensing process (Figure A3.18).5 

3.3.7 Real Samples Analysis: 

The widespread usage of PDM in various crops, fruits, and vegetables and the lack of 

appropriate and rapid sensors mandate investigation of various food samples. For this purpose, 

we have collected two samples each of several vegetables, washed thoroughly and air dried. 

Each of the vegetables is divided into two groups labeled “A” and “B”. The A” group of 

vegetables was used as a control (without pesticides) and the “B” group was sprayed with 

pendimethalin solution of 10 mM concentration. After that both “A” and “B” groups of 

vegetables were sprayed with PF2CN polymer solution of 10 ng/mL concentration. 

Interestingly, a under 365 nm UV lamp, the “A” groups show bright yellow fluorescence of 

polymer, though, it gets quenched completely in “B” group samples due to the presence of 

PDM. However, there is no noticeable change during the daylight (Figure 3.6, Figure A.319). 

 

Figure 3.6: Photograph of PF2CN in vegetable samples (A) without and (B) with 

pendimethalin. 

Further a quantitative detection was performed in various water and food samples. For water 

samples, tap water and natural lake water (Serpentine Lake, IIT Guwahati) and for edible foods 
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cabbage, tomatoes mint leaves, bitter gourd, brinjal, potatoes, peas, cauliflowers, carrots, 

chillies, potols, garlics, lady’s fingers were chosen to quantify the amount of PDM residues. 

For the analysis of water samples, the particulates in the water samples were first removed by 

filtration through a membrane with a pore size of 0.2 μm then spiked with known concentration 

of PDM. These spiked samples were directly analyzed by PF2CN based fluorescence technique 

and compared with the calibration plot. However, pretreatment is required in case of food 

samples following the reported procedure.20 The food samples were sprayed with a PDM 

solution of known concentration. After that the samples were finely diced into tiny slices and 

homogenized uniformly with a clean mortar and pestle. Then, 1 g of these smashed samples 

were put into a 15 ml centrifuge tube containing 5 ml DMSO. The mixture was vortexed for 5 

min, followed by filtration through a membrane with a pore size of 0.2 μm. The filtrate was 

used for further analysis by the PF2CN based fluorescence technique and compared with the 

calibration plot. The results show good recoveries of up to 94 % with RSD < 3 (Table A3.4) 

Futher, the result was again cross-validated with UV-visible detection technique. For this 

standard parallel calibration plot were obtained which were linear at the concentration range 0-

90 nM (Figure 3.8). Both the results are in good agreement (Table 3.1) suggesting the 

feasibility of this technique for real sample analysis. 

 

Figure 3.8. Cross validation calibration plot of Pendimethalin detection by UV – Visible 

detection and PF2CN based flurometric detection methods. 

 

 

TH-3541_186122048



Chapter 3   AIEE Polymer for Pendimethalin Detection 

68 

 

Table 3.1. Table for PDM detection by Standard Recovery Method in various samples and 

cross validation with UV – Visible detection method 

Types of 

sample 
Samples 

PDM 

added 

(10-7 

M) 

PDM 

found 

by 

UV 

(10-7 

M) 

Recovery 

PDM found 

by PF2CN 

based 

Fluorescence 

assay 

(10-7 M) 

Recovery 

RSD 

(%) 

(N=3) 

Vegetables 

Bitter 

gourds 
10 

8.91 

 
89 .1 9.02 90.2 1.19 

Brinjals 10 9.42 94.2 9.41 94.1 1.04 

Potatoes 10 9.7 97 9.36 93.6 1.33 

Peas 10 9.69 96.9 10.76 107.6 2.33 

Cauliflowers 10 8.85 88.5 8.675 86.75 3.34 

Carrots 10 9.14 91.4 8.81 88.1 1.12 

Onions 10 9.27 92.7 9.69 96.9 1.70 

Chilies 10 9.91 99.1 10.03 100.3 2.53 

Potols 10 9.50 95 92.58 92.6 1.76 

Garlics 10 9.45 94.5 9.46 94.6 2.65 

Ladies 

Finger 
10 8.65 86.5 86.01 86.01 2.09 

 

3.3.8 Smartphone Based PoC Device: 

The entire fluorescence based PDM detection process was miniaturized into a smartphone 

based prototype, providing the practicability of a quick and simple solution for on-site 

detection. The prototype contains a dark chamber, hand held UV lamp, a smart phone and its 

holder. For RGB analysis the PF2CN with various concentrations of PDM (0.5 µM- 2.5 µM) 

were prepared in a quartz cuvettes and placed inside the dark chamber (Figure 3.7a). The 

fluorescence photograph of these cuvette was captured through a smartphone and the 

corresponding RGB values were calculated by a color scanning android application called 

“Color Picker” (Figure 3.7b, 3.7c). As yellow color is formed by combination of “red” and 

“green” color in the RGB color model, the changes in fluorescence intensity of the samples 

was estimated from the plot of “R” value and “G” value (Figure 3.7d, 3.7e). The experiment 

was repeated three times and a linear calibration plot with linear regression coefficients (R2) of 

0.99658 and 0.991421 were obtained respectively for “G” value and “R” value. These plots  
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Figure 3.7: (a) Constructed PoC device for direct on-site estimation of PDM (b) Fluorescence 

photograph for PF2CN in absence and presence of various concentration of PDM, (c) RGB 

values of the captured photographic images, (d) “R” and (e) “G” values plots for the 

corresponding red spotted circle of the capture photographic images. 

will be helpful in determining the approximate concentration of PDM in unknown samples for 

easy and rapid on-site detection.  

Furthermore, the results obtained from the proposed sensing techniques (fluorescence and 

smartphone) were compared with those obtained from prior reports (Table A3.5). As per our 

knowledge this is the first CP design for detection of PDM with remarkable LOD. Further, it 

also offers rapid on-site detection in a very simple manner with a smartphone based PoC device. 

3.4 Conclusion 

The consumption of pesticide residues is associated with various health issues. Thus, a portable 

smartphone PoC device as a preventive measure was constructed based on the fluorescent 

response of the synthesized AIEE conjugated polymer. This AIEE active polymer PF2CN 

synthesized by modifying the planar backbone of polyfluorene by the Suzuki coupling 

polymerization reaction was used as a fluorescent sensor. The insertion of monomer M2CN 

into the conjugated backbone plays a key role in tuning the photophysical properties of PF2CN. 

The comparative studies are supported by using the PFP polymer which is devoid of the M2CN 

monomer and shows blue emission and an ACQ nature. Further PFP and PF2CN were 

employed for the detection of PDM. The PF2CN polymer shows ultrasensitivity and selectivity 
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which is due to the simultaneous occurrence of both electrons transfer and energy transfer in 

the sensing mechanism. Further, the PF2CN based fluorescence assay displayed reliable results 

in real samples such as water and edible foodstuffs. As such the development of smartphone 

based PoC testing device for onsite detection of PDM residues in a very simple approach with 

quick response time could be highly beneficial in modern healthcare preventive services. As 

per our knowledge this is the first conjugated polymeric probe used for the detection of PDM 

with high selectivity and sensitivity including its portability and PoC device. 
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Appendix 

 

Figure A3.1. MALDI-TOF image of M2CN. 

 

Figure A3.2. 1H NMR spectra of M2CN in DMSO-d6 
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Figure A3.3. LC_QTOF_HRMS spectra of FC6 

 

Figure A3.4. 1H NMR spectra of FC6 in CDCl3 

 

Figure A3.5. 13C NMR spectra of FC6 in CDCl3 

FC6

TH-3541_186122048



Chapter 3   AIEE Polymer for Pendimethalin Detection 

76 

 

 

Figure A3.6. 1H NMR spectra of PFP in CDCl3 

 

Figure A3.7: GPC chromatogram of polymer PF2CN 

 

Figure A3.8. 1H NMR spectra of PF2CN in CDCl3 
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Figure A3.9: GPC chromatogram of polymer PF2CN 

 

Figure A3.10. UV-Visible absroption spectra of (a) PFP and (b) PF2CN in DMSO and water.  

Table A3.1 UV-Visible absroption spectra of (a) PFP and (b) PF2CN in DMSO and water 

Sample ex (nm) em (nm) () (%) 

PFP- DMSO 360 430 81.61 

PFP-Water 370 430 25.21 

PF2CN- DMSO 375 510 74.46 

PF2CN-Water 375 540 66.23 
 

 

Figure A3.11 DLS plots for PFP and PF2CN in water 

(a) (b)
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Figure A3.12. Linear fitting of Stern- Volmer plot of (a) PFP and (b) PF2CN for the detection 

of PD 

 
Figure A3.13. Plot of fluorescence emission intensity vs concentration of PDM for LOD 

determination 

 
Figure A3.14. Structure of NACs used in the study. 

 
Figure A3.15. Interference study of PFP with different nitroaromatics before and after PDM 

addition. 

(a) (b)

(a) (b)
PFP

PF2CN
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Figure A3.16. HOMO and LUMO energy levels of PFP, P2CN and various NACs. 

 
Figure A3.17. Stern – Volmer Plot of PF2CN for the detection of PDM. 

Table 3.2. Fluorescence lifetime decay of each component and their fractions in water 

Sample 

fi 

(%) 

 

τ1 

(ns) 

f2 

(%) 

 

%τ2 

(ns) 

τavg 

(ns) 

PF2CN 59.103 0.283 40.897 2.196 1.065 

PF2CN-PDM (1ul) 60.082 0.308 39.918 2.096 1.021 

PF2CN-PDM (2ul) 59.780 0.286 40.220 1.934 0.948 

PF2CN-PDM (3ul) 62.365 0.273 37.635 1.813 0.852 

PF2CN-PDM (4ul) 60.344 0.240 39.656 1.645 0.797 

PF2CN-PDM (5ul) 61.982 0.257 38.018 1.617 0.774 

PF2CN-PDM (6ul) 61.830 0.231 38.170 1.553 0.735 
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Table 3.3. Calculations for IFE corrections for quenching in water 

PDM 

(µM) 

Aex 

(370 

nm) 

Aem 

(550 

nm) 

Iobs Icorr 

Icorr /Iobs 

Correct

ion 

factor 

(CF) 

Icorr/Icorr

, ₀ 
Eobs Ecorr 

1 0.3471 0.0527 1980520 3138436 1.5846 0.9949 0 0.5003 

2 0.3671 0.0613 874562.2 1432344 1.6377 0.4541 55.8417 54.5895 

3 0.3832 0.0689 582411.4 980295.1 1.6831 0.3107 70.5930 68.9211 

4 0.4030 0.0786 399476.1 695515.6 1.7410 0.2205 79.8297 77.9496 

5 0.4233 0.0903 282944.5 511157.5 1.8065 0.1620 85.7136 83.7944 

6 0.4451 0.10151 224583 421408.7 1.8764 0.1336 88.6604 86.6398 

 

 
Figure A3.18. UV-Visible absorption spectra of PF2CN before and after PDM addition.  

 
Figure A3.19. Photograph of PF2CN in vegetable samples (A) without and (B) with 

Pendimethalin 
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Table 3.4. Table for PDM detection by Standard Recovery Method in various samples 

Types of 

sample 
Samples 

PDM added (10-7 

M) 

PDM found (10-7 

M) 
Recovery 

RSD 

(%) 

(N=3) 

Water 

Tap 

water 

5 5.38 107.6 0.93 

10 9.89 98.9 1.05 

15 14.57 97.13 1.19 

Lake 

water 

5 5.15 102.86 2.16 

10 10.17 101.7 1.87 

15 15.28 101.88 0.66 

Food samples 

Cabbage 

5 4.78 95.76 1.23 

10 9.48 94.86 1.73 

15 15.39 102.6 0.76 

Tomato 

5 5.17 103.4 1.00 

10 10.28 102.86 1.90 

15 15.34 102.28 0.82 

Mint 

leaves 

5 4.87 97.53 2.07 

10 9.5 95.46 1.87 

15 14.1 94.55 1.88 

 

Table 3.5. Comparison table for PDM detection with the previous reports 

Sl. 

No. 
Material 

Sensitivity 

Ksv /Ka 

(M-1) 

Lod 

(M) 
Mechanism Method Ref 

1 

Conjugated 

polymers 

PFP and 

PF2CN 

Ksv = 

1.4 x 105 

Ksv = 

1.6 x 106 

91 x 10-9 

and 2.76 

x 10-9 

Both FRET 

and PET 

Fluorescence, 

Smartphone 

detection 

This work 

2 BDOa 
Ka = 

1.26 x 105 
3.8 x 10-9 

Either 

purely static 

or purely 

dynamic 

quenching 

Fluorescence 

RSC 

Adv. 2016, 

6, 53573-

53577 

3 

Silver solid 

amalgam 

electrode 

- 4.0 x 10-7 - 

Differential 

Pulse 

voltammetry 

Chemicke 

Listy, 2006.1

00, 1105 
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4 HMDEb - 1.8 x 10-8 - 

Differential 

Pulse 

Polarography 

Bull. Chem. 

Soc. 

Jpn. 2000, 7

3, 2477-

2480 

5 -  1.5 x 10-7  GCc 

J. Agric. 

Food 

Chem. 2001,

 49, 2198-

2206 

6 - - 2.1 x 10-7  HPLCd 

Environ. 

Monit. 

Assess. 2011

, 175, 103-

108 

7 

Insitu 

plated 

BiFEe 

- 3.7 x 10-8 
Electro-

reduction 
Voltammetry 

Electrochim. 

