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PREFACE 

Fluorescent materials have been known for a wide range of applications such as 

multicolor emitting materials, security markers, fluorescent probes in bio-imaging, 

standards in flow cytometry and cell sorting, photonic crystals, chemical and bio-sensors 

etc. Several polymerization methods such as suspension, dispersion, emulsion and 

miniemulsion etc. have been developed to synthesize fluorescent polymer beads in the 

desired size range depending on the requirement. Among them, miniemulsion 

polymerization is popular because one can have a one to one copy of monomer droplet 

transformed to polymer particle. The nanoparticles formed are highly monodisperse and 

in the size range of 50-500 nm. Unlike other methods, a hydrophobe is used in this 

approach to prevent molecular diffusion by Ostwald Ripening - one of the main 

drawbacks of emulsion polymerization. This enables the encapsulation of a large variety 

of materials like dyes, metal complex, small organic molecule etc. into the polymer 

matrix.  

Although there are quite a number of reports on the physical encapsulation of 

fluorophores into the polymer matrix, it is very well known that physical encapsulation 

often leads to dye leakage. Leaching of dyes from the polymer backbone is highly 

unwanted for any application including bio-imaging and sensing. Any dye leakage into 

cell environment leads to cell toxicity if used as cell marker or might hamper 

reproducibility and performance of sensor in case of sensing applications. Thus covalent 

attachment of the fluorophores into the polymer matrix is greatly desired.  

Covalently stitched fluorescent nanoparticles are promising candidates to be used 

as cell markers as well as sensors. The prime objective of the work is to synthesize 

fluorescent polymer nanobeads for bio-imaging and sensing applications. Oligo(p-

phenylenevinylene) (OPV) and perylene bisimide (PBI) were chosen as the fluorophores 

because of their strong absorption, high fluorescence quantum yield and outstanding 

thermal, chemical and  photostability. Polystyrene was chosen as polymer matrix because 

of its proven biocompatibility and reduced aggregation induced self-quenching of 

fluorescence of dyes. 

Throughout the thesis, miniemulsion polymerization method was made use of to 

develop the polystyrene nanoparticles in the size range of 100-300 nm. The particle size 

and surface charge of nanoparticles were determined using Dynamic Light Scatterig 

(DLS) while their spherical morphology was confirmed by Field Emission Scanning 
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Electron Microscopy (FESEM), Transmission Electron Microscopy (TEM). As the 

nanoparticles were fluorescent; their photophysical studies were carried out using 

absorption and emission spectroscopy. 

The thesis has been arranged into five chapters. 

Chapter 1 gives a glance on the introduction of fluorescent materials, different 

approaches to synthesize fluorescent polymeric nanoparticles and their applications 

thereof. A brief comparison in the later section highlights the advantages of polystyrene 

nanoparticles over other luminescent particles. 

Chapter 2 presents covalent incorporation of fluorophores based on PBI OPV in the form 

of cross-linkers into the backbone of 

polystyrene. Fluorescent Polystyrene (PS) 

nanobeads in the size range ~70 – 120 nm 

incorporating perylene bisimide (PBI-PS) 

and/or oligo (p-phenylenevinylene) (OPV-PS) 

was developed by miniemulsion polymerization 

technique. OPV- PS exhibited blue emission 

with FL = 26%, PBI-PS showed orange yellow 

emission with FL = 9.7% in 1X PBS buffer, 

while OPV(PBI)-PS nanobeads incorporating 

both the fluorophores exhibited multicolor emission capabilities (ex from 350 nm to 490 

nm).  

Chapter 3 elaborates application of multicolor emitting fluorescent PS nanobeads 

(developed in chapter-2) for bio-imaging in HeLa and MCF-7 cells. Cell viability analysis 

was carried out to assure their 

biocompatibility. Cellular uptake of the 

nanoparticles was confirmed by flow 

cytometry analysis and confocal laser 

scanning microscopy (CLSM) images. 

The subcellular localization of the 

nanoparticles in the cytoplasm and 

perinuclear region could be precisely 

established by their simultaneous 

multicolor emission. The PS based single optical agent presented here can thus function 
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as three-channel fluorescent probe to meet the requirements for multicolor bio-imaging. 

The ability for multicolor imaging has the potential to overcome the cellular 

autofluorescence and to enhance the resolution contrast of the image. Additionally, their 

emission was found to remain unaffected by external triggers such as pH, temperature 

that could be present in the cellular environment.  

In Chapter 4A, solid state emitting, distinctly dual vapor sensors with high 

quantum yield were developed for detection of volatile organic compounds. Selective 

functionalization with carboxy and amine functionality was used to decorate the resulting 

polystyrene nanobeads having both PBI and OPV fluorophores. White light emitting 

nanobeads on coming in contact 

with vapors of electron deficient 

nitroaromatics quenched OPV 

emission and exhibited yellow 

under UV lamp while exposure to 

amine vapours quashed PBI 

emission selectively, resulting in 

blue emission . Such a wide range 

of color alteration from white to 

either blue or yellow from the 

same sensor makes it a true dual analyte sensor with two distinct outputs. Control of 

surface functionality (-COOH, -NH2 and neutral) on the nanobeads further enhanced the 

sensing efficiency. Real time, device based application has been demonstrated using free 

standing film. The fabricated film is capable for efficient detection of fast analyte 

exchange from dilute solution and it can be reused upto 8 cycles. 

Along the same line, solution state PS based sensor was showcased in Chapter 

4B, to promptly detect the 

presence of picric acid in water. 

Its surface was decorated with -

NH2 group with the aim to boost 

analyte-sensor interaction. The 

excellent selectivity of the sensor 

among the library of other nitro-

organics was attributed to combined effect of energy transfer, inner filter effect and 
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electron transfer. PA concentration, as low as 58 nM in water could be efficiently 

detected by the sensor. Additionally, zero interference from more than 30 different 

organic contaminants, cations and anions that might be present in water makes the sensor 

highly efficient for real water based analysis. 

Finally, in Chapter 5, a tailor made water soluble glucuronic acid bearing 

polystyrene polymer (PS-DGlu) was developed and utilized as polymeric surfactant in 

styrene miniemulsion 

polymerization to prepare 

glucuronic acid functionalized PS 

nanobeads covalent incorporating 

OPV. This functionalized 

fluorescent PS nanobeads was then 

applied for selective sensing of 

bilirubin in human blood serum 

containing other active 

interferences such as glucose, sucrose, metal ions, cholesterol etc. The limit of detection 

was found to be as low as 20 nM which is found to be in clinically applicable range of 

<25 to >50 µmol/L. Instant visual detection of bilirubin under UV lamp could be possible 

where blue emission of polymer turned bluish green instantly after bilirubin addition. 