Acta 2015, 1

68, 379-385 

9 

Molecular 

imprinting 

nanowires 

- 1.4 x 10-5 Recognition 
Chemilumines

cence 

J. Dairy 

Sci. 2022, 1

05, 3019-

3031 

10 

RAC-

DTCf-Au 

NPs 

- 2.2 x 10-7 

Electrostatic 

interactions 

and H-

bonding 

UV-Vis 

Spectroscopy 

Sens. 

Actuators 

B 

Chem. 201

7, 245, 

541-550 

 

BDOa = Bidansylated oxacalix[4] arene fluoroionophore, HMDEc = Hanging mercury drop 

electrode, GCc = Gas Chromatography, HPLCd = High performance liquid chromatography 

BiFEe = Bismuth-film electrode, RAC-DTCf = Ractopamine-dithiocarbamate. 

 

TH-3541_186122048



TH-3541_186122048



 

 

 

TH-3541_186122048



 

 

4 
Ratiometric Turn-On Detection of HSA using 

Aggregation Induced Enhanced Emission 

Conjugated Polyelectrolyte and Prototype 

Smartphone Device 

 
 

 

 

 

 

 

Chanu, M. A.; Adil, L. R.; Ghosh, P.; Khubchandani, D. D.; Iyer P. K. (Communicated). 

 

C
H

A
P

T
E

R
 

TH-3541_186122048



 

 

  

TH-3541_186122048



Chapter 4                                               AIEE Conjugated Polyelectrolyte for HSA Detection 

84 

 

Abstract 

Controlling molecular motion and charge transfer of an organic luminogen is the key to deliver 

various photo-physical properties. Nevertheless, conjugated polymers due to the complexity 

and diversity of their structures, the studies of structure-motion-property relationship remains 

a bottleneck. The incorporation of AIE monomer with a twisted donor- acceptor (D-A) 

architecture is a strategy to tune the photo-physical properties of a conjugated polymer. As 

such, three sets of polymers P1, P2 and P3 were designed by incorporating various mole 

percentage of AIE monomer in the polymer backbone to study their photophysical properties 

in solution and aggregated state. This resulted in significant shift of polyfluorene emission from 

blue to white and yellow, reflecting the increase of D-A strength from P1 to P3. Further. its 

condensed state emission property was improved by a unique design strategy thereby 

converting ACQ polymer (P1) into AIEE polymer (P3). Finally, the PFAN polymer derived 

from the AIEE-P3 polymer represents an appropriate biosensor for monitoring serum albumins 

(SAs) that deviate from the normal 35-55 g/L range. Based on the silico study human serum 

albumin (HSA) has stronger binding energy than bovine serum albumin BSA which agrees 

with the experimental finding. The mechanism for such remarkable detection with "Ratiometric 

Turn On" response was due to PFAN-HSA and PFAN-BSA binding induced AIEE mechanism. 

Furthermore, to benefit the healthcare services especially the elderly or patients with chronic 

illness, the developed PFAN conjugated polyelectrolyte (CPE)-based HSA detection method 

was miniaturized into a prototype Smartphone device. 

Keywords: AIE, AIEE, ratiometric, turn on sensing, serum albumin, PoC, conjugated 

polyelectrolyte 
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4.1 Introduction 

The discovery of aggregation-induced emission (AIE) and aggregation-induced enhanced 

emission revolutionized the material and chemical science, enabling both solution and 

condensed state applicability in a wide range of fields such as sensing,1 imaging,2 theranostics,3 

anticounterfeiting,4 and optoelectronics devices.5 This property challenges the phenomenon of 

aggregation caused quenching (ACQ)6, 7 shown by conventional luminophore. Integrating 

AIE/AIEE properties into a conjugated polymer provides a superior material in terms of its 

efficiency and properties in comparison to a small molecule AIEgen on account of inter and 

intramolecular synergistic interactions.8 Moreover, AIE polymers have advantages over 

conventional fluorescent polymers in various aspects, including improved photo-stability, less 

toxicity, efficient luminescence efficiency in condensed and solid states, and significant Stokes 

shifts, making them appealing for practical applications.9-11  

In recent years, considerable attention has been devoted to designing smart AIE polymers with 

diverse structures and configurations.12-14 Controlling molecular motion is the key to convert 

ACQ to AIE polymer, but studying the structure-motion-property correlation particularly in 

polymer is quite challenging due to the complicated nature of structural framework and 

behavior.15 The incorporation of an AIE monomer into the polymer's backbone or side chain is 

a well-established approach for developing an AIE/AIEE polymer,16 nevertheless, the 

polymer's AIE/AIEE activity depends on the molar ratio of the AIE monomer to be 

incorporated. Also, as hydrophobicity increases, the solubility of AIE polymers diminishes; 

hence an optimum molar ratio is required to ensure both AIE activity and good organic 

solubility. The intense condensed state fluorescence of AIE polymer resulting from structural 

rigidification by solvent viscosity17 and/or supramolecular-based interactions18 is very 

attractive for designing turn-on sensors with better sensitivity and less background 

interference.19-21 Furthermore, AIE polymer having twisted D-A architecture AIE polymer 

having twisted D-A architecture22, 23 may detect both molecular motion and changes in solvent 

polarity, indicating a potential way for constructing a ratiometric sensor for visual detection.24 

AIE-conjugated polyelectrolytes (AIE-CPEs) have recently received a tremendous interest 

among the AIE polymers because of their wide range of applications, including fluorescent 

sensors,25, 26 optoelectronic devices,27 bio imaging,28 photo theranostics,29 drug delivery,30 etc. 

They offer various promising characteristics due to the combined effect of AIE/AIEE, intrinsic 

property of conjugated polymers, and the capacity of electrolyte charge adjustment. For 
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instance, the inherent molecular wire effect CPEs gained from CPs greatly boosts their 

sensitivity as sensors due to the rapid flow of electrons or energy down the conjugated 

backbones.29, 31, 32 Meanwhile, the presence of various charges in CPEs allows them to be 

employed for the selective detection of oppositely charged analytes, such as metal ions, charged 

small molecules, and biomacromolecules like DNA, proteins etc.33-35 Additionally, because of 

their AIE property, such detection can be expanded in solid state.36, 37 Above all, the main 

success of AIE-CPEs is the increase in solubility due to presence hydrophilic ionic side groups, 

which was a barrier in many neutral AIE-polymers for diverse applications. 

Herein, by considering the above challenges, we have attempted a stepwise strategy to convert 

a well-known ACQ polyfluorene backbone into an AIE backbone by copolymerization with an 

AIE monomer.23 In the process, the solutions' state and aggregates' state properties of three 

conjugated polymers (P1, P2, P3) were carefully tuned by simply changing the mole fractions 

of the monomeric units. Fluorescence emission was greatly tuned from blue to yellow, and a 

white emission was achieved at a particular mole fraction, which was very challenging. The 

excellent solid-state emissive property was attained by increasing the mole fraction of the AIE 

monomer. Further, the polymer's solubility was improved by functionalization with methyl 

imidazole. The methyl imidazole-functionalized AIE polymer PFAN (Z)-3,3'-((2-(10-(4-(2-

cyano-2-(p-tolyl)vinyl)phenyl)anthracen-9-yl)-7-methyl-9H-fluorene-9,9-diyl)bis(hexane-

6,1-diyl))bis(1-methyl-1H-imidazol-3-ium) is further utilized for detection of human serum 

albumins (HSA) and bovine serum albumin (BSA), predominant proteins responsible for 

numerous physiological and metabolic functions present in human and animal sera.38 The 

condition of low HSA (hypoalbuminemia) and high HSA (microalbuminuria) levels from the 

normal range of 35-55 g/L have been linked to various disorders, including type II diabetes39, 

and chronic kidney disease40, liver cirrhosis,41 etc. 

Among the several reported detection techniques42, 43 for HSA/BSA, fluorescence is one of the 

most cost-effective, simple, and quick methods with great sensitivity. Numerous fluorescent 

molecules have been developed with divergent mechanisms,44-46 but they still require 

improvement in sensitivity, visual detection, and portability for real-time application. 

Conjugated polyelectrolytes undergo quick inter/ intra-chain exciton migration due to π-

electron delocalization, amplifying the fluorescence signal and hence increasing sensitivity.47 

The incorporation of M4 monomer into the backbone of conjugated polyelectrolyte allows the 

recognition of HSA/BSA in a ratiometric turn-on manner, enabling visual detection. The 
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detailed mechanism for such an efficient turn-on response in a ratiometric manner is 

electrostatic interaction-induced aggregation, which has been supported by experimental and 

theoretical findings where M4 plays a pivotal role for turn-on and ratiometric response by 

making PFAN polymer into AIEE and solvatochromic nature. Furthermore, to ensure a simple 

portable sensor, a smartphone integrated point of care (PoC) device was developed for 

monitoring HSA-related diseases easily, and economically for onsite detection, which will 

benefit in remote areas particularly for the elderly and people with chronic diseases. 

4.2 Experimental Section 

4.2.1 Materials and Methods: BSA and HSA and all the analytes used in the study were 

procured from Sigma Aldrich. Milli-Q water has been used for the preparation of the stock 

solution for all the experiments. Recording of 1H NMR (600 MHz) and 13C NMR (150 MHz) 

spectra was performed on the Varian-AS400 NMR spectrometer. For recording UV-Visible 

absorption spectra and photoluminescence spectra, Cary 60 UV-Vis Spectrophotometer and 

Horiba Fluoromax-4 spectro fluorometers have been used with 1 ml quartz cuvettes (path 

length =1 cm, slit = 3 nm). FESEM images were obtained from the Zeiss Sigma Field Emission 

Scanning Electron Microscope (FESEM). Lifetime and quantum measurement were done in 

Edinburgh FLS1000 Photoluminescence Spectrometer Dynamic light scattering and Zeta 

potential measurements were done DLS spectrometer Malvern Nano ZS90. DFT study is 

perform for monomer in Gaussian09 and for polymer Gaussian1648. Docking study was done 

in AutoDock Tools-1.5.7 

4.2.2 Synthetic Procedure 

4.2.2(a). 4-(10-bromoanthracen-9-yl)benzaldehyde, M3: The monomer (M3) was 

synthesized by Suzuki Coupling reaction. A mixture of monomers 9,10 dibromoanthracene 

(M1) (500 mg, 1.49 mmol) and 4 formyl phenyl boronic acid (M2) (268.4 mg, 1.79 mmol) 

were taken in a clean RB flask fitted with water condenser and then made the system inert by 

degassing followed by purging with argon gas. Thereafter, 5 mg of catalyst Pd(PPh3)4 were 

added maintaining the inert condition. A mixture of THF (9 ml) and 2 M K2CO3 (3 ml) were 

injected into the reaction mixture and were made inert by applying free-thaw degassing 

technique (3 times). The reaction mixture was stirred at reflux condition under an argon 

atmosphere and the progress of reaction were monitored by TLC. After 24h., the reaction was 

stopped and extracted with CHCl3/water. The organic layer was dried under vacuum and it was 
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purified by column chromatography by 30 % CHCl3/hexane solvent fraction. (yellow color 

solid, Yield = 84 %, 450 mg).  

MALDI_TOF: The mass of monomer M3 (m/z =360.988)  

1H NMR (600 MHz, CDCl3, δ ppm): 10.20 (s, 1H), 8.63-8.65 (d, 2H), 8.11-8.13 (d, 2H), 

7.60-7.63 (m, 4H), 7.54-7.56 (d, 2H), 7.39-7.42 (t, 2H),  

13C NMR (150 MHz, CDCl3, δ ppm): 191.95, 145.29, 135.95, 135.86, 132.02, 130.02, 

130.57, 130.19, 129.85, 128.09, 127.10, 126.72, 126.08, 123.64. 

4.2.2(b). (Z)-3-(4-(10-bromoanthracen-9-yl)phenyl)-2-(4-bromophenyl)acrylonitrile,  

(M4): The monomer M4 was synthesized by Knoevenagel Condensation reaction. The 

monomer M3 (50mg, 0.138 mmol) and 4 bromophenyl acetonitrile were solubilized in 20 ml 

ethanol at 50 0C with continuous stirring. 23 mg of Potassium tertiary butoxide (t-BuOK) was 

solubilized in 2ml ethanol and then injected into the reaction mixture dropwise. After the 

product gets precipitated as yellowish precipitate from the reaction mixture. The progress of 

the reaction was monitored by TLC and after 4h the precipitate was filtered through Whatman 

filter paper and then wash repeatedly by ethanol to get the pure amorphous yellow ppt. 

(yield=96 %, 72 mg).  

MALDI_TOF: The mass of monomer M4 (m/z =538.909)  

1H NMR (600 MHz, CDCl3, δ ppm): 8.63 (s, 2H), 8.12 (d, J = 8.0 Hz, 2H), 7.69 (s, 1H), 7.64 

(d, J = 8.4 Hz, 6H), 7.61 (d, J = 7.9 Hz, 2H), 7.54 (d, J = 8.1 Hz, 2H), 7.43 – 7.40 (m, 2H).  

13C NMR (150 MHz, CDCl3, δ ppm): 142.24, 141.39, 132.98, 130.22, 129.44, 128.08, 

127.56, 127.07, 126.94, 125.95, 123.66, 117.68, 111.04. 

4.2.2(c). 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene (M5): The synthesis of the 

monomers M5 was done by following the already reported procedures.49 The starting material 

2, 7 dibromo fluorene (1 g, 3.106 mmol), and tetra butyl ammonium iodide (TBAI) (0.229 g, 

0.621 mmol) were taken in a clean RB flask and made inert condition by applying free-thaw 

and degassing technique (3 times). After that, 1,6-dibromohexane (2.82 ml, 18.636 mmol) 

followed by 50 % NaOH were injected cautiously through a syringe, maintaining the inert 

condition. Finally, the reaction was performed at 80 °C with proper stirring for 5h. TLC in 

hexane was used to monitor reaction completion, then separated the organic part from water in 

a separating funnel with water/chloroform mixture. The excess 1,6-dibromohexane from the 

recovered organic layer dried by Kugelrohr and further purification was done by column 

chromatography with hexane as eluent to obtain the final product as white crystalline solid. 