This could be explained on the basis of energy transfer from OPV to bilirubin which is 

further supported by its emission spectra as well as CIE co-ordinate diagram.  

Chapter 6 summarizes the detailed discussion in the previous chapters and 

highlights the possibility of the facts for future applications. 

Sarabjot Kaur Makkad 
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CHAPTER-1 

 

General Introduction and Literature 

 

 

Abstract: This chapter introduces 

different classes of fluorescent 

nanoparticles and their importance in  

modern life. Various synthetic 

approaches for polymeric fluorescent 

nanoparticles and their advantages have 

been showcased in the subsequent 

discussions. Through the discussion, the 

current status of such nanoparticles have 

been highlighted in terms of synthetic 

protocol and applications. Illustrative examples have been presented to showcase the 

advantage and limitation of polymeric NPs and thus the scope of the current work. 

Finally  some of the limitations of other luminescent particles are highlighted that could 

potentially be addressed through use of polystyrene NPs as demonstrated in the 

subsequent chapters.  
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1.1 Fluorescence and the basic concept: Fluorescence is the phenomenon of photon 

emission by a molecule or material, immediately (in the time scale of 10
-8

 s) after 

absorbing photons of suitable higher energy. This difference in (wavelength or frequency 

units) between positions of band maxima of absorption and emission spectra of same 

electronic transition is termed as Stokes Shift
1
 of the spectrum. The origin of fluorescence 

can be best described from Jablonski diagram
1
 (Figure 1.1). On absorbing photon of 

suitable energy, the ground level electron is excited to a higher level, as the first phase of 

any energy absorption process. During the relaxation step, this electron releases energy 

while returning to its ground state through several photophysical phenomenon which 

includes both non-radiative (internal conversion, inter-system crossing) and radiative 

(fluorescence, phosphorescence) 

processes. 

Nature has provided a huge 

library of fluorescent materials ranging 

from minerals such as rubies to pigments 

like chlorophyll to fluorescence observed 

in jellyfish, dragon fish, spiders etc. 

Apart from nature, fluorescence is 

ubiquitous phenomenon which has 

become a part of our day to day life eg. 

CFL lamps, credit cards, currency notes, 

warning signage, security markers, food 

additives, medicines etc. Fluorescent 

materials have drawn tremendous 

interest of the researches owing to their 

high sensitivity, efficiency, resolution, 

versatility and promptness in the various 

fields of biological sciences and 

analytical chemistry. They have been known for a wide range of applications such as 

multi-color emitting materials
2-5

, molecular logic gates
6-10

, fluorescent probes in bio-

imaging
11-15

, standards in flow cytometry and cell sorting
16-17

, photonic crystals
18-19

, 

chemical
20-22

 and bio-sensors
23-25

, display devices
26-27

 and many other innumerable 

instances.  

Figure 1.1: A) Jablonski Diagram explaining 

different non-radiative and radiative pathways 

illustrating the origin of fluorescence and B) 

illustration of Stokes' shift  from the spectra. 

Adopted with permission from Ref 1. Copyright 

2015, American Chemical Society. 
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Polymers are always considered as preferred choice for synthetic luminescent 

material because of their easy tunability, processability and moreover scope for endless 

design. The basic phenomenon behind such luminescent polymers lies in their chemical 

structure where the extended conjugation provides suitable excitation and subsequent 

pathway for emission. This emission often resulted either from the conjugated backbone 

of the polymer
28-29 

or the insertion of some conjugated molecules into the polymeric 

backbone.
30-31 

 In general, the luminescence property is brought into the polymers through 

careful selection of the monomer units which are then polymerized through various 

suitable approaches. Use of fluorescence as assay for any application mainly rely on the 

fluorophore's photophysical properties such as quantum yield, photostability, Stokes' 

shift, lifetime etc. In this respect, small organic fluorophores are rigid aromatic system, 

often insoluble in water
32-36

 and mostly suffers from limitation such as low absorptivity, 

short fluorescence lifetime, photobleaching, toxicity, poor stability in physiological 

environment.
37-40

  

Of late, fluorescent nanoparticles (NPs) are emerging as a tool in modern research, 

owing to their several interesting properties. Such fluorescent NPs are profoundly tested 

in multiple applications like optoelectronics
41-43

, chemical and bio-sensing,
 44-47

 bio-

imaging 
35,37, 38,40,48-50

 etc. The emissive material in all such cases comprises of various 

chemical entities like metal NPs, upconverting nanoparticles (UCNPs), polymeric NPs, 

quantum dots (QDs) etc. Each of such classes of fluorescent NPs has different synthetic 

approaches and properties, which has proven advantageous for one or more type(s) of 

properties. Polymeric NPs are an interesting class of materials that offers a high control 

on the emission property through suitable chemical approaches, making it one of the 

highly discussed materials of its class. Such fluorescent particles are often superior to 

organic fluorophores with respect to these properties such as improved brightness and 

photostability, inertness to their microenvironment, non-cytoxicity, scope for surface 

modification etc.
35,37,40

 Additionally, two or more fluorophores could be taken together 

into a single particle to achieve multi-color emission tuning. Apart from these there are 

numerous structure defining attributes of particles eg. shape, size, high surface area and 

distinctive emission properties that will enhance versatility and sensitivity of fluorescence 

based technique.
37

 Several polymerization techniques have been developed to synthesize 

these fluorescent particles in the desired size range depending on the requirement 

basically using two different strategies: i) Direct polymerization which yields in-situ NPs 
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during polymerization process and ii) Post-modification using preformed 

polymers.
2,35,50,51

 

1.2 Strategies for the Development of Fluorescent Polymeric Particles: 

1.2.1 Direct Polymerization Based Techniques: 

Radical polymerization is one of the best approaches for synthesis of luminescent 

polymers. Here, suitable luminescent monomers are subjected to reaction with a free 

radical, typically generated from a second component, the initiator. Once the generated 

radical from the initiator is transferred to a monomer, it initiates a chain reaction to link 

the available neighbouring molecules, thus forming a polymer. Free radical 

polymerization can be carried out either in bulk or in solution of the suitable monomer 

(capable of generating a free radical in the propagation step).
52

 Bulk polymerization does 

not involve use of any solvent and therefore is one of simplest method of polymerization 

where oil soluble initiator is added to monomer in its liquid state. Final polymer formed 

from this approach is highly pure because of the involved chain reaction. However 

formation of localized hot spots leads to auto acceleration where the rate of propagation 

becomes much higher than the rate of termination (Gel effect), making it difficult for the 

efficient removal of heat. Although this approach is beneficial for small scale 

polymerizations, high exothermic nature of the polymerization method makes it difficult 

for the heat removal and subsequently becomes unsuitable for industrial application. The 

problem of heat removal can be controlled to some degree for the case of solution 

polymerization; although the use of organic solvent then raises concern about 

environmental and economic aspects, which are not convenient to commercial 

applications. 

A modified approach to solve this problem resulted in Dispersed Phase 

Polymerization where the liquid monomer is dispersed into another second continuous 

phase, typically water. However, unlike the former solution based polymerization, water 

is cheap and abundant, and also benign to environment. The added water plays a crucial 

role in regulating temperature, eliminating the hot spot generation in the reaction medium. 

The high thermal conductivity of water (0.61 W/m.K) effectively aids in removing heat of 

polymerization through the continuous phase and provides a smooth condition to the 

polymerization process. During the polymerization process,  viscosity of the medium 

remain close to that of pure water, owing to the generation of less thermal gradient in the 



 

 

Chapter 1                                                                General Introduction and Literature.... 

2018-Ph.D. Thesis: Sarabjot Kaur, (CSIR-NCL), AcSIR                                      Page | 5  

 

medium; thus molecular weight of the formed polymer remains unaffected from any 

change in viscosity. The continuous phase of water also moderates any extreme change in 

the reaction mixture due to high latent heat of vaporization and specific heat, thus making 

the temperature change in the reaction mixture gradual rather than sudden. Also one can 

get high polymer content at considerable viscosity. All these features make the process 

industrially favourable and commercially fascinating. 

 

Figure 1.2: Schematics of particle size obtained by various dispersed phase 

polymerization and their nucleation mechanism.  

Polymer dispersions possess remarkable properties which is capable of fulfilling 

today's market needs. They play key a role in the field of paper and textile industry, 

paints, synthetic rubber, adhesives, coatings as well as in biomedical and drug delivery 

applications. These can be synthesized by variety of techniques such as precipitation, 

suspension, dispersion, emulsion, microemulsion, miniemulsion (Figure 1.2). These 

techniques can be distinguished by the parameters like particle size, initial state of 

reaction mixture, mechanism of nucleation and kinetics involved etc.
53,54

 

Suspension Polymerization
55

 is used to synthesize large sized polymeric 

particles from the polymerization reaction. The monomer is usually taken as droplet 

inside a second continuous phase. The polymerization process is started with an oil-

soluble initiator that initiates polymerization in the monomer droplet, resulting in the 

direct conversion of droplets into polymer particles. The resultant polymeric particles are 

large in size, within the observed range of 20 µm - 2 mm. These large particles are 
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sedimented from the reaction medium and can be easily collected through filtration. From 

the reaction kinetics, it is identical to that of the previously discussed bulk phase 

polymerization. 

For the particles of size range smaller than suspension polymerization, dispersion 

polymerization
56

 is used. Here the polymerization medium is chosen such that it can act 

as good solvent for both monomer and initiator but weakly solubilising solvent for the 

forming polymer. As the polymerization proceeds by the influence of the initiator, 

medium does not remain homogenous any longer and the generated polymer particles 

then become the locus of polymerization where more of the monomer molecules can be 

added throughout the reaction. This results in smaller sized polymer particles in the form 

of suspension. The typical particle size obtained by such polymerization lies in the range 

of 0.1 - 10 µm.  

However, dispersion based polymerization approaches are not sufficient to bring 

down the particle size in the nanoscale regime. To achieve this target, the size of the 

polymerizing droplet need to be further reduced. In practice, this is achieved by using 

surfactant in the polymerization media. Use of surfactant causes the generation of very 

small size droplets of the monomer, in the form of emulsion. Thus, Emulsion 

polymerization
57,58

 is a chemical process which comprises of monomer, initiator, water 

as continuous phase and a suitable surfactant (Figure 1.3 (1)). It accounts for the world's 

most widely applied polymer latex. Unlike suspension polymerization process, water-

soluble initiator is used in this approach to keep it available throughout the whole reaction 

medium. The polymer NPs synthesized by this technique still have large size and are 

typically larger than 500 nm. As the surface area of micelle is much larger than the 

surface area of monomer droplet; polymerization mostly takes place inside the micelle. 

This technique gained popularity over the other process due to the advantage of having 

both molecular weight as well as high reaction rate simultaneously unlike other non-

dispersed methods where the molecular weight is inversely proportional to the 

polymerization rate. However this method of preparing NPs mainly suffers from two 

drawbacks:  One is Ostwald ripening
54,59,60

 and other is Coalescence.
59,60

  Ostwald 

ripening causes the formation of larger particles over time from the smaller particles, 

however it cannot be avoided for such system. Coalescence is mainly caused by collision 

of droplets that are in random Brownian motion and can be compromised to some extent 

through selection of appropriate surfactant system. 
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Figure 1.3: Synthesis of dye loaded NPs via emulsion, miniemulsion and microemulsion 

polymerization. Adopted with permission from Ref 35. Copyright 2016, Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

Although emulsion polymerization is a good technique for radical 

homopolymerization of oil soluble monomers, it faces a limitation for radical co-

polymerization. The reason lies in its mechanism which is mainly kinetically driven and 

often results in the lack of homogeneity and thus restriction in desired composition range. 

Additionally, insertion of other molecules such as conjugated dyes is not possible as they 

might not diffuse through the aqueous phase due to its low water solubility which is 

required for its homogeneous incorporation into particles. 

Thus there was a need of heterogeneous polymerization which could generate 

nano sized small, homogeneous, stable and narrowly distributed particles. This led to the 

development of Miniemulsion polymerization
61

 (Figure 1.3 (2)). It was first proposed 

by Chou et al.
62

 to describe stable emulsion with droplet size varying typically from 30 - 

200 nm. It is formed by the application of high shear in a system containing monomer, 

water, surfactant, co-stabilizer. Unlike emulsion polymerization here the polymerization 

take place in monomer droplet where dispersion medium will only act as transporter for 

initiator, heat and side products i.e. every single monomer droplet will act as independent 

reactor and there is no exchange of materials between beads. This is possible only when 

surface area of monomer droplet is larger than that of micelle. Polymerization takes place 
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in highly parallel fashion in 10
18

-10
19

 nano compartments per litre that are separated by 

continuous phase. Generally, the surfactant concentration is kept below its critical 

micellar concentration (CMC) resulting in absence of micelles and incomplete coverage 

of the NPs. Here the size of NPs is controlled either by surfactant concentration or by 

homogenization leading to smaller particle size as compared to those obtained by 

emulsion polymerization. 