(Yield = 95 %, 1.92 g) 
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1H NMR (600 MHz, CDCl3, δ ppm):  7.52 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.1 Hz, 1H), 7.43 

(s, 1H), 3.29 (t, J = 6.8 Hz, 2H), 1.96 – 1.91 (m, 2H), 1.71 – 1.64 (m, 2H), 1.20 (dt, J = 15.2, 

7.7 Hz, 2H), 1.11 – 1.06 (m, 2H), 0.62 – 0.56 (m, 2H). 

13C NMR (150 MHz, CDCl3, δ (ppm): 152.19, 139.09, 130.05, 126.12, 121.58, 121.53, 55.57, 

40.03, 32.79, 32.61, 28.95, 27.75, 23.47. 

2.2.2(d). 2,2'-(9,9-bis(6-bromohexyl)-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane), (M6): The mixture monomer M5 (1g, 1.5 mmol), bis-(pinacolato)diborane 

(0.95 g, 3.75 mmol) and KOAc (1 g, 10 mmol were taken in a clean 250 ml RB flask. The 

mixture is degassed and then 5 mg of [Pd(dppf)Cl2] (dppf-1,1’-

bis(diphenylphosphanyl)ferrocene) was added cautiously followed by 12 ml 1, 4 dioxane (dry). 

The reaction stirred properly at w 85 ᵒC for 24h. Then the mixture was dried at high vacuum 

and then extracted the organic soluble part by using ethyl acetate/ water mixture. Further 

purification was done by flash chromatography using 5 % ethyl acetate hexane mixture as 

eluent to get. M6 as white crystals (0.63 g, 66 %) 

1H NMR (600 MHz, CDCl3, δ ppm): 7.81 (d, J = 7.5 Hz, 2H), 7.72 (d, J = 9.7 Hz, 4H), 3.25 

(t, J = 6.8 Hz, 4H), 2.05 – 1.98 (m, 4H), 1.67 – 1.57 (m, 4H), 1.39 (s, 24H), 1.14 – 1.11 (m, 

4H), 1.09 – 0.98 (m, 4H), 0.57 – 0.50 (m, 4H). 

13C NMR (150 MHz, CDCl3, δ ppm): 150.17, 143.50, 133.90, 129.12, 119.94, 83.56, 55.13, 

40.17, 34.06, 32.49, 29.32, 27.38, 24.50, 23.57. 

4.2.2(e). Synthesis of P1, P2 and P3 polymers: They were synthesized by Suzuki Coupling 

reaction by taking the required molar ratio of monomers M4, M5 and M6 as given in Table 4.1. 

A mixture of monomers M4, M5 and M6 were taken in a clean RB flask fitted with a condenser 

and then made the system inert by degassing followed by purging with argon gas. Thereafter, 

5 mg of catalyst Pd(PPh3)4 were added maintaining the inert condition. A mixture of THF (9 

ml) and 2 M K2CO3 (3 ml) were injected into the reaction mixture and were made inert by 

applying free-thaw degassing technique (3 times). The reaction mixture was stirred at reflux 

condition under an argon atmosphere. After 30h., the reaction the reaction was cool down and 

extracted with CHCl3/water. The organic layer was dried under vacuum and purified repeated 

precipitation in methanol and acetone. The molecular weight (MW) of polymers were 

determined by GPC using polystyrene as a standard. 

For P1: 
1H NMR (600 MHz, CDCl3, δ ppm): 7.87 (b), 7.73-7.69 (b), 7.60-7.51 (b), 7.12-6.91 (b) 3.0 

(b), 2.19 (b)1.28-1.19 (b), 1.70 (b) 0.84 (b). 

For P2: 
1H NMR (600 MHz, CDCl3, δ(ppm): 8.11-7.95 (b), 7.75-7.57 (b), 7.37-7.31 (b), 7.06 (b), 

7.84 (b), 3.22 (b), 2.05 (b)1.62 (b), 1.09 (b) 0.76 (b). 
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For P3: 
1H NMR (600 MHz, CDCl3, δ ppm): 8.17-8.01 (b), 7.82-7.77 (b), 7.62 (b), 7.49 (b), 7.36 (b), 

3.25 (b), 1.98 (b)1.67 (b), 1.09 (b) 0.82-0.67 (b). 

TAble 4.1: The molar ratio of monomers used in polymerization of P1, P2 and P3 along with 

their yield (MW) 

Polymer 

Mole fractions of monomers taken 

Yield 

(%) 

MW 

(gmole-

1) 

PDI 
M4 

(MW 539.27 

gmole-1) 

M5 

(MW 650.13 

gmole-1) 

M6 

(MW 744.26 

gmole-1) 

P1 
43.47 mg 

(0.08 mmole) 

210 mg 

(0.322 mmole) 

300 mg 

(0.403 mmole) 

470 mg 

(85 %) 
16688 1.60 

P2 
130.39 mg 

(0.242 mmole) 

104.8 mg 

(0.161 mmole) 

300 mg 

(0.403 mmole) 

430 mg 

(80 %) 
14391 1.54 

P3 
217.37 mg 

(0.403 mmole) 
0 

300 mg 

(0.403 mmole) 

450 mg 

(87 %) 
15324 1.78 

 
Scheme 4.1: Synthetic pathways for monomers and polymers: (a) tetrakistriphenylphosphine 

palladium(0), 2 M, K2CO3 (aq.), THF, reflux, 24h.; (b) t-BuOK, ethanol, rt, 12h.; (c) 1,6-

Dibromohexane, 50 % (aq.) NaOH, TBAI, 70 °C, 4h; (d) bis(pinacolato)diboron, 

[Pd(dppf)Cl2], KOAc, dioxane, 85 °C, 12h; (e) tetrakistriphenylphosphine palladium(0), 2M 

K2CO3 (aq), THF, reflux, 30h.; (f) 1-methylimidazole, DMF, 110 0C, 24h. 

4.2.3 Photoluminescence quantum yield (). The absolute quantum yield for P1, P2, P3 and 

PFAN polymers were determined by using Edinburgh FLS 1000 instrument through integrated 

sphere technique. 
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4.2.4 Limit of detection (LOD). The lowest LOD was determined by analyzing the 

fluorescence spectra of PFAN with varying concentrations of HSA (0-70 µg/ml) and BSA (0-

90 µg/ml) in water medium. Using the standard formula, LOD=3/k, the lowest LOD was 

calculated from the calibration curve, where the symbols  and k represent the calibration plot's 

standard deviation (SD) and slope, respectively. 

4.2.5 Cell Viability Assay. MTT assay was performed to evaluate the cytotoxicity of the 

polymer PFAN using HEK 293 cell. Both cells were seeded into a 96-well plate at the density 

of 10,000 cells/well and incubated for 24 h. Cells were washed with 1X PBS and followed by 

the treatment of series of different concentration of polymer PFAN at 0, 10, 20, 30, 40, 50, 60, 

50, 60, 70, 80, 90 and 100 µg/mL for 24 h at 37 °C in incubator. Cells were washed with 1X 

PBS on incubation of 24 h. 10 µL of MTT of stock concentration 5 mg/mL and 90 µL DMEM 

medium was added to each well and incubated for 4 hours at 37 °C in incubator. After 

incubation of 4 h, 75 µL of medium was removed and 50 µL of DMSO was added to each well 

followed by further incubation of 10 minutes. The multimode microplate reader (Thermofisher 

Varioskan LUX) was used to record absorbance at wavelength of 490 nm. All the experiments 

were carried out in triplicate. 

4.2.6 Molecular Docking. The purpose of molecular docking was to analyze the stable 

conformation of the probe while it is attached to a protein, focusing on its geometric and 

energetic properties. The software AutoDockTools-1.5.7 was utilized to produce a docked 

arrangement of PFAN monomer with HSA and BSA. This process involves the application of 

a genetic algorithm (GA) and a Lamarckian genetic algorithm to generate several 

conformations. The program was utilized to examine the binding free energies and binding 

locations of PFAN monomer within the active site of HSA/BSA. The crystal structure of HSA 

and BSA was obtained from RCSB PDB (4K2C and 3V03) and underwent energy refinement, 

hydrogen additions, and solvent removal using AutoDockTools-1.5.7 to ensure that all residues 

achieved a proper and stable conformation. The Lamarckian GA (pdb file) was chosen as the 

output and utilized in AutoDockTools-1.5.7 to conduct docking simulations. The process of 

minimizing and optimizing the energy of PFAN monomer was also carried out. Ultimately, the 

analysis of the docking result of the PFAN monomer was conducted  using Discovery Studio 

Visualizer programmes.50 The docking structure with the lowest binding energy, as determined 

by AutoDockTools-1.5.7, was selected as the optimal binding conformation. 
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4.2.7 Serum Sample Analysis. Fresh serum samples were collected from the Indian Institute 

of Technology, Guwahati (IIT G) Hospital and diluted 100 times with Milli Q water to estimate 

HSA using the standard recovery method. The serum samples were then spiked with 0 mg mL-

1, 0.5 mg mL-1, 1.5 mg mL-1, and 3 mg mL-1 of HSA to make four distinct analytical samples. 

To record fluorescence spectra, 10 µl of each sample was introduced in a 1 ml cuvette 

containing PFAN (5 µg mL-1) polymer. Each measurement was taken three times, and the 

amount of HSA was calculated using the Standard Recovery Technique. 

4.3 Results and Discussion 

The AIEE monomer (Z)-3-(4-(10-bromoanthracen-9-yl)phenyl)-2-(4-

bromophenyl)acrylonitrile (M4), is synthesized by the Knoevenagel Condensation reaction 

between M3 and 4-Bromobenzyl cyanide. 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene 

(M5) was prepared by alkylation reaction, which was further undergoing Miyaura borylation 

reaction to obtain monomer 2,7-bis[9,9′-bis(6″-bromohexyl)fluorenyl]-4,4,5,5-

tetramethyl[1,3,2]dioxaborolane (M6). The polymers P1, P2 and P3 were synthesized by 

Suzuki cross-coupling polymerization reaction with 70-80 % yield. PFCN was synthesized by 

post-functionalizing P3 polymer with 1- methylimidazole. The synthesized monomers were 

well characterized by NMR and mass spectrometry, and the polymers were characterized by 

NMR and GPC before being used in further studies (Scheme 4.1 and Figure A4.1-A4.17). The 

monomer M4 is AIEE in nature. We could convert the well-known ACQ polyfluorene 

backbone into an AIEE copolymer by increasing the mole fraction of M4, along with tuning of 

the solid state and solution state properties of the resulting copolymers. 

4.3.1 Characterization of Monomer M4: 

 
Figure 4.1. Optimized structure of M4 monomer using B3LYP and 631G (d.p) of Gaussian 

software. 

Top view

Side view

LUMO = -2.6014 eV

HOMO = -5.7375 eV
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DFT studies were employed to study the monomer M4 behavior by applying the 631G function 

with the B3LYP basis set in the Gaussian Program. The optimized geometry shows that M4 

has a nonplanar skeleton, which is necessary for a molecule's AIE activity, and had the well 

separated HOMO-LUMO electronic clouds responsible for color tuning. The HOMO 

electronic clouds are restricted in the anthracene moiety, and the LUMO electronic clouds were 

diffuse over the phenyl acetonitrile ring due to the presence of a strong electron-withdrawing 

CN group, where the electron density is minimal as clearly visible in the electronic charge 

distribution shown by ESP mapping, suggesting a possibility of intramolecular charge transfer 

(ICT) (Figure 4.1).  

The monomer M4 is soluble in polar organic solvents, and its 1 mM stock solution was 

prepared in DMSO. The photo-physical studies were performed in various DMSO/water 

fractions due to the good miscibility of DMSO and water. The monomer displayed absorption 

maxima at around 362 nm, 382 nm, and 403 nm, which matches the characteristic anthracene 

backbone (Figure 4.2a). The peaks are slightly red-shifted in water and can be attributed to 

aggregation. Further, its fluorescence property was recorded by increasing the water fraction 

(fw) in DMSO (λex 400 nm) (Figure 4.2b). Initially, the monomer M4 had an emission at 453 

nm and with the increase of fw percentage, the emission at 453 nm gradually decreased, and a 

new peak slowly increased at 500 nm with the highest emission maxima at 99 % fw, suggesting 

the AIEE property of the monomer (Figure 4.2c). The naked-eye visualization of fluorescence 

 

Figure 4.2: (a) UV-visible spectra of monomer M4 in % fw in DMSO. (b) Fluorescence spectra 

of M4 in various % fw in DMSO. (c) PL intensity vs. % fw in DMSO. (d) Photograph of M4 

with different % fw under 350nm UV lamp. (e) FESEM images of M4 at 99 % fw. 

(a)

0% 99%
Increasing  % fw

0 10 20 30 40 50 60 70 80 90 99

(b)

(d)

(c)

(e)
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change under a UV lamp in various DMSO/water fractions is shown in Figure 4.2d. The 

emission is blue shifted due to the aggregation restricting molecular motion and disturbing the 

ICT process. Finally, FESEM and FETEM were used to analyze the morphology of M4 at 99 

% fw, where it self-assembled into a spherical nanoparticle (Figure 4.2e and Figure A4.18a). 

These spherical nanoparticles had an average hydrodynamic size of around 140 nm, according 

to DLS measurements (Figure A.4.18b). 