 

Figure 1.4: Principle of miniemulsion polymerization. Adopted with permission from Ref 61. 

Copyright 2006, Annual Reviews. 

Preparation of Miniemulsion: 

For the preparation of miniemulsion, the surfactant (functional monomers if any) 

is first dissolved in continuous phase i.e. water and the co-stabilizer (or fluorophores if 

any) is dissolved in monomer. Then monomer is slowly added to water phase under 

stirring. And the mixture is kept under stirring condition at room temperature for an hour. 

This is termed as Pre-emulsification step. This is then subjected to high shear treatment 

either by ultrasonication or homogenization to produce miniemulsion and polymerized 

afterwards to get polymer NPs 
61

 (Figure 1.4, 1.5). There was a big debate regarding the 

order of mixing of component of formulation but that was finally ended in 1994 by Miller 

et al.who clearly demonstrated that order of mixing of component had no effect unless the 

efficient shearing treatment is given to the formulation.
63
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Figure 1.5: Schematics of steps involved in preparation of miniemulsion. 

The other  method by which one can have even smaller particle size than 

miniemulsion polymerization is Microemulsion (Figure 1.3 (3)) where size of monomer 

droplets were reduced by using higher amount of surfactant (above its CMC) and low 

shear leading to particle size in range of 5-50 nm. However the use of excess surfactant 

and size in 50 nm range often limits the application of such method in biomedical 

research. 

Comparative table for various Emulsion based polymerizations. 

Table of comparison among different types of emulsion based polymerization 

techniques is given below. These polymerization techniques differs mainly in terms of 

surfactant concentration, particle size, shear treatment, mechanism of nucleation, 

polymerization site etc.
 54-55
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1.2.2 Techniques based on preformed polymers: 

Polymeric NPs can also be prepared even after the synthesis of polymers in other 

phase. In this approach, mainly three basic strategies are applied to prepare NPs based on 

preformed polymers,
2,35,51,52,64

 namely i) Emulsion solvent evaporation, ii) 

Nanoprecipitation and iii) Self-assembly. 

(i) Emulsion solvent evaporation: 

In this approach, the polymer is 

dissolved in a water-immiscible 

volatile solvent [typically 

dichloromethane (DCM) or ethyl 

acetate (EA)] followed by its 

dispersion into aqueous phase using 

high shear and a stabilizer (eg. 

polyvinyl alcohol (PVA)). The 

evaporation of solvent results in 

polymeric NPs in the size range of 

Figure 1.6: Dye loaded NPs via emulsion solvent 

evaporation method. Adopted with permission from Ref  

35. Copyright 2016, Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 
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200 nm. But it is often possible to decrease its particle size to less than 100 nm by varying 

the amount of stabilizer (Figure 1.6). Geng et al.
65

 has successfully applied this method 

to prepare dye loaded polymeric NPs, where an aggregation induced emission (AIE) 

based dye (2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl)-phenyl)amino)- phenyl)-

fumaronitrile (TPETPAFN)) was loaded into poly (DL-lactide- co -glycolide) (PLGA). 

DCM solution of the polymer was added into aqueous solution having PVA as emulsifier 

and then DCM was allowed to evaporate to form stable nanoparticle emulsion. 

(ii) Nanoprecipitation: In nanoprecipitation or solvent displacement method, the 

polymer is first made to dissolve in a water-miscible solvent such as dimethylsulfoxide 

(DMSO), tetrahydrofuran (THF), acetonitrile, dimethylformamide (DMF). The prompt 

diffusion of solvent into water upon addition of the above solvent resulted in the 

supersaturation of polymer followed by formation of NPs in the wide size range of <10 

nm to more than 100 nm (Figure 1.7). One 

advantage of this approach is amphiphilic polymer 

coprecipitation method which made use of functional 

amphiphilic polymer to co-precipitate with any 

conjugated polymer in single step to form surface 

functionalized NPs. For example, amphiphilic comb 

polymer, PS-PEG-COOH was used to surface 

functionalize fluorescent conjugated polymer NPs, 

poly[9,9-dioctylfluorenyl-2,7-diyl)-co-1,4-benzo-

{2,1′-3}-thiadiazole) (PFBT) having diameter 15 

nm.
66

  Additionally such NPs contain both PEG and 

COOH on the surface which assured both good 

colloidal stability and appreciable reactivity for 

conjugation to biomolecules such as streptavidin and antibodies eg. immunoglobin-G. 

(iii) Self-assembly: Certain block copolymers being amphiphilic in nature have ability to 

self-assemble into NPs in micelle form. It consists of two components: i) hydrophobic 

block that encapsulates fluorophores ii) hydrophilic block that imparts water solubility 

and biocompatibility (Figure 1.8). Most often the hydrophilic block consist of polymers 

like polyethylene glycol (PEG), poly(meth) acrylic acid (PMA) and hydrophobic block of 

polymers such as PS, PMMA, polycaprolactone (PCL) etc. For such method, polymer 

solution in organic solvent is mixed with water and when its concentration exceeds CMC, 

Figure 1.7: Dye loaded NPs via   

nanoprecipitation approach. Adopted 

with permission from Ref 35. 

Copyright 2016, Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 
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aggregation of polymer in aqueous phase leads to formation of NPs. For example, Yang 

et al.
67

 reported amphiphilic diblock copolymer of poly(perylene diimide acrylate)–

block–poly(poly(ethylene glycol) methacrylate) (PPDA–b–P(PEGMA)) prepared using 

reversible addition fragmentation transfer 

polymerization (RAFT) polymerization. They 

showed the self assembly of this polymer into 

polymeric NPs through hydrophobic interaction in 

average size of 60 nm in water for cellular imaging. 

The research group of Jayakannan et al.
68

 reported 

OPV based initiator for ring opening polymerization 

(ROP) of substituted caprolactone and its further self 

assembly into spherical NPs of 150 nm in water. 

They encapsulated drug within these NPs for bio-

imaging and drug delivery application 

simultaneously. Wurthner et al.
69

 reported self 

assembly of wedge shaped amphiphile of PDI into 4-

6 nm micellar NPs. Self assembly was marked by characteristic change in emission color 

from green (monomeric) to weak red (excimer). 

 In this approach, no additional surfactant is required; amphiphilic polymer being 

used will itself act as surfactant. However, it is a thermodynamically governed process 

unlike nanoprecipitation, thus micelle can undergo rapid exchange making the stability of 

such self assembled structures uncertain on dilution.
70,71

 

1.3 Dye Encapsulation Strategies for fluorescent polymeric NPs: 

Apart from the use of inherently fluorescent polymer for the preparation of 

fluorescent polymeric NPs, fluorescence can be included for the polymeric NPs via a 

second approach, loading of fluorescent dye into the polymeric NPs. There are two basic 

approaches by which dye molecules can be introduced into the polymer backbone (i) 

Non-covalent approach (ii) Covalent approach. The former often suffers from leaching of 

dye from polymer backbone which is highly unwanted for any biomedical application. 

The leached dye not only renders toxicity to the biological cells but it also leads to 

decreased fluorescence intensity from dye thereby decreasing its signal to noise ratio. 

This is indeed undesirable for any sensing or bio-sensing applications. 

Figure 1.8: Dye loaded NPs via self 

assembly. Adopted with permission 

from Ref 35. Copyright 2016, 

Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 
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1.3.1 Non-covalent approach: 

It is the simplest approach where appreciably non polar dye is required which can 

be firmly encapsulated inside the hydrophobic polymer core. This can be achieved either 

(i) staining of already synthesized NPs, (ii) physically encapsulating dye during NPs 

preparation, (Figure 1.9A) (iii) supramolecular interaction (figure 1.9B). In the first 

method, the conventional dyes are loaded in the commercially available NPs using 

swelling procedures. In this approach, the dye loading efficiency (DLE) depends on the 

hydrophobicity of dye. For example, Nile Red was encapsulated into 100 nm polystyrene 

(PS) NPs using swelling technique by the group of Resch-Genger
72

 where they achieved 

highest brightness for dye loading at 0.8 wt%. However, at this loading, the quantum 

yield (QY= 22%) was remarkably reduced as compared to lowest dye loading of 0.05 

wt% (76%). In the second approach the dyes are encapsulated physically during NPs 

preparation. For instance, indocyanine green (ICG) was encapsulated into 100-300 nm 

PLGA NPs during their preparation with maximum dye loading at 0.2 wt%
73

; however 

much smaller size of 30 nm with ICG could be achieved using the block copolymer of 

poly((styrene-alt-maleic anhydride)-block-styrene).
74

 The third approach deals with the 

preparation of fluorescent polymer NPs via supramolecular interaction such as hydrogen 

bonding where low molecular weight monomers are held together by non-covalent 

interactions to form a supramolecular polymer (SP).  

 

Figure 1.9: A) Physical encapsulation of dyes into polymer NPs. Adopted with permission from 

Ref 35.  B) Schematics of fluorescent supramolecular NPs preparation via hydrogen bonding 

interaction. Adopted with permission from Ref 75. Copyright 2016, Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

One such approach was demonstrated by Peng et al.
75

 who was the first to report the 

water dispersible nanobeads of hydrogen-bonded SP via miniemulsion. Bis-
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ureidopyrimidinone (Bis-UPy) based monomers containing chromophore were 

polymerized via quadruple hydrogen bonding to prepare supramolecular polymer which 

was further assembled into nanobeads using miniemulsion technique. 

1.3.2 Covalent approach: 

This approach includes use of polymerizable dye monomer to incorporate the dye 

covalently into polymer nanoparticle either through co-polymerization during 

polymerization. Generally, the monomers such as styrene, n-isopropylacrylamide 

(NIPAM), acrylamide and methyl methacrylate (MMA) are co-polymerized with the dyes 

having polymerizable acrylate group to prepare fluorescent beads. For example, the group 

of Katharina Landfester
76

 reported fluorescent surface labelled nanoparticle by covalently 

attaching the BODIPY based surfmer (surfactant + monomer) into polystyrene 

nanoparticle (Figure 1.10A). Dossi et al.
77

 reported rhodamine based polymerizable 

acrylate to co-polymerize with MMA using emulsion free radical polymerization to 

prepare fluorescent NPs for cell imaging. A photoswitchable dual color NPs were 

developed by adopting BODIPY and spiropyran based monomer together with MMA 

using miniemulsion polymerization for rewritable patterning and cell imaging application 

(Figure 1.10B).
78

 Likewise, Li et al.
79

 presented facile synthesis of highly fluorescent 

NPs by covalently incorporating twisted perylene diimide (PDI) into core-shell type 

polymeric NPs using modified emulsion polymerization (Figure 1.10C). Similarily, the 

chromophores could also be attached covalently using click chemistry to make 

fluorescent NPs. In one such case, Mackiewicz et al.
80

 reported synthesis of 

multifunctional polyester NPs having targeting ligands as well as fluorescent dye on the 

surface using combination of ROP and click chemistry. The covalent linkage ensured 

complete absence of any dye leakage thereby enhancing signal to noise ratio and thus 

higher resolution contrast from the fluorophore. It also restricts fluorophore mobility 

thereby dispersing it uniformly within the NPs and thus minimizes fluorescence 

quenching of dyes by self aggregation.
33,35,37,76,81,82
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Figure 1.10: Illustration of different fluorescent monomers and their covalent incorporation into 

polymer NPs. Panel A adopted with permission from Ref 76. Copyright 2012, American 

Chemical Society. Panel B adopted with permission from Ref 78. Copyright 2015, American 

Chemical Society. Panel C adopted with permission Ref 79. Copyright 2009, The Royal Society 

Of Chemistry. 

1.4 Surface Functionalization Strategies: 

The surface functionalization of particles play pivotal role in the variety of 

applications such as bio-imaging, drug delivery, chemical and bio-sensing etc. because of 

their large surface to volume ratio when compared to bulk material. The surface 

functionalization with ligands appreciably attributes to the combined properties of such 

NPs since surface atoms play an important role in determining such properties. The 

hydrophilic groups on the surface not only impart water solubility or colloidal stability to 

the NPs but also provides proper interaction site with the molecule of interest.  

 Polymers impart macromolecular property to the particle surface. For instance, 

coating NPs surface with polymer such as PEG provide stealth feature to NPs thereby 

preventing adsorption of serum protein; resulting in the increased circulation time and 

thus facilitating passive targeting via Enhanced Permeation and Retention (EPR) effect. 

For example, Landfester et al.
83

 reported series of highly fluorescent carboxyl and amine 
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functionalized polystyrene (PS) NPs for bio-imaging application. Functional monomers 

(acrylic acid for carboxyl and 2-aminoethyl methacrylate hydrochloride (AEMH) for 

amine functionality) were co-polymerized with styrene encapsulating N-(2,6-

diisopropylphenyl)-perylene-3,4-dicarboximide (PMI) dye using miniemulsion 

polymerization to synthesize PS NPs to be utilized as fluorescent probe in HeLa cells. 