4.3.2 Photophysical Studies of Synthesized Polymers P1, P2 and P3: 

Polymers P1, P2, and P3 were synthesized by copolymerizing fluorene-based monomers (M5, 

M6) with various mole fractions of M4 monomer (10:90, 30:70, 50:50) via Suzuki coupling 

polymerization. Due to the incorporation of a non-planar monomer M4, with an electron- 

accepting tendency in the conjugated system, their photo-physical characteristics are 

effectively tuned both in solution and condensed state. The absorption spectra of these 

polyfluorene-based polymers show λmax at 370 nm with a hump at around 400 nm (Figure 4.3a). 

The hump at 400 nm is because of M4, which becomes prominent at P3. The emissive 

properties of these polyfluorene-based polymers are clearly influenced by the molar ratio of 

various monomeric units present in copolymerization; P1 shows blue, P2 white, and P3 yellow 

color in a particular organic solvent (DMSO) reflecting the increased D-A strength. The 

photographs (image) of the fluorescence color and their corresponding CIE coordinates are also 

shown in inset (Figure 4.3b, 4.3c and 4.3d). Further, P2 being white emissive, its absorption 

 

Figure 4.3. (a) UV-visible spectra of P1, P2 and P3 in DMSO; PL spectra of (b) P1, (c) P2 and 

(d) P3 in DMSO with their corresponding CIE coordinates and photographs under UV lamp; 

(e) UV-visible spectra of P2 in various organic solvents; (f) PL spectra P2 in various organic 

solvents; (g) Photographic image of P2 in various organic solvents under UV lamp. 
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and emissive properties were monitored in various organic solvents. The absorption spectra of 

P2 in various organic solvents show only change in the absorbance without much impact on 

λmax value (Figure 4.3e). But it emits nearly white emission in ACN, DMF and DMSO due to 

the coverage of whole vision region of spectrum (Figure 4.3f, 4.3 g) where solvent polarity 

plays a key role in controlling the molecular motion and the D-A charge transfer process from 

fluorene to M4 in copolymer.  

 

Figure 4.4. (a) UV-visible spectra of P1, P2 and P3 in water; AIE study of polymer of (b) P1, 

(c) P2 (d) P3 in various DMSO/water fraction; (e) PL intensity vs. water fraction (fw) of P3; (f) 

photographic image of P3 in various % fw under UV lamp; FESEM images of (g) P1, (h) P2, 

(i) P3 in 99 % fw; (j) solid state emission and their corresponding (k) quantum yield and 

photograph under UV lamp (365 nm). 
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The effect of the molar ratio variation of the monomers is also checked in the condensed state. 

The aggregated state absorption spectra of P1, P2, and P3 in water show a peak at 370 nm in 

P1, a broader spectrum at around 410 nm in P2, which becomes red-shifted and more prominent 

in P3 due to the presence of M4 (Figure 4.4a). The AIE studies in various DMSO/water 

fractions show that only P3 is AIEE in nature but P1 is ACQ and P2 has weak emission (Figure 

4.4b, 4.4c and 4.4d). Polymer P3 has an emission maximum at 99 % fw with a shift of visual 

emission color from yellow to green (Figure 4.4e and 4.4f).  The morphological study shows  

that all the polymers self-assemble into a spherical nanoparticle in 99 % fw with average size of 

214 nm for P1, 96 nm for P2 and 225 nm for P3 (Figure 4.4g, 4.4h and 4.4i). The solid-state 

photo-physical properties agree with the aggregated state, where P1and P2 has weak solid-state 

emission but P3 has intense solid-state emission (Figure 4.4j). The comparison of the solid-

state photo-physical properties and quantum yield of these polymers is shown in (Figures 4.4k, 

and Table A4.1). 

4.3.3 Characterization of polymer PFAN: 

The AIEE-P3 polymer is functionalized with 1 methyl imidazole to obtain PFAN polymer, 

where the polymer solubility improves drastically and acts as a sensory material for serum 

albumins. The PFAN polymer shows absorption spectra at around 410 nm in DMSO, which 

becomes 10 nm red-shifted in toluene due to aggregation (Figure 4.5a). Also, PFAN retains the 

AIEE activity of P3 even after functionalization with 1-methyl imidazole, where maximum 

emission is obtained at 90 % toluene fraction (% ftol) (Figure 4.5b, 4.5c). The solid-state 

quantum yield of PFAN at emission 560 nm (ex. 410 nm) is ~85.22 % which one of the best 

among the AIEE conjugated polyelectrolytes and is very challenging to achieve. The emissive 

property of PFAN was also analyzed in various solvents, which shows a 30 nm red shift with 

an increase of solvent polarity because of solvent sensitive emission effect (Figure A4.19). 

Interestingly, PFAN shows yellow emission in water (λex ~410 nm, λem ~560 nm) with a 

quantum yield ~67.63 % which is suitable for biosensing application thereby avoiding the use 

of dangerous UV source for excitation and toxic solvents. Moreover, the emission is highly 

photostable (Figure 4.5d), broad range of pH stability (Figure 4.5e) and has less cytotoxicity 

where the cell viability in the mammalian HEK 293 (normal) cell lines is more than 80 % 

(Figure 4.5f). All the above properties make PFAN an ideal material for biosensing 

applications. 
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Figure 4.5. (a) UV-visible spectra of PFAN in DMSO and toluene; (b) AIE study in various 

DMSO/ toluene fractions (% ftol); (c) Photographic image in various DMSO/toluene (% ftol) 

fractions under UV lamp: inset PL intensity vs. ftol; (d) Photostability of PFAN under UV 

irradiation; (e) pH stability of PFAN (f) Cell viability of PFAN in HEK 293 (normal) cell line. 

4.3.4 Sensing of Serum Albumin: 

The AIEE property of PFAN is demonstrated as a superior sensor for serum albumins (SAs) 

with ratiometric turn-on response in the pure aqueous medium due to their huge significance 

of SAs in disease diagnosis such as hyperalbuminemia, microalbuminuria, and several 

physiological disorders. Figure 5.6a and 4.6b show that the PFAN polymer gradually shifts its 

emission maxima (λem) from 560 nm (yellow fluorescence) to 500 nm (green fluorescence) by 

the addition of SAs (i.e., HSA/BSA) with a turn-on response. The limit of detection as obtained 

from the linear plot calculated by using the formula 3/k is 46 ng/ml for HSA and 97 ng/ml for 

BSA (Figure 4.6c). The sensing ability is also analyzed in various amino acids, proteins, 

biomolecules, and enzymes where it shows less sensitivity towards them (Figure 4.6d and 

4.6e), and the reason for this will be discussed in the mechanism section. 

4.3.5 Mechanisms of Serum Albumin: 

A molecular docking analysis was performed to identify the likely location where the PFAN 

monomer binds to HSA and BSA. The structure of PFAN monomer was optimized by applying 

the 631G (d, p, charge +2) function with the B3LYP basis set in the Gaussian16 Program 

(Figure A4.20). Figure 4.7a, 4.7b and 4.7c, illustrates the optimal binding configuration of 

probe the PFAN monomer with HSA (PDB ID: 3V03),51 characterized by the lowest binding 
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Figure 4.6: PL ratiometric turn-on spectra of PFAN by gradual addition of (a) HSA (0- 

70µg/ml) and (b) BSA (0-90 µg/ml); (c) calibration plot for LOD calculation for PFAN 

detection of HSA and BSA; (d) selectivity study of PFAN with various amino acids, (e) 

biomolecules, enzymes and proteins. 

energy of -11.79 kcal/mol. In Figure 4.7d, 4.7e and 4.7f, it has been seen that the best critical 

configuration of the probe is with the PFAN monomer with BSA (PDB ID: 4K2C)52. This 

configuration has the lowest binding energy of -9.7 kcal/mol, which is a negative value 

indicating that binding to BSA is likely to happen spontaneously and is energetically favorable. 

Both proteins interact with the PFAN monomer through various types of non-bonding 

interactions, including carbon-hydrogen, π-cation, π-anion, π-alkyl, π-π T-shaped, and 

hydrogen bond interactions. Table 4.1, highlights the primary interactions between the 

involved amino acids and the bond distances. Molecular docking analysis confirms that the 

probe binds with both HSA and BSA proteins. However, the free binding energy of the HSA-

Probe complex is observed to be lower than that of the BSA-Probe complex. 

The results obtained from the docking study was again validated by performing various 

experimental studies. UV-visible spectra of PFAN was recorded with sequential addition of 

HSA (0 – 70 µg/ml) and BSA (0- 90 µg/ml). Remarkably there is an increment of absorption 

peak at around at around 255 nm which corresponds to π – π* transition of anthracene moiety 

along with the lifting of tail at 290 nm (Figure 4.8a and Figure A4.21a). These findings support 

the docking results of binding between PFAN and SAs (HSA/BSA). Furthermore, the DLS 

measurements show the average particle size distribution of the polymer PFAN (Zav =141 nm), 

which increased upon the addition of SAs (36.2 nm for HSA and 24.5 nm for BSA), leading 
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Figure 4.7: Molecular Docking analysis of PFAN monomer with HSA (PDB ID: 3V03), and 

BSA (PDB ID: 4K2C). (a) PFAN monomer fitting with HSA protein binding site, (b) different 

types of interaction with the interacting amino acids, (c) 2D image of the probe with interacting 

amino acids, (d) BSA protein with the PFAN monomer, (e) Probe is interacting with different 

major interactions (f) 2D diagram of the probe with interacting amino acids. 

Table 4.1: Summary of the Molecular Interactions of HSA and BSA with PFAN monomer  

Proteins 
Major 

interactions 

Interacting amino 

acids 

Bond 

distance 

Binding 

energy 

 Carbon-hydrogen TYR 452A 3.72 Å 

-11.79 

kcal/mol 

HSA π-cation ARG 218A 3.66 Å 

(PDB ID: π -sigma PRO 447A 3.06 Å 

3V03) Carbon-hydrogen ASP 187A 3.43 Å 

 π -alkyl CYS 448A 3.59 Å 

BSA H-bond ARG 198A 2.47 Å 

-9.70 

kcal/mol 
(PDB ID: π -Sigma LYS 294A 3.54 Å 

4K2C) π -Anion GLU 443A 4.99 Å 

to the formation of PFAN- HSA complex (Zav =1596 nm) and PFAN-BSA complex (Zav =1003 

nm) (Figure 4.8b and Figure A4.21b). These results provide more evidence for complexation 

and are in close agreement with the changes in the absorption spectra. Additionally, a favorable 

pathway for the complexation process was revealed by the ζ potential measurements (Figure 

4.8c and Figure A4.21c), where the net charge of PFAN (+17.2 mV) becomes almost neutral, 

i.e., +0.85 mV (HSA) and -0.87 (BSA) due to a strong binding affinity towards the negatively  
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Figure 4.8: (a) UV spectra of PFAN by addition of HSA; (b) DLS profile of PFAN, HSA and 

PFAN_HSA; (c) Zeta potential and (d) Lifetime decay profile of PFAN before and after 

addition of HSA; FESEM images of PFAN (e) before and (f) after addition of HSA. 

charged HSA and BSA (-12.85 mV and -11.35 mV). The resulting neutral charges for the 

PFAN-HSA/ BSA complex evidence that serum albumins had successfully bonded to the 

surface of PFAN assemblies. So, from the above findings, we can infer that PFAN electrostatic 

interaction with SAs induced aggregation of PFAN-HSA and PFAN-BSA complexes, which 

resulted in significant color change with a turn-on response due to aggregation inhibiting the 

ICT processes. This change is not observed in the case of P3 polymer, confirming the 

importance of 1-methyl imidazole in the sensing mechanism (Figure A4.22a, A4.22b).  The 

increment in the average lifetime of PFAN-HSA (2.65 ns) and PFAN-BSA (2.58 ns) complexes 

from PFAN (1.38 ns) further supported the proposed mechanism (Figure 4.8d, Figure A4.21d 

and Table A4.2). Here, the molecular movements are constrained by complexation and 

aggregation in PFAN-HSA and BSA complexes, resulting in a decrease in the rate of non- 

radiative decay, which contributes to an increase in lifetime. Finally, the morphological 

changes of PFAN after the addition of SAs were analyzed by FESEM study where the PFAN 

self-assembled into aspherical nanoparticle in water which agglomerated into massive 

ensembles via hydrophobic and electrostatic interactions on addition of SAs illustrating the 

aforementioned mechanism (Figure 4.8e, 4.8f and Figure A4.21e, A4.21f). The less sensitive 

nature of PFAN to other enzymes and proteins is due to the involvement of other factors in the 

sensing mechanism. The isoelectric point (PI)53, 54 of proteins and enzymes is a key parameter 

for determining net charge responsible for binding PFAN. As HSA (PI = 5.2) and BSA (4.8) 

have a net negative charge at neutral conditions (pH =7), they are more likely to bind to PFAN, 
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triggering the aggregation processes thereby restricting the molecular motion and ICT process 

(Table A4.3). Pepsin (PI = 2.5, pH =7) and hemoglobin (PI = 6.8) also have a net negative 

charge, but tryptophan (Trp) emissions are self-quenched by denaturation.55 and intramolecular 

Trp-heme electron and energy transfer mechanisms56. The current strategy highlights the 

exploration of AIEE conjugated polyelectrolytes to directly detect HAS/BSA with a 

‘ratiometric turn-on’ response. 

4.3.6 Real sample Analysis: 

The excellent specific sensitivity of PFAN directed us to examine the practical application of 

this system in real blood serum samples. A serum sample was collected from the IIT Guwahati 

Hospital, and the quantitative analysis of HSA was done using a calibration curve and a 

standard recovery method. The PFAN can successfully recover SAs up to 96% of the spiked 

HSA from with RSD < 3 % (Table 4.2). Considering the good recovery and low RSD, it could 

be beneficial for clinical diagnosis of HSA-related health problems.  