And it was found that in case of carboxyl group, uptake increases with increasing amount 

of  carboxyl group on the surface upto 10 wt% of monomer and decreases afterwards, 

however uptake increases with increasing surface charge in case of amine functionality. 

Wu et al.  presented poly(styrene-co-maleic anhydride) (PSMA)  polymer to surface 

functionalize fluorescent semiconducting polymer PFBT. Maleic anhydride was then 

hydrolyzed to generate free carboxyl group on the surface to enable further surface 

conjugation for bio-orthogonal labelling (Figure 1.11A).
84

 

Malik et al. reported cationic polyfluorene (poly(3,3'-((2-phenyl-9H-fluorene-9,9-

diyl)bis(hexane-6,1-diyl))bis(1-methyl-1H-imidazol-3-ium)bromide) (PFMI)) based 

polymer nanoparticles. They utilized this imidazolium surface functionalized NPs for the 

ultrasensitive detection of picric acid (PA) on multiple platforms (Figure 1.11B).
85

 Thus, 

specific groups on the surface of NPs could augment the internalization ability, impart 

non-toxicity which are important criteria for biomedical application while provides 

specific analyte interaction site in case of sensing and bio-sensing applications. 



 

 

Chapter 1                                                                General Introduction and Literature.... 

2018-Ph.D. Thesis: Sarabjot Kaur, (CSIR-NCL), AcSIR                                      Page | 17  

 

 

Figure 1.11: Schematics of surface functionalization of NPs with polymers either for (A) facile 

bioconjugation. Adopted with permission from Ref 84. Copyright 2010, Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim or (B) analyte interaction. Adopted with permission from Ref 85.  

Copyright 2006, American Chemical Society.  

 

1.5 Applications of Fluorescent Polymeric Particles: 

1.5.1 Bio-imaging: 

Fluorescent polymeric NPs have been employed in various biomedical 

applications such as fluorescent probes for cell and in vivo imaging, drug targeting, 

sustained release, gene delivery etc. The fluorescent property of such NPs made them 

useful for additional purposes such as visualizing pathways, mechanisms, and parameters 

that rules the NPs’ entry into the cellular system. Studies eg. using PLGA NPs by Reisch 

et al.
86

 have shown that the uptake of such fluorescent NPs into the cells mostly takes 

place via endocytosis.  

Further studies were reported to get an insight about the effect of particle size on 

cellular uptake process, thereby establishing a relationship between the two. For instance, 

Vollrath et al.
87 

investigated cellular uptake of fluorescent PMMA NPs in the size range 

of >100 (small), 100-200 (medium), <300  nm (large) and found that 100-200 nm 

particles showed the fastest uptake while NPs either smaller or larger than these size 
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range showed sluggish uptake by the cells. The imaging study with the fluorescent NPs 

demonstrated that smaller and medium sized NPs were co-localized in lysosomes and 

endosomes and were uptaken by clartharin dependent endocytosis, while the larger ones 

were not detected in either lysosomes or endosomes and were found to enter the cells by 

macropinocytosis. 

Not only size of the NPs, but their surface charge also played a crucial role in 

cellular uptake, in terms of biodistribution, intracellular bioavailability and in vivo 

circulation of NPs. In one such attempt, Dausend et al.
88

 have investigated the role of 

surface charge on the cellular uptake thereby improving the imaging efficacy and 

mechanism of uptake. Amine and carboxyl functionalized fluorescent PS NPs were used 

to impart positive and negative charge on the surface and were incubated into HeLa cells. 

Interestingly, they found that positively charged NPs showed enhanced cellular 

internalization as compared to the negative ones (Figure 1.12). Although the positive 

charge was found to enhance the cell uptake, some reports have shown marked disruption 

of plasma membrane and lysosomal damage, thus imparting strong cytotoxicity.  

 

Figure 1.12: Cellular uptake of serum depleted HeLa cells after incubated with a) control, b) 

amine functionalized PS NPs, c) carboxy functionalized PS NPs for 1 h. The cell membrane 

stained with R414 (red) and NPs in green. Adopted with permission from Ref 88 . Copyright 

2008, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Holzapfel et al.
89

 presented dual reporter particles with both fluorescent dye and 

magnetite NPs (10-12 nm) encapsulated into poly(styrene-co-acrylic acid) using three 

step miniemulsion polymerization. Fluorescent dye and magnetite NPs were incorporated 

together for in vitro as well as magnetic resonance imaging. Their uptake was found to be 

dependent on surface -COOH group and increase in the uptake was observed by 

increasing -COOH groups (Figure 1.13).  
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Figure 1.13: Cellular uptake of dual-marker PS NPs into HeLa cells, a) fluorescent NPs in green 

with cell membrane stained with R414 (red). b) prussian blue staining of NPs due to magnetite by 

magnetic resonance tomography. Adopted with permission from Ref 89. Copyright 2006, IOP 

Publishing Ltd. 

Large numbers of reports have focused on multicolor imaging to meet the demand 

for multiplexed bio-imaging and detection. Multicolor emission in cell imaging is 

particularly important for preventing any chaos in imaging due to cell autofluorescence 

caused in presence of  water, oxygen etc., especially during in-vivo studies . At the same 

time, it also increases the resolution contrast of image by accessing multiple excitation 

wavelengths for imaging application. For instance, research from group of McNeil
90

, 

presented multicolor conjugated polymer dots (CP dots) for fluorescence imaging of live 

cells. The confocal laser scanning microscopy (CLSM) images assuredly demonstrate the 

uptake of these CP dots into perinuclear region. Exceptional photostability and high 

quantum yield makes them good candidate for cellular imaging applications (Figure 

1.14). Bao et al.
91

 prepared ultra small sized conjugated NPs which is highly preferable 

for multispectral sub cellular imaging. Full emission spectra from blue to red could be 

achieved by simply varying solvent or giving heat treatments. 

 

Figure 1.14: Differential interference contrast (DIC), top and fluorescence images, bottom of 

multicolor conjugated polymer dots into macrophage cells. Scale bar : 10 µm. Adopted with 

permission. Copyright 2008, American Chemical Society. 
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1.5.2 Multi-color tuning material: 

If a picture describes thousand words then colored one should describe a million. 

This is because visual perception is capable of conveying far more information than any 

other senses in human beings. Therefore, multicolor tuning in fluorescent material offers 

tremendous advantage in applications such as organic light emitting diodes (OLEDs), anti 

counterfeiting, information encryption and storage, inkjet printing etc. 

Color tuning plays a very crucial role in OLEDs for display devices such as 

television, computer monitors, mobile phones etc. Polymer based LEDs are particularly 

appealing due to their outstanding film forming ability and ability to cover large surfaces. 

One such example was presented by Baier and co-workers.
92 

They synthesized multicolor 

emitting poly(arylene diethynylene) NPs of 20-30 nm diameter by co-polymerizing with 

either PBI or fluorenone through miniemulsion polymerization. Efficient energy transfer 

from conjugated polymer backbone to the incorporated dye moieties resulted in 

multicolor emission, which could be seen clearly under UV lamp (Figure 1.15). 

 

Figure 1.15: Co-polymerization of arylene diethynylene with PBI using miniemulsion 

polymerization (left). NPs dipersions for different monomer loadings under UV lamp. (right). . 

Adopted with permission. Copyright 2009, American Chemical Society. 

Chen et al.
93

 have developed FRET based multicolor, photoswitchable fluorescent 

polymer NPs by copolymerizing full form (MMA) with three polymerizable dyes namely 

spiropyran-linked methacrylate (SPMA), allyl-(7-nitro-benzo-[1,2,5]oxadiazol-4-yl)-

amine (NBDAA), 4-ethoxy-9-allyl-1,8-naphthalimide (EANI). Recent years have seen 

another crucial importance of fluorescent NPs in OLED application, for energy efficient 

lighting system, replacing conventional lighting appliances. In this regard, white emitting 

OLEDs are particularly essential because of their high efficiency at the cost of low energy 

consumption. This has brought significant interest to multiple companies like Philiphs, 

Mitsuishi, NEC, General Electrics, Osram etc.
94,95

 and they are developing different 
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approaches to make white emitting OLEDs in bulk scale including roll to roll printed 

LEDs (a) and wave light OLED (b) (Figure 1.16), curved LED , foldable smartphones. In 

this context, recently Park et al.
96

 have reported white light emitting polyfluorene based 

conjugated polymer NPs for color conversion LED applications.  

 

 

 

 

 

 

Figure 1.16: a) roll to roll printed OLED by General Electric (GE), b) Wave light by Osram, 

Figure reprinted with permission from Ref 94. Copyright 2010, Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

 

Another important application of fluorescent NPs is seen in protection of 

confidential information due to security purposes. Numerous fluorescent polymeric 

materials have been developed for encrypting information, eg. in anti-counterfeiting. For 

instance, Chang et al.
97 

generated vast array of colors using aqueous polymer dots for 

creating full color fluorescence patterning which can print almost anything including 

logos, multi-color bar codes or any other custom patterns (Figure 1.17 Left). Pham et 

al.
98 

reported fabrication of a recording medium with a polymer obtained via emulsion 

polymerization of MMA with three different dyes (with complete absence of overlap 

among their emission and absorption spectra). The multi-color emissive nature of the 

prepared polymer NPs thus allowed any biometric feature such as signature, photograph 

or signature to be printed on the surface by irradiating sample at specific wavelength 

(Figure 1.20 middle). Other emerging technology in print media is to develop rewritable 

patterning in order to prevent wastage of paper and environmental pollution caused due to 

deforestation associated with paper manufacturing. In this context, Zhong et al.
99

 have 

reported AIE and spiropyran based photoswitchable polymeric NPs for rewritable 

fluorescence patterning. Thus dual color reversible emission could be consequently 

developed and erased using photomask by altering UV-Visible light source. As depicted 
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in Figure 1.17 right, a pattern "AIE" was recorded by covering the paper with pattern "A" 

and subsequently erased by removing the same under UV light. Similarily a pattern "NP" 

was recorded by covering the paper with pattern "B" and subsequently erased by 

removing the same under visible light. 

 

 

Figure 1.17: Full color photograph of (a) a logo, (b,c) 1D and 2D barcodes (d) any pattern (eg. 

upright butterfly) printed using P-dot inks under UV light. Scale bar: 3 cm. Adopted with 

permission from Ref 97. Copyright 2008, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 

(left panel). Image obtained by photobleaching, a) NBD, b) anthracene, c) Nile blue, d) full image 

by overlaying a, b, c images. Scale bar: 10 µm. Adopted with permission Ref 98. Copyright 2007, 

The Royal Society of Chemistry (middle panel). Rewritable photoswitchable fluorescence 

patterning obtained by irradiating the sample alternatively under UV and visible light (right 

panel); Scale bar: 1 cm. Adopted with permission Ref 99. Copyright 2017, The Royal Society of 

Chemistry (right panel). 

1.5.3 Chemical Sensing: 

Now a day, more and more emphasis is being highlighted to develop fluorescence 

based sensors for the sensing of various analytes including cations, anions, explosives, 

biomolecules, organic pollutants, pH, temperature etc. to attain better response time and 

ultra-selectivity. For example, Childress et al.
100

 presented rhodamine doped polymer 

NPs for ratiometric detection of Hg
+2

 ions in water. The conjugated NPs served as FRET 

donor to rhodamine-B spirolactum derivative only when it encountered Hg
+2 

ions; 

switching the emission from green to orange red. Similarly, Chan et al.
101

 developed ultra 

bright polymer NPs by incorporated pH sensitive fluorescein isothiocyanate (FITC) into 

poly(2,5-di(3',7'-dimethyloctyl)phenylene-1,4-ethynylene) (PPE) dots to be used as pH 

sensor. On increasing the pH in range of 5 to 8, emission of pH sensitive FITC increased 

while the emission from pH inert PPE dots remained unchanged, thereby providing a 

ratiometric pH sensor (Figure 1.18 A). Moreover, Zhao et al.
102

 developed dual emissive 

polymer dots for the prompt detection of fluoride (F
-
) ions in water. The polymer dots 
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comprised of dual emissive conjugated polyelectrolyte with iridium (III) complex having 

red emission. As F
-
 ion from solution interacted with the polymer dots, red emission from 

iridium complex got quenched, leaving the blue emission from the conjugated 

polyelectrolyte (Figure 1.18 B). 

Many sensing platforms have been developed in recent years based on surface 

functionalization strategy to augment analyte-sensor interaction as well as specificity 

among the sensors. One such example is presented by Chan et al.
103

 who utilized PSMA 

for PS-COOH functionalized PFBT dots for efficient dual sensing of Cu
+2

 and Fe
+2

 in 

water (Figure 1.18 C). Mechanism of sensing is based on aggregation induced emission 

(AIE) quenching of PFBT dots selectively for Cu
+2

 and Fe
+2

. The emission of two ions 

would differ on the addition of ethylenediaminetetraacetic acid (EDTA); recovery of 

emission in case of Cu
+2

 was observed upon addition of EDTA, while not for Fe
+2

. 