Table 4.2: Real sample Analysis data  

Samples Amount  HSA 

spiked (µg/ml) 

Amount  HSA 

found (µg/ml) 

Recovery (%) RSD (%) 

S0 0.00 5.35 ± 0.14 - 2.6 

S1 5 9.98 ± 0.28 96 2.8 

S2 15 20.07 ± 0.46 98 2.2 

S3 30 36.46 ± 0.97 103 2.6 

Furthermore, estimating HSA in a point-of-care (PoC) approach is extremely desirable in rural 

areas and for elderly individuals. As such the fluorescence detection method is miniature into 

a smartphone-integrated portable device comprising of a dark chamber and a UV lamp (Figure 

4.9a). Various samples of PFAN with HSA (0-70 µg/ml) and BSA (0-90 µg/ml) were prepared, 

and their corresponding fluorescence images were captured under UV- lamp via a smartphone 

(Figure 4.9b and 4.9d). The RGB values of the captured images were determined by using a 

color scanning android application (app) called “Color Picker “and a calibration curve with 

correlation coefficient was obtained from G/R values against the concentration of HSA and 

BSA (Figure 4.9c and 4.9e). This calibration curve will help find the concentration of HSA and 

BSA for the rapid diagnosis of SA-associated disorders such as hypoalbuminemia at desired 

sites.  

TH-3541_186122048



Chapter 4                                               AIEE Conjugated Polyelectrolyte for HSA Detection 

102 

 

 
Figure 4.9: (a) Constructed PoC device for onsite HSA and BSA detection; photograph under 

UV lamp for (b) HSA (0-70 µg/ ml) detection by PFAN (c) G/R value for HSA detection by 

PFAN (d) BSA (0- 90 µg/ ml) detection by PFAN; (e) G/R value for BSA detection by PFAN. 

Furthermore, the sensing performance of PFAN against HSA and BSA was compared with the 

prior reports (Table A4.4). As per our knowledge this is the first AIEE-CP design for detection 

of HSA and BSA with excellent LOD. Further, the detection mechanism which leads to 

“Ratiometric- Turn ON’ signal is PFAN-HSA and PFAN_BSA interaction induced 

aggregation thereby disturbing the D-A charge transfer process and it was supported by 

theoretical and experimental studies. It also offers rapid onsite detection in a very simple 

manner with smartphone based PoC device. 

4.4 Conclusion 

To explore the structure-motion-property relationship of a conjugated molecular, three sets of 

polymers P1, P2, and P3 were developed by incorporating varying mole fractions of AIE 

monomer (M4) with electron accepting tendency, thereby controlling molecular motion and 

charge transfer in solution and aggregated states. The change in molar ratio of M4 in P1, P2, 

and P3 resulted in a shift in polyfluorene emission from blue to white and yellow, representing 

the increase in D-A strength from P1 to P3. Furthermore, this developed designed strategy 

improved the condensed state emission property by transforming ACQ polymer (P1) into AIEE 

polymer (P3). Finally, the PFAN polymer was derived from the AIEE-P3 by functionalization 

with 1-methy imidazole as a receptor for monitoring serum albumins (HSA and BSA) that 

deviate from the healthy range i.e. 35-55g/L. Further, based on the docking and experimental 

findings, we can conclude that the remarkable sensitivity for human serum albumin (HSA) and 

bovine serum albumin (BSA) was due to PFAN-HSA and PFAN-BSA binding induced AIEE 
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mechanism providing a "Ratiometric Turn On" response. The selectivity of PFAN against 

complex bio environments (such amino acids, biomolecules, enzymes, and proteins), photo-

stability and less cytotoxicity offer a good biosensor for quantification of HSA levels in real 

serum samples with an RSD of less than 3%. As such to benefit the healthcare services, this 

fluorescence-based detection is miniature into a smartphone-based prototypes testing device 

for detecting HSA onsite, easily and rapidly. Notably this is the first AIEE conjugated 

polymeric probe capable of detecting HSA with great selectivity and sensitivity with the 

proposed mechanism. 
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Appendix 

 
Figure A4.1: Maldi-TOF spectra for monomer M3 

 
Figure A4.2: 1H NMR spectra of M3 in CDCl3. 

 

Figure A4.3: 13C NMR spectra of M3 in CDCl3. 
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Figure A4.4: Maldi-TOF spectra for monomer M4. 

 
Figure A4.5: 1H NMR spectra of M4 in CDCl3. 

 
Figure A4.6: 13C NMR spectra of M4 in CDCl3. 
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Figure A4.7: 1H NMR spectra of M5 in CDCl3. 

 
Figure A4.8: 13C NMR spectra of M5 in CDCl3. 

 
Figure A4.9: 1H NMR spectra of M6 in CDCl3. 
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Figure A4.10: 13C NMR spectra of M6 in CDCl3. 

.  

Figure A4.11: 1H NMR spectra of P1 in CDCl3. 

 

 
Figure A4.12: GPC chromatogram of polymer P1. 

 

P1
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Figure A4.13: 1H NMR spectra of P2 in CDCl3. 

 
Figure A4.14: GPC chromatogram of polymer P1. 

 

Figure A4.15: 1H NMR spectra of P3 in CDCl3. 

P2

P3
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Figure A4.16: GPC chromatogram of polymer P1. 

 
Figure A4.17: 1H NMR spectra of PFAN in DMSO-d6. 

 
Figure A4.18: TEM images and DLS measurement of M4 monomer. 

Table A4.1: The comparison of the solid-state photo-physical properties and quantum yield. 

Sample λex (nm) λem (nm) PLQY (%) 

P1 (solid) 370 465 6.14 

P2 (solid) 370 520 10.75 

P3 (solid) 370 500 69.88 

TH-3541_186122048



Chapter 4                                               AIEE Conjugated Polyelectrolyte for HSA Detection 

115 

 

 
Figure A4.19: Solvent dependent study of PFAN. 

 
Figure A4.20: Optimized structure of PFAN monomer using B3LYP function 631G (d, p, 

charge = +2) basis set of Gaussian Program 16. 

 
Figure A4.21: Mechanism of BSA detection: (a) UV-Vis spectra of PFAN by addition of BSA; 

(b) DLS profile of PFAN, BSA and PFAN-BSA; (c) Zeta potential and (d) Lifetime decay 

profile of PFAN before and after addition of BSA; FESEM images of PFAN (e) before and (f) 

after addition of BSA. 
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Table A4.2: Lifetime decay data for PFAN in absence and presence of HSA and BSA with an 

excitation pulse of 405 nm laser. 

Sample a1 (%) τ1 (ns) a2 (%) τ2 (ns) χ2 τav (ns) 

PFAN 58.714 0.591 41.286 2.504 1.047 1.38 

PFAN-HSA 45.331 1.260 54.669 3.799 1.046 2.65 

PFAN-BSA 43.991 1.177 56.009 3.691 1.030 2.58 

 

Figure A4.22: PL spectra of P3 in absence and presence of 100 µg/ ml HSA and BSA. 

Table A4.3: Isoelectric point (IP) of various proteins and enzymes at pH 7 

Proteins IP (net charge at pH 7) 

Cytc 10.5(+) 

HRP 9.0(+) 

trypsin 10.5(+) 

RNase 9.6(+) 

pepsin 2.5(−) 

Hb 6.8(−) 

BSA 4.8(−) 

HSA 5.2(−) 

Table A4.4: Comparison table of HAS and BSA detection with the reported literature 

Publications Material uesd Limit of 

detection 

(LOD) 

Selectivit

y 

Mechanism PoC 

Testin

g 

Present work AIEE conjugated 

polyelectrolytes 

BSA-

97ng/mL 

HSA- 

46ng/mL 

Selective Molecular 

binding 

induced 

AIEE 

Yes 

Anal.Chem.2022,94,10685−1

0694 

Conjugated 

polymer 

surfactant 

ensembles 

BSA 0.50 

μg/mL 

HSA 

0.81μg/m

L 

Selective Intermolecul

ar 

Reverse 

FRET 

Yes 
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ACS Appl. Mater. 

Interfaces 2017, 9, 

33461 

Conjugated 

polyelectrolyte- 

Pt(II) complex 

Not 

Reported 

Not 

Selective 

Metal 

Displaceme

nt 

No 

ACS Appl. Mater. 

Interfaces 2014, 6, 

3305 

Conjugated 

polyelectrolyte 

Not 

Reported 

Not 

Selective 

De-

aggregation 

No 

Macromolecules 

2009, 42, 5933 

Conjugated 

polyelectrolytes 

Not 

Reported 

Not 

Selective 

Charge 

Transfer 

No 

Macromolecules 

2008, 41, 4003 

Conjugated 

polyelectrolyte 

Not 

Reported 

Selective Interchain 

FRET 

No 

Langmuir, 2005, 
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Abstract 

The rapid rise of antibiotic resistance poses a severe threat to human health and civilization.  

To combat this antibiotic-resistant developed by pathogenic bacterial strains, a new and 

effective bactericidal material is urgently demanded. Here, new cationic conjugated 

polyelectrolytes (CPEs) PFTMI and PFTPyMI were synthesized, one with exclusively cationic 

side chain and the other with cationic backbone and cationic side chain respectively. This 

cationic charge is responsible for effective binding with the bacterial membrane and hence 

killing by disrupting the membrane without the need of light or energy. PFTPyMI outperforms 

PFTMI in antibacterial activity, with minimum inhibitory concentrations (MIC) of 1 µg/ml for 

Escherichia coli (E. coli) and 4 µg/ml for Staphylococcus aureus (S. aureus) due to its cationic 

backbone enhancing the electrostatic attraction and hence killing efficiency. Further the 

presence of bacteria in aqueous media can be easily detected from the fluorescence color 

change by using 365 nm portable UV lamp. Remarkably, both CPEs are low cytotoxic to 

normal HEK293 cell lines and toxic to HeLa cell which open up a new avenue for exploration 

in real-time biomedical applications. Further CPEs are employed as an anti-coating agent over 

a cotton pad, and the results were extremely promising and are far better than commercially 

available antibiotics, such as kanamycin. 

Keywords: Antibiotic resistance, antibacterial, conjugated polyelectrolyte, MIC, cytotoxicity, 

anti-coating, biomedical 
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5.1 Introduction: 

The rapid emergence of antibiotic-resistant bacteria in recent years, posing a significant global 

concern due to failure of antibiotics treatment in various infections caused by different bacterial 

strains.1, 2 The results of a recent study showed that 70 % of normal strains of E. Coli which is 

responsible for pneumonia, bacteremia, and abdominal infections are almost become 

antibiotics resistant within just three hours of exposure to antibiotics.3 As per the most recent 

survey conducted by the Centers for Disease Control and Prevention (CDCP), antibiotic 

resistance has led to millions of hospitalizations and death globally every year.4  By 2050, it is 

expected that the number of deaths would surpass that of cancer by 10 million yearly.5 The 

World Health Organization (WHO) states that antibiotic resistance poses a threat to the 

environment, food and nutrition security and safety, human and animal health and welfare, 

economic and social development.6  To solve the alarming situation of antibiotic resistance, it 

is urgent to develop simple, cost-effective and efficient  antibacterial materials for identifying 

and killing the pathogenic bacteria. Researchers worldwide have been striving to develop new 

efficient antibacterial materials based on peptides, polyelectrolytes, hydrogels, organic and 

inorganic nanomaterials to tackle bacterial infections and epidemic diseases.4, 6-12 Considerable 

attention has been given on development of cationic materials capable of detecting and 

disrupting the bacterial membrane, resulting in bacterial ablation.8, 13  

Fluorescence conjugated polyelectrolytes (CPEs) on account of is biocompatibility, high 

fluorescence quantum yield and cost effectiveness represents a promising material in various 

multidisciplinary research such as material, biomedical and optoelectronics.14, 15 The inherent 

signal amplification property of conjugated polyelectrolytes makes a superior candidate for 

sensing, imaging and therapeutic applications.16-18   Recently, they have been reported to be an 

attractive antibacterial agent that function in both dark and light activated conditions.19, 20 

Considering the importance of positive charge, various CPEs are developed by integrating 

imidazolium ion, pyridinium ion or quaternary ammonium salts at their side chains or by 

making co-assembly with the cationic surfactants.19, 21, 22 The role of various chain lengths was 

also explored in poly(phenylene ethynylene)-based CPEs, where the polymer with the shortest 

chain (n = 7) killed bacteria most effectively due to its most efficient membrane disruption 

capabilities.18 However, less attention has been paid in developing the cationic backbone in 

conjugated polyelectrolytes, especially the pyridinium ion at the backbone of CPEs and its 

comparative study with the cationic side group for the antibacterial activity. The conjugated 

TH-3541_186122048



Chapter 5                                  Conjugated Polyelectrolytes for Antibacterial Applications 

121 

backbone of polymers is the direct signaling unit, which is expected to boost the electrostatic 

interaction with the negatively charge bacterial membrane and hence the antibacterial activity. 

Cationic CPEs target and disintegrate bacterial cell membranes through electrostatic attraction 

and penetrates into the lipid membrane. This causes physical damage to the bacterial cell 

membrane and makes it difficult to repair, inhibiting the development of bacterial resistance. 

Besides killing, supramolecular approach on  CPEs has achieved astonishing results such as 

bacterial detection and discrimination.23 However recognition of bacteria based on emission 

intensity at a single wavelength might be affected by autofluorescence, instrument variation, 

and environmental manipulations. In this regard, the development of CPEs that changes 

ratiometrically on interaction with bacteria opens up a new possibility for real-time detection 

of bacteria in aqueous conditions with high sensitivity and minimal background signal.  

Antibacterial coating on fabrics or surfaces becomes vital because aerosols containing bacteria 

produced by regular human actions such as speaking, sneezing and coughing, can transmit 

respiratory infectious diseases. The pathogenic aerosols spread randomly, infecting vulnerable 

populations.24 As such the used of anti-bacterial coating on fabric will ensure personal 

protection. The important condition required for the antibacterial coating material is that it must 

be biocompatible and water-insoluble for reusability. Many such materials such as organic and 

inorganic small molecules, in hydrogels, polymers are proven successful for this application 

recently.6, 8, 25 However, there is still a need for enhancement in terms of efficacy without light 

activation, biocompatibility, and real-time usability. There is also a need to assess their action 

in comparison to commercially available antibiotics. 

Herein, to address the above challenges, two polyfluorene based conjugated polyelectrolytes, 

one with exclusively cationic side groups (PFTMI) and the other with both backbone and 

cationic side groups (PFTPyMI), were synthesized. Furthermore, the antibacterial activities of 

both CPEs were examined, where the cationic charge successfully binds with the negatively 

charged bacteria, disintegrating its membrane, and relatively more significant in PFTPyMI-

CPE. The small nanoparticle size of both CPEs enables easy penetration into the bacterial 

membrane and hence increased their activity. The photophysical properties of CPEs which are 

susceptible to change in solvent microenvironment helps to identify bacteria in aqueous media 

with a fluorescence color change, which quite significant. Remarkably, both CPEs shows low 

cytotoxicity in normal cells while toxic to cancer cells, making them ideal for use in real-time 

biomedical applications. Considering the necessity for antibacterial fabric in the present day, a 
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preliminary study using petri dish method was conducted on cotton pad, the most often used 

fabric. The results were highly positive and are more promising than commercially available 

antibiotics like kanamycin. 

5.2 Experimental Section 

5.2.1 Materials and Methods: All the reagents and chemical used in the study were procured 

from Sigma Aldrich. Human Embryonic Kidney (HEK) 293 cell line and HeLa cell line was 

purchased from NCCS Pune. Milli-Q water has been used for the preparation of the stock 

solution for all the experiments. Recording of 1H NMR (600 MHz) and 13C NMR (150 MHz) 

spectra was performed on the Varian-AS400 NMR spectrometer. For recording UV-Visible 

absorption spectra and photoluminescence spectra, Cary 60 UV-Vis Spectrophotometer and 

Horiba Fluoromax-4 spectrofluorometers have been used with 1 ml quartz cuvettes (path length 

=1 cm, slit = 3 nm). FESEM images were obtained from the Zeiss Sigma Field Emission 

Scanning Electron Microscope (FESEM). Lifetime and quantum measurement were done in 

Edinburgh FLS1000 Photoluminescence Spectrometer Dynamic light scattering and Zeta 

potential measurements were done DLS spectrometer Malvern Nano ZS90. DFT study is 

perform for polymer was done in Gaussian16.  

5.2.2 Synthetic procedure 

5.2.2(a). 2,5-dibromo-1-methylpyridin-1-ium (C1Py): 2,5-dibromopyridine (500 mg) in 10 

ml acetonitrile were taken in 50 ml round bottom (RB) flask fitted with water condenser. The 

mixture was stirred continuously at 60 oC. Then injection of 100 µL methyl iodide solution into 

the reaction mixture resulted into the precipitation of product. The injection of methyl iodide 

was continued for 6 h until all the 2,5-dibromopyridine gets converted into the product which 

was monitored by TLC. Finally, the precipitate was washed repeatedly with diethyl ether until 

a pure product dirty white ppt. (C1Py) is obtained.  

LC_QTOF_HRMS: The mass of monomer C1Py (m/z = 251.8841) 

1HNMR (500 MHz DMSO, δ ppm):  9.63 (s, 1H), 8.54 (d, J = 8.6 Hz, 1H), 8.39 (d, J = 8.5 

Hz, 1H), 4.33 (s, 3H). 

13C NMR (125 MHz, DMSO-d6, δ ppm): 149.81, 146.26, 141.03, 121.59, 121.26, 55.30 

5.2.2(b). 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene (FC6Br4): The starting material 

2,7 dibromo fluorene (1g, 3.106 mmol), and tetra butyl ammonium iodide (TBAI) (0.229 g, 

0.621 mmol) were taken in a clean RB flask and made inert condition by applying free-thaw 
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and degassing technique (3 times). After that, 1,6-dibromohexane (2.82 ml, 18.636 mmol) 

followed by 50 % NaOH were injected cautiously through a syringe, maintaining the inert 

condition. Finally, the reaction was performed at 80 °C with proper stirring for 5h. TLC in 

hexane was used to monitor reaction completion, then separated the organic part from water in 

a separating funnel with water/chloroform mixture. The excess 1,6-dibromohexane from the 

recovered organic layer dried by Kugelrohr and further purification was done by column 

chromatography with hexane as eluent to obtain the final product as white crystalline solid. 

(Yield = 95 %, 1.92 g) 

1H NMR (600 MHz, CDCl3, δ ppm): 7.52 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.1 Hz, 1H), 7.43 

(s, 1H), 3.29 (t, J = 6.8 Hz, 2H), 1.96 – 1.91 (m, 2H), 1.71 – 1.64 (m, 2H), 1.20 (dt, J = 15.2, 

7.7 Hz, 2H), 1.11 – 1.06 (m, 2H), 0.62 – 0.56 (m, 2H). 

13C NMR (150 MHz, CDCl3, δ (ppm): 152.20, 139.16, 130.48, 125.82, 121.57, 121.47, 55.73, 

40.26, 34.01, 32.36, 28.81, 27.46, 23.43. 

5.4.2.2(c). 3,3'-((2,7-dibromo-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(1-methyl-1H-

imidazol-3-ium) (FMI): 1 g of  FC6Br4 was mixed with 1ml DMF and 1ml of methyl iodide 

solution in a clean round bottom flask. The reaction mixture was heated at 80 oC with 

continuous stirring for 24 h. After that, the solvent was dried and precipitated in diethyl ether 

to produce a white amorphous powder as final product (FMI). (1.2g, 97 %) 

LC_QTOF_HRMS: The mass of monomer FMI (m/z = 327.082) 

1HNMR (600MHzDMSO, δ ppm): 9.01 (s, 2H), 7.80 (d, J = 8.1 Hz, 2H), 7.66 (ddd, J = 9.4, 

8.4, 1.7 Hz, 6H), 7.53 (dd, J = 8.1, 1.8 Hz, 2H), 4.05 (t, J = 7.1 Hz, 4H), 3.80 (s, 6H), 1.99 (m, 

4H), 1.53 (dt, J = 14.6, 7.2 Hz, 4H), 1.02 – 0.95 (m, 8H), 0.41(m, 4H). 

13C NMR (100MHz, CDCl3, δ ppm): 152.52, 139.19, 136.79, 130.97, 126.60, 124.21, 123.01, 

121.33, 55.84, 49.31, 35.98, 29.71, 29.02, 25.64, 23.68 

5.2.2(d). Synthesis of polymer PFTMI CPEs: PFTMI was synthesised by Stille coupling 

polymerization reaction. The precursor monomers 2,5-bis(trimethylstannyl)thiophene (100 

mg, 0.244 mmoles) and FMI (160 mg, 0.244 mmoles) were taken in a were taken in a Schlenk 

tube fitted with a condenser along with argon inlet. Then the mixture is made inert by degassing 

and purging with Argon. Thereafter, 5 mg of catalyst Pd(PPh3)4 was added in inert condition. 

A mixture of DMF/Toluene (1:3) were added into the reaction mixture and stirred at 110 °C 

for 30 h maintaining the inert condition. After 30 h, the reaction is cool down and solvent was 

dried under vacuum. The crude CPE was further purified by repeated precipitation in ether and 

acetone. (color reddish brown, 135 mg, Yield 85 %). 

5.2.2(e). Synthesis of polymer PFTPyMI CPEs: PFTPyMI was also synthesised by Stille 

coupling polymerization reaction. The precursor monomers 2,5-
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bis(trimethylstannyl)thiophene (100 mg, 0.244 mmoles), FMI (80 mg, 0.122 mmoles) and 

C1Py (30 mg, 0.122 mmoles) were taken in a were taken in a Schlenk tube fitted with a 

condenser along with argon inlet. Then the mixture is made inert by degassing and purging 

with Argon. Thereafter, 5 mg of catalyst Pd(PPh3)4 was added in inert condition. A mixture of 

DMF/Toluene (1:3) were added into the reaction mixture and stirred at 110 °C for 30 h 

maintaining the inert condition. After 30 h, the reaction is cool down and solvent was dried 

under vacuum. The crude CPE was further purified by repeated precipitation in ether and 

acetone. (color reddish brown, 173 mg, Yield 82 %). 

 

Scheme 5.1: Synthetic pathways of monomers and polymers: (a) Iodomethane, reflux; 6h (b) 

dibromohexane, 50 % NaOH, TBAI; (c) 1-methyl imidazole, DMF, reflux, 24h.; (d), (f) 

tetrakistriphenylphosphine palladium (0), 2 M K2CO3 (aq), toluene/ DMF, 110 oC, 30h. 

5.2.3. Photoluminescence Quantum Yield (): The absolute quantum yield for PFTMI and 

PFTPyMI were determined by using Edinburgh FLS 1000 instrument through integrated 

sphere technique. 

5.2.4. Antibacterial Activity: The antibacterial activity of polymeric compounds was 

evaluated with Gram-positive (Staphylococcus aureus, strain MTCC 96) and Gram-negative 
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(Escherichia coli, strain K12) bacteria. The stock of bacterial solution was streaked on an agar 

plate and incubated at 37 °C overnight. A single colony was added to fresh Nutrient Broth 

media (N.B. media) and incubated at 37 °C overnight. 10 μL of the grown culture was added 

to the working solution of bacterial cells so that it could be used for the assay in its log phase. 

The optical density of the culture was diluted to 0.1 a.u. Hence, the bacterial stock solution 

contained 108 CFU/mL. 100 μL of this bacterial solution was added to the 96-well plate, and 

serial dilutions of the polymer were prepared (range: 1-128 μg/mL) as reported earlier and 

incubated at 37 °C for 24 hours. Readings were recorded at 600 nm by using a microplate 

reader (i-Mark BIO-RAD). 

5.2.4. Membrane Disruption Analysis by FESEM and FETEM: The bacterial culture of 

both Staphylococcus aureus and Escherichia coli bacteria of mid-log phase cells (108  

CFU/mL) were treated with the polymers and incubated at 37 °C. After incubation, cells were 

centrifuged at 5000×g for 5 minutes. The pellets were treated with 2.5 % glutaraldehyde and 

incubated at 4°C for 3 hours. Further, bacterial suspension was centrifuged again at 5000×g for 

minutes. Bacterial cells were washed twice with phosphate buffer (pH 7.4) and loaded on a 

glass coverslip and carbon-coated 200-mesh copper grids. The loaded samples were washed 

with deionized water and ethanol (30–100%). The samples on glass coverslip were air-dried, 

sputter-coated with gold, and analyzed using FESEM (Zeiss, Sigma 300) at an accelerating 

voltage of 3 kV. The sample dried on a Cu grid was analyzed by performing imaging with 

FETEM (Joel, JSM-2100 LaB6). 

5.2.6. Cell Culture: Human Embryonic Kidney (HEK) 293 cell line and HeLa cell line was 

purchased from NCCS Pune and was maintained in Dulbecco's Modified Eagle Media 

(DMEM) supplemented with 10 % fetal bovine serum (FBS), 1 % antibiotic cocktail (10,000 

units/mL penicillin and 10 mg/mL streptomycin and 25 μg/mL Amphotericin B) at 37 °C in a 

humidified incubator with 5 % CO2. 

5.2.7. Cell Viability Assay: MTT assay was performed to evaluate the cytotoxicity of the 

polymer PFTMI and PFTPyMI using HEK 293 cell. Both cells were seeded into a 96-well plate 

at the density of 10,000 cells/well and incubated for 24 h. Cells were washed with 1X PBS and 

followed by the treatment of series of different concentration of polymer PFAN at 0, 10, 20, 

30, 40, 50, 60, 50, 60, 70, 80, 90 and 100 µg/ml for 24 h at 37 °C in incubator. Cells were 

washed with 1X PBS on incubation of 24 h. 10 µL of MTT of stock concentration and 90 µL 

DMEM medium was added to each well and incubated for 4 hours at 37 °C in incubator. After 
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incubation of 4 h, 75 µL of medium was removed and 50 µL of DMSO was added to each well 

followed by further incubation of 10 minutes. The multimode microplate reader (Thermofisher 

Varioskan LUX) was used to record absorbance at wavelength of 490 nm. All the experiments 

were carried out in triplicate. 

5.2.8. Calcien Assay: To perform calcein assay, both HEK 293 and HeLa cells were seeded 

into well at the density of 10,000 /well and incubated for 24 h. Cells were washed with 1X PBS 

and followed by the treatment with 100 µg/mL of polymer PFTMI and PFTPyMI and incubated 

for 24 h. The working solution of calcein dye (1 µM) was prepared in serum free DMEM 

medium by using the stock solution (1 mM). 100 µL of calcein dye was added to the cells on 

incubation of 24 h, and further incubated for half an hour. Cells were then washed with 1X 

PBS and imaging was done by inverted fluorescence microscope (Nikon TS2R-FL). 

5.2.8. Disc Diffusion Assay: The bacterial culture of both Staphylococcus aureus and 

Escherichia coli bacteria of mid-log phase cells (108 CFU/mL) were spread on the agar plate. 

This experiment was performed in duplicate. Four sterile cotton pads were used for each plate. 

100 μg/mL of polymer PFTMI and PFTPyMI were added to the cotton pads over the disc. A 

standard commercial antibiotic, Kanamycin (100 μM), was used as a positive control, and only 

NB media was used as a negative control. These plates were incubated at 37 °C for 24 hours 

and examined for the inhibition zone. This test was repeated three times. 

5.3. Results and Discussion: 

The monomers C1Py was synthesized by simple methylation reaction of precursor molecules 

2,5-dibromopyridine and FMI was synthesized by functionalization of FC6BR4 with 1-methyl 

imidazole respectively (Scheme 5.1). Then the conjugated polyelectrolytes (CPEs) PFTMI and 

PFTPyMI were synthesized by Stille coupling polymerization reaction with 80-85 % yield. The 

synthesized monomers were well purified at each step and characterized by NMR and mass 

before using in further studies and also the polymers were well characterized by NMR and 

FTIR (Figures A5.1-A5.11). Also, both PFTMI and PFTPyMI are quite thermostable up to 300 

oC (Figure A5.12). 

 5.3.1. Photophysical and Morphological Studies of Synthesized Polymers:  

The photophysical properties of both PFTMI and PFTPyMI were performed in aqueous 

medium. Both the CPEs show absorption maxima (max) at 400 nm with emission at 505 nm  
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Figure 5.1: (a1), (a2) Normalised absorption and emission spectra of PFTMI and PFTPyMI; 

(b1), (b2) CIE co-ordiates of emission spectra of PFTMI and PFTPyMI; (c1), (c2) Lifetime decay 

spectra of PFTMI and PFTPyMI; (d1), (d2) pH stability (pH 2-14) for PFTMI and PFTPyMI; 

(e1), (e2) FETEM images PFTMI and PFTPyMI; and (f1), (f2) DLS profile of PFTMI and 

PFTPyMI respectively. 

for PFTMI and 496 nm for PFTPyMI (Figure 5.1a1, 5.1a2). The CIE- co-ordinates for their 

respective emission are provided in Figure 5.1b1, 5.1b2.  PFTPyMI being more hydrophllic, it 

has better quantum yield (78.31 %) than PFTMI (60.91 %) in aqueous medium. The lifetime 

of the excited state was also recorded, the polymer PFTMI has an average lifetime of 0.94 ns 

and PFTPyMI has 1.24 ns (Figure 5.1c1, 5.1c2 and Table A5.1). The complete photophysical 

data are provided in Table A5.2. The CPEs aqueous state emission is stable at wide pH range 

(pH5-pH10) (Figure 5.1d1, 5.1d2). FESEM analysis reveals that both CPEs self-assemble into 

a spherical nanoaggregate with average size 96 nm for PFTMI and 94 nm for PFTPyMI (Figure 

5.1e1, 5.1e2). The self-assembly process of CPEs were also analyzed in several environments 

such as various organic solvent and concentration dependence studies. In polar solvents 

(DMSO, water, MeOH), the PFTMI emit at 510 nm and PFTPyMI at 496 nm but in non-polar 

solvents (toluene, chloroform), CPEs show redshifted emission (Figure 5.2a. 5.2b). The red 

shifted emission is because of aggregation and is validated by concentration dependent 

emission spectra and solid-state emission spectra. The concentration dependent emission 

spectra of PFTMI and PFTPyMI are interesting because, PFTPyMI exhibits a significant 

redshift shift (76 nm) in emission with decreased intensity while PFTMI exhibits fluorescence 

enhancement with a 30 nm redshift with an increase in concentration from 2 µg/mL to 20 

µg/mL (Figure 5.2c, 5.2d). Such an unusual phenomenon can be attributed due to different 

charge density in the backbone of PFTMI and PFTPyMI thereby differing them inter/intra 
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molecular interaction and self-assembly process. This leads to change in emissive property of 

CPEs and PFTPyMI is more susceptible to such changes which may be attributed due to its 

cationic backbone. The aggregation leads to red shifted emission was also supported by solid 

state emission spectra and its corresponding CIE co-ordinates (Figure A5.13a, A5.13b).  

Remarkably such an interesting emissive property of CPEs in response to minor change in 

solvent environment will be beneficial for designing biosensor with ratiometric signals 

enabling visual detection.  

 

Figure 5.2: (a),(b) Emission spectra of PFTMI and PFTPyMI in various solvents; (c),(d) 

Concentration dependent spectra of PFTMI and PFTPyMI in dioxane respectively. 

Further, theoretical DFT study was also performed to optimize the geometry in a single 

monomeric unit of CPEs using B3LYP function and 631G (d, p, charge =2/3 for PFTMI/ 

PFTPyMI) in the Gaussian 16 Program26 (Figure A5.14). Both the polymer has a planar 

backbone responsible for good light harvesting property and the side chains are arranged in 

such a way to restrict π-π restriction thereby giving solid state emission. 

4.3.1. Antibacterial Property:  

Antibacterial property of PFTMI and PFTPyMI were examined in Staphylococcus aureus (S. 

aureus) and Escherichia coli (E. coli) to represent Gram positive and Gram-negative bacteria 

respectively and compared their killing efficacies. Incubation of CPEs (0-128 µg/mL) reduced 

bacterial live cells by less than 20 % with minimum inhibitory concentration (MIC) of 

1µg/mLfor PFTPyMI and 16 µg/mL for PFTMI for E. coli (Figure 5.3a). However, in case of 

(a) (b)

(c) (d)
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S. aureus, the minimum inhibitory concentration is 4 µg/mL for PFTPyMI and 64 µg/mL for 

PFTMI (Figure 5. 3b). Since E. coli and S. aureus have different cellular membrane structures, 

the CPEs have different binding affinities with their bacterial membrane. Gram-negative 

bacteria have an extra lipopolysaccharide (LPS) outer membrane in addition to a thin 

peptidoglycan layer, while Gram-positive bacteria have a thick protective layer of 

peptidoglycan networks in their cell walls. Gram-negative E. coli binds more efficiently to 

CPEs and has better antibacterial activity due to presence of an extra lipopolysaccharide layer 

that is negatively charged due to phosphates and carboxylate groups. Further, PFTPyMI due to 

their cationic backbone may binds even more effective than PFTMI resulting in more killing 

efficiency.27  

 

Figure 5.3: Antibacterial assay for both PFTMI and PFTPyMI in  (a) E. coli (gram negative) 

and (b) S. aureus (gram positive) bacteria. 

5.3.3. Antibacterial Mechanism:  

To understand the antibacterial mechanism, FESEM and FETEM studies were performed for 

bacteria before and after treatment of CPEs. The control bacteria (E. coli, S. aureus) had intact 

membrane morphology with smooth and obvious regular edges indicating that the bacteria 

were still alive. However, the treated bacteria showed effective bacterial membrane disruption, 

which led to the death of the bacteria (Figures 5.4a and 5.4b). Antibacterial activity of 

imidazolium and pyridinium containing polymers against both Gram (+) and Gram (-) bacteria 

has been reported earlier.28-30 Zeta potential measurements were utilized to investigate the 

binding between CPEs and the bacterial membrane. The average negative zeta potential (ζav) 

of E. coli (ζav = -41.5mV) and S. aureus (ζav = -35.3mV) are significantly shifted towards 

positive zeta potential with the addition of positively charge PFTMI (ζav = +20.3 mV) and 

PFTPyMI (ζav = +24.7mV (Figure 5.4c). E. coli binds stronger to CPEs than S. aureus due to 

its higher phosphate group content and more negative ζ-potential and more positive PFTPyMI 

binds stronger than PFTMI. This binding lead to the disintegration of bacterial membrane 

E. coli S. aureus
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results into death of bacteria. Furthermore, the small nanoparticle size of CPEs allows for easy 

penetration into the lipid membrane, which facilitates disruption. Interestingly, the CPEs 

emissive property changes on treatment with bacteria. PFTPyMI (5µg/ml) and PFTMI 

(5µg/ml) emit cyan and green colors, respectively, but bacteria-treated PFTPyMI and PFTMI 

emit yellow and orange colors with reduced emission (Figure 5.4d, 5.4e). Notably this visual 

color change will help to detect bacteria in contaminated water. Further, the reduced emission 

intensity suggests the utilization of excited energy of CPEs for killing of bacteria through 

binding. The proposed mechanism is provided in Figure 5.4f. So, PFTPyMI and PFTMI can 

act as ratiometric bacteria sensor with antibacterial activity from a particular concentration 

depending on the bacterial strains. 

 

Figure 5.4: (a) FESEM and  (b) FETEM images of control bacteria (S. aureus, E. coli), 

PFTPyMI and PFTMI treated S. aureus and E. coli; (c) Zeta potential plot of E. coli, S. aureus, 

PFTMI, PFTPyMI CPEs and PFTMI and PFTPyMI treated bacteia; (d) Fluorescence spectra 

photograph of polymers in absence and presence of bacteria, inset the corresponsing 

fluorescence image under 365 nm UV lamp; (e) The proposed mechanism for antibacterial 

action of PFTMI and PFTMI CPEs. 
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5.3.4. Cytotoxicity Study: 

A good antibacterial material should be less cytotoxic towards mammalian cells for practical 

applicability into biomedical field. The selective killing of bacteria over mammalian cells is 

gaining attention for use as an antibacterial coating over fabrics or as an additive in paints to 

make bactericidal surface. As such MTT assay was performed to examine cytotoxicity of both 

PFTMI and PFTPyMI over HEK 293 (normal) cell and HeLa (cancer) cell. Cell viability for 

PFTMI and PFTPyMI was above 80 % and 70 % at concentrations up to 100 µg/mL 

respectively in HEK 293 cell (Figure 5.5a, 5.5b). Notably highly selective killing of bacteria is 

observed over HEK 293 cells due to differences in surface composition and structure between 

them. Another attractive result is that PFTMI and PFTPyMI exhibit considerable cytotoxicity 

towards cancer cell line, Hela cells, showed only 20 % and 10 % viability after treatment 

(Figure 5.5d, 5.5e). The MTT cytotoxicity results PFTMI and PFTPyMI was also validated by 

fluorescence live cell imaging with calcein assay.  Calcein is a green fluorescence cell permeant 

dye, used to stain the viable cells. It usually permeates into viable cells through its cell 

membrane and gets converted into green fluorescent of calcein by the presence of cytosolic 

esterase enzyme. The viability of cells was determined by the green fluorescence, where more 

intense green signal represents more viable cells. For this HEK 293 cell and Hela cells were 

treated with 100 µg/mL PFTMI and PFTPyMI and incubated for 24 hour and fluorescence 

imaging of the respective cells were performed. In the case of HEK 293 cells, PFTMI and 

 

Figure 5.5 (a). (b) Cell viability assay of PFTMI and PFTPyMI in HEK293 cell line (normal 

cell); (c) Fluorecence Calcien live cell imaging for control HEK293,  PFTMI and PFTPyMI 

treated cell lines; (d). (e) Cell viability assay of PFTMI and PFTPyMI in HeLa cell line(normal 

cell);(f) Fluorecence Calcien asaay for control Hela cell PFTMI and PFTPyMI treated cell 

lines.  
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PFTPyMI treated cells have a comparable amount of fluorescent stain live cells to that of 

control, indicating that the majority of cells are viable (Figure 5.5c). However, in the case of 

Hela cells, the number of live cells were significantly reduced, as seen by a decrease in green 

fluorescence (Figure 5.5f). The stronger cytotoxicity in cancer cells over normal is due to the 

difference in their membrane potential i.e. cancer cells are negatively-charged and normal cells 

are either charge-neutral or slightly positive.31 

5.3.5. Application as an Anti-Coating Material: 

The strong antibacterial activity and less cytotoxicity for normal human cell lines of PFTMI 

and PFTPyMI offer a glimpse of utility to combat pathogenic bacterial infection. As a result, 

we explored one possible application by coating CPEs to provide antibacterial fabric. For this 

circular cotton pads were coated with PFTMI (100 µg/mL) and PFTPyMI (100µg/mL) and 

because the polymers are water insoluble, the coated cotton pad cannot be washed away with 

water. For the comparative analysis of antibacterial activity, we also coated with commercially 

available antibiotics i.e. Kanamycin (100 µM) that are used to treat severe bacterial infection. 

The antibacterial activity of these coated cotton pads against E. coli and S. aureus were tested 

using a zone of inhibition dish assay, and to obtain duplicate results, the CPEs coated cotton 

pads were placed in two locations. Figure 5.6 shows that PFTMI and PFTPyMI have a 

significant radial area of inhibition around the cotton pads for both E. coli and S. aureus, but 

commercially available antibiotics either failed or had very little antibacterial action. The 

cationic backbone with higher binding affinity of PFTPyMI towards bacteria was the obvious 

cause of its superior antibacterial activity as compared to PFTMI. For several years, 

commercial antibiotics such as Kanamycin was once considered a life-saving medication until 

reports of antibiotic resistance emerged. This observation implies that the antimicrobial 

 

Figure 5.6: Petri dish method bacterial growth inhibition assay for both PFTMI and PFTPyMI 

in E. coli (gram negative) and S. aureus (gram positive) bacteria. 
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resistance challenge cannot be solved by using antibiotics alone. In the meantime, recent 

attention of designing membrane targeting conjugated polyelectrolytes addressed both 

inherited or non-inherited antibacterial resistance. 

5.4. Conclusion: 

In we have developed two polyfluorene based conjugated polyelectrolytes PFTMI with only 

cationic side group and PFTPyMI with cationic backbone and side group. Both CPEs have 

antibacterial activity, with the positive charge binding to the negatively charged bacterial 

membrane, causing membrane rupture and hence killing. The disruption of bacterial membrane 

was clearly visible in FESEM and FETEM images. Comparatively, PFTPyMI shows higher 

antibacterial activity with MIC 1µg/ml for E. coli and 4µg/ml for S. aureus which is quite 

remarkable due to the active participation of both backbone and side groups. Further the 

presence of bacteria in aqueous media can be detected easy from the fluorescence color change. 

The less cytotoxic nature in HEK 293 normal cell lines, and toxic towards Hela cell lines offers 

a new hope for future biomedical applications to combat antibiotic resistance. One such 

application, it is utilized as an antibacterial coating over a cotton pad to mimic antibacterial 

fabric and achieved promising results which was less effective or failed by commercially 

available antibiotics. 
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Appendix 

 

Figure A5.1:  LC_QTOF_HRMS spectra of C1Py 

 

Figure A5.2: 1H NMR spectra of C1Py in DMSO-d6. 
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Figure A5.3: 13C NMR spectra of C1Py in DMSO-d6.  

 

Figure A5.4: 1H NMR spectra of Fc6BR4 in CDCl3 
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Figure A5.5: 13C NMR spectra of FC6BR4 in CDCl3 

 

Figure A5.6: LC_QTOF_HRMS spectra of FMI 
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Figure A5.7: 1H NMR spectra of FMI in DMSO-d6. 

 

Figure A5.8: 13C NMR spectra of FMI in DMSO-d6. 
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Figure A5.9: 1H NMR spectra of PFTMI in DMSO-d6. 

 

Figure A5.10: 1H NMR spectra of PFTPyMI in DMSO-d6. 
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Figure A5.11: FTIR spectra of PFTMI and PFTPyMI 

 

Figure A5.12: Thermal degradation of PFTMI and PFTPyMI 

Table A5.1: Fluorescence lifetime decay data for PFTMI and PFTPyMI 

CPEs τ1 (ns) τ2(ns) χ2 τav(ns) 

PFTMI 0.88 1.271 0.97 0.94 

PFTPyMI 0.97 2.37 0.97 1.24 

Table A5.2: Photophysical data for PFTMI and PFTPyMI 

CPEs abs(nm) em(ns)  (%) τav(ns) 

PFTMI 400 505 78.31 0.94 

PFTPyMI 400 496 60.91 1.24 
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Figure A5.13: (a) Solid state emssion spectra of PFTMI and PFTPyMI; (b) CIE co-ordinates 

for solid state emission spectra of PFTMI and PFTPyMI 

 

Figure A5.14: Optimsed structure of M4 monomer using B3LYP and 631G(d.p) charge =2 for 

PFTMI and Charge =3 for PFTPyMI of Gaussian 16 Program. S 
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Thesis Overview and Future Perspective 

Conjugated polymers (CPs) are semiconducting materials that draw attention from material 

science and engineering. They have unique optical and electrical properties, making them 

active substrate for various kinds of applications such as sensing, biomedical and. 

optoelectronic devices. Among the various applications, sensing has gained tremendous 

research attraction on account of its remarkable sensitivity, strong light-harvesting and 

good conducting abilities, high photo/thermal stability, and biocompatibility. The signal 

amplification property of CPs compared to other molecules due to their efficient intra- and 

intermolecular charge or energy transfer eventually make them as an innovative 

technological material. Furthermore, the conjugated polymer framework can be easily 

adjusted to desired optical or electrical band gaps and water solubility, by designing D-A 

CPs and conjugated polyelectrolytes. Moreover, modern optoelectronic devices, 

sensing, and theranostic applications demand CPs with high solid-state emissions or 

practical applicability in aqueous media, which can be attainable through the smart design 

of AIE/AIEE-CPs. To develop a stable and highly efficient sensing platform, several 

molecular design criteria, such as the choice specific receptor, orientation, and packing of 

polymeric chains, should be considered when designing conjugated polymers as 

transducers. In consideration of rising demand for personal health monitoring sensor and 

reliable methods for chemical danger assessments, this thesis entitled “Rational 

engineering of Polyfluorene based Conjugated Polymers for Sensing and 

Antibacterial Applications” has as its main goal solving the issues and difficulties related 

to current sensing systems. It primarily focuses on the design and development of effective, 

quick, and portable systems based on conjugated polymers for on-site detection of several 

biologically and environmentally important analytes. In order to achieve the best possible 

fluorescence signal, chemical processing, excellent sensitivity, and selectivity towards 

particular analytes of interest, various polyfluorene derivatives such as homopolymer, D-A 

polymer, AIEE polymer, conjugated polyelectrolytes that have appended functional groups 

have been designed and synthesized. Then, the designed CPs are successfully are 

effectively integrated into the cost-effective, portable user friendly device for real-time 

tracking of disease biomarkers, herbicides, biologically important proteins, pathogens etc.  

To verify the potential self-signal amplifying biosensors, a benzimidazole incorporated 

conjugated homopolymer (PFBZ) was synthesized by oxidative coupling polymerization 
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reaction in good yield for the specific detection of bilirubin (jaundice biomarker) (Chapter 

2). The excellent sensitivity of PFBZ towards bilirubin selectively was due to complexation 

and FRET mechanisms which were confirmed from both theoretical and experimental 

findings.  Furthermore, the detection is quick, simple, and extremely reliable, even in real 

serum samples, where the results were close agreement to the clinical method of bilirubin 

detection. Finally, a fluorescent paper-based test kits were developed for on-site detection. 

To achieve solid state emission and adjust the optical band gap, PF2CN polymer was 

synthesized by Suzuki coupling polymerization reaction in good yield for the detection of 

pendimethalin (mutagenic and carcinogenic herbicide) (Chapter 3). The detection 

mechanism was FRET and PET making it a highly sensitive and selective pendimetalin 

sensor that can be extended in real vegetables and natural water samples where the results 

was cross validated with conventional technique. Finally, a smartphone integrated point of 

care testing device was developed via quantifying the fluorescence color change (RGB 

value variation) of PF2CN under UV light by color-scanning android application for rapid 

onsite detection in a very straightforward manner. 

To explore the structure-motion-property relationship of a conjugated molecular, three sets 

of polymers P1, P2, and P3 were created by incorporating varying mole fractions of AIE 

monomer (M4) with electron accepting tendency, thereby controlling molecular motion and 

charge transfer in solution and aggregated states (Chapter 4). The change in molar ratio of 

monomer M4 in P1, P2, and P3 resulted in a shift in polyfluorene emission from blue to 

white and yellow, representing the increase in D-A strength from P1 to P3. Furthermore, 

this developed designed strategy improved the condensed state emission property by 

transforming ACQ polymer (P1) into AIEE polymer (P3), which is important for bio 

sensing applications that can work in aqueous medium. Finally, AIEE conjugated 

polyelectrolyte PFAN polymer was derived from the AIEE-P3 polymer for monitoring of 

serum albumins achieving a "Ratiometric Turn On" response because of complexation 

induced AIEE mechanism. Finally, this fluorescence-based detection is miniature into a 

smartphone-based prototypes testing device for detecting HSA on-site, easily and rapidly 

to benefit the healthcare usage.  

To explore the role of positive charge for antibacterial application conjugated 

polyelectrolytes PFTMI and PFTPyMI by Stile coupling polymerization (Chapter 5). 

PFTPyMI with cationic backbone and side group are showing more antibacterial activity 
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than PFTMI with only cationic side group because of more efficient binding toward 

bacterial membrane resulting in membrane disruption. Further the presence of bacteria in 

aqueous media can be detected easy from the fluorescence color change. The less cytotoxic 

nature in HEK 293 normal cell lines, and toxic towards Hela cell lines offers a new hope 

for future biomedical applications to combat antibiotic resistance. One such application, it 

is utilized as an antibacterial coating over a cotton pad to mimic antibacterial fabric and 

achieved promising results which was less effective or failed by commercially available 

antibiotics. 

Thesis Overview 

 

Future Directions 

The present thesis discusses the development and characterization of various conjugated 

polymers and utilization as signal transducers based on fluorescence “turn-off”, “receptor 

free” “ratiometric turn on” sensing. Nonetheless, there is scope for further studies on a few 

topics covered in this thesis.  For instance, bacterial detection and killing utilizing PFTMI 

and PFTPyMI might be expanded to in-vivo and mixed bacterial cultures. Similarly, PFBZ-

based bilirubin detection could be more innovative and user-friendly via smartphone-

integrated platform or wireless sensing tags with real-time monitoring abilities. Overall, the 

future direction of developing CP-based sensors could be focused on colorimetric, array-

based sensing, and establishing technologically advanced receptors. Furthermore, future 

CP-designed strategies should be broadened for various kinds of applications such as 

biomedical, energy storage, photocalytic applications, and so on.  
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Polym. Mater. 2024, 6, 6988-6996 

2. Tanwar, A. S.; Chanu, M. A.; Parui, R; Barman, D.; Im, Y.; Iyer, P. K. Dynamic 

Quenching Mechanism Based Optical Detection of Carcinogenic Cr (VI) In Water and 

On Economical Paper Test Strips via A Conjugated Polymer. RSC Appl. Polym. 2024, 

2, 196-204. 

3. Banoo, F.; Chanu, M. A.; Iyer, P. K.; Khijwania, S. K. Novel Optical Fiber Sensor for 

Explosive (Trinitrophenol) Detection. J. Lightwave Technol. 2024, 1-9  

4. Khatun, M. N.; Chanu, M. A.; Barman, D.; Ghosh, P.; Sarmah, T.; Adil, L. R.; Iyer, P. 

K. Sensors Based on Polymer Nanomaterials. In Sensory Polymers; Elsevier, 2024, 

391-428 

5. Tanwar, A. S.; Khatun, M. N.; Chanu, M. A.; Sarmah, T.; Im, Y.-H.; Iyer, P. K. A Water-

Soluble Conjugated Polyelectrolyte for Selective and Sensitive Detection of 

Carcinogenic Chromium (Vl). Analyst 2023, 148, 6011-6019.  

6. Chanu, M.A.; Mondal, S.; Zehra, N.; Tanwar, A.S.; Iyer, P. K. Conjugated Polymer 

Nanoparticles as a Fluorescence Probe for Amplified Detection of Human Serum 

Bilirubin ACS Appl. Polym. Mater. 2022, 4, 3491-3497. 

7. Adil, L. R.; Parui R., Khatun, M. N.; Chanu, M.A. Li, L.; Wang, S.; Iyer, P. K. 

Nanomaterials for Sensors: Synthesis and Applications. Elsevier, 2022, 121-168. 

8. Tanwar, A. S.; Parui, R.; Garai, R.; Chanu, M. A.; Iyer, P. K. Dual “Static and 

Dynamic” Fluorescence Quenching Mechanisms Based Detection of TNT via a 

Cationic Conjugated Polymer.  ACS Meas. Sci. Au, 2021, 2, 23-30. 

9. Chanu, M. A.; Adil, L. R.; Ghosh, P.; Khubchandani, D. D.; Iyer P. K. Ratiometric Turn-

On Detection of HSA using Aggregation Induced Enhanced Emission Conjugated 

Polyelectrolyte and Prototype Smartphone based Sensor. (Manuscript 

communicated) 

10. Chanu, M. A.; Kumari, K.; Adil, L. R.; Ramakrishnan, V.; Iyer P. K. Switching from 

Cationic Side Chain into Cationic Backbone in Polyfluorene Polyelectrolytes to 

Effectively Combat Antibiotic Resistance and Antibacterial Coating. (Manuscript 

Prepared) 
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Conferences and Workshop Attended 

1. Presented a poster in the 6th International Conference on Advanced Nanomaterials 

and Nanotechnology held during Dec 18- 21, 2019, organized by Centre for 

Nanotechnology, IIT Guwahati  

2. Presented an oral in the International E- Conference on New Frontiers in Science and 

Technology held during July, 9-11, 2020 organized by Research Institute of Science 

and Technology Manipur, India.  

3. Presented a poster in the North East Research Conclave 2022 held during May 20-22, 

2022 organised by Indian Institute of Technology Guwahati, India, Science, Technology and 

Climate Change Dept. & Dept. of Education, Govt. of Assam. 

4. Presented a poster in the International Conference on Frontiers in Chemical Sciences 

held during Dec, 2-4, 2022 organised by the Department of Chemistry, IIT Guwahati.  

5. Presented a poster in the Research Conclave’23 held during May 14-16, 2023 

organized by Student Academic Board (SAB), IIT Guwahati. 

6. Presented a poster in the 17th International Conference on Polymer Science and 

Technology SPSI-Macro 2023 held during Dec 10-13, 2023 organized by IIT 

Guwahati. 

7. Attended 5th National Workshop on NEMS/MEMS and Theragnostic Devices, 

February, 21-23, 2019, IIT Guwahati. 

8. Attended Seminar on Basics of small Angles X-ray Scatterings, February 26, 2020, IIT 

Guwahati. 

9. Successfully completed Wiley Author Webinar Series “Learn to Publish held during 

June-July 2020  

10.  Attended online training workshop on Computational Density Functional Theory 

held during July, 4-5, 2020, organized by Thanthai Periyar Government Polytechnic 

College Vellore-632002, Tamil Nadu, India 

11. Attended the full agenda of ACS on Campus Virtual Event, on August 10, 2020. 

12. Successfully completed Online Course ACS Reviewer Lab on August 22, 2020 

13. Attended the live session on Patent Protection for Innovation Driven Educational 

Institutions August 29, 2020, organized by Turnip  Innovations in association 

with the Frontiers Legal 
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