Detection of nitroaromatics as another class of explosives and hazardous analytes has 

been thoroughly investigated over time by different research groups around the globe. In 

one such example, Gole et al.
 104,105

 have described the role of hydrogen bonding on the 

sensitivity of solid state sensors. The one having hydrogen bonded interaction would be 

able to efficiently sense the analyte among the library of analytes. Likewise, Zhang et 

al.
106,107

 have demonstrated the formation of charge transfer complex between amine 

functionalized NPs and electron deficient aromatic compounds such as trinitophenol  
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Figure 1.18: Schematics depicting a) preparation of PS-NH2 functionalized Pdots for intracellular 

pH measurement. Adopted with permission from Ref 101. Copyright 2011, American Chemical 

Society. b) fluoride detection in water using dual-emissive Pdots. c) dual sensing of Cu
+2

 and 

Fe
+2

 ions in water using PS-COOH functionalized PFBT Pdots. Inset is effect of different 

metal ions on the emission intensity of Pdots. Adopted with permission from Ref 103. 

Copyright 2011, The Royal Society Of Chemistry. d) Paper based sensor prepared using colloidal 

solution of nanocomposite and its application for PA sensing. Adopted with permission from Ref 

108. Copyright 2012, American Chemical Society. 

(TNP), trinitrotoulene (TNT) in water to strongly quench the emission of donor. Apart 

from solution based studies, Ma et al.
108 

reported a paper based sensor where 

hydroxyquinoline aluminium (AlQ3) coated with hydrophilic polymer. The resulting 

paper sensor was used to detect TNP from solution with a limiting concentration as low 

as 32.3 ng/mL of TNP. They have also demonstrated that TNP could be used as ink to 

write on coated paper resulting in instant quenching of blue emission (Figure 1.18 D). 

1.5.4 Biosensing: 

Apart from chemical sensing, scientists also have employed these polymeric NPs 

to detect the presence of various biological species such as enzyme, protein, nucleic acid, 

biomolecules etc. For instance, Jang et al.
109

 utilized fluorescent NPs of borate modified 

poly acrylonitrile (BPAN) to detect intracellular H2O2 from the living cells via photo-

induced energy transfer (PET). The detection is observed from the peak shift after the 

reaction of BPAN with H2O2 and is highly specific over other reactive oxygen species 

(ROS) present in the cells (Figure 1.19 A). Similarly, Rao et al.
110

 reported dual emission 
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based polymer NPs for selective sensing of reactive oxygen and nitro species (RONS) in 

living mice. Increased RONS is indicative of some pathological process including 

bacterial infection to diseases such as cardiovascular diseases and even cancer. They 

prepared Pdots consisting of RONS insensitive polymer covered by RONS sensitive 

cyanine dyes. In absence of RONS there would be efficient energy transfer from polymer 

to dye; however, presence of RONS would decompose dye and enhanced the emission 

from Pdots (Figure 1.19 B). 

Research from the group of Seeberger
111

 highlighted the detection of bacteria 

using water soluble carbohydrate functionalized fluorescent poly(p-phenylene 

ethynylene) (PPE) based polymer. The carbohydrate surfactants on the surface of the 

particles are able to interact with carbohydrate binding site from the surface of bacteria 

specifically E-coli, resulting in bright fluorescent aggregates, making their detection 

possible at lower limit. Likewise many carbohydrates were tested to detect different 

strains of bacteria (Figure 1.19 C). Furthermore, Zhou et al.
112

 reported nanospheres with 

(4-carboxybutyl) triphenylphosphonium bromide (TPP) and Pluronic F127 for 

intracellular imaging of calcium ions simultaneously in lysosomes and mitochondria. 

Also, there exist a numbers of reports in the literature for the detection of nucleic acid. 

One such report was presented by Wang et al.
113

 who developed self assembly based 

turn-on detection of nucleic acid where interaction of nucleic acid as anlayte enhances the 

emission property of the polymeric NPs. Initially, the cationic polymer existed in 

aggregated state, causing a complete quenching of the emission from negatively charged 

PBI. However, on the addition of single stranded DNA (poly anion), PBI became free and 

its emission was restored to show the ‘Turn-On’ detection. 
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Figure 1.19: Schematic representation of A) selective sensing of intracellular H2O2 using 

fluorescent BPAN NPs among other ROS. Adopted with permission from Ref 109, Copyright 

2012, American Chemical Society. B) FRET based in vivo imaging of RONS using polymer NPs. 

Adopted with permission Ref 110. Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. C) Detection of bacteria using water soluble carbohydrate functionalized fluorescent 

polymer (green emission of E-coli cluster after binding with polymer). Adopted with permission 

Ref 111. Copyright 2004, American Chemical Society 

1.6 Comparison among various well known NPs: 

There are several well-studied and commercially available fluorescent NPs such 

as quantum dots, upconverting NPs, self-assembled conjugated NPs and polymeric NPs 

etc.   

Quantum dots have got unmatched success in imaging and sensing application 

because of high quantum yield, good photostability, long lifetime etc. But despite of such 

listed advantages, they often suffered from leakage of heavy toxic metals like cadmium, 

selenium into the biological system.
38,40

 They also impart interminable toxicity issues 

including cytotoxicity, induced apoptosis, peroxidative stress etc.
35,38,40,114

Also, their 

emission properties vary largely with temperature
37

 and pH.
38

 In fact their use in 

biomedical application is still a question of debate. 

The next important candidate is upconverting NPs which are nanocrystals of sodium 

ytterbium fluoride and sodium gadolinium fluoride doped with Er(III), Yb(III) and 

Tm(III). They possess advantage like multicolor emission, size tunability etc. but have 
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relatively low quantum yield in water that hardly go beyond 0.5% 
40,115,116

 Also, their 

fluorescence properties changes with temperature and quenched non-selectively by 

several heavy metal ions.
40

 Almost all the reported synthesis results in water-insoluble 

NPs which need to be surface modified to impart water dispersibility prior to any 

biological and sensing application.
40,130

 But, these surface modifications cause change in 

their emission properties, and often left them unsuitable for imaging studies.
40,116

 And 

similar to quantum dots their potential toxicity is still a matter of concern.
38,40,115 

In 

present situation, no proper instrumentation facilities have been standardized or 

established to measure the optical signals from these materials in a concurrent and 

globally acceptable manner.
115

 

Conjugated polymer NPs are often considered ideal candidate for bio-imaging and 

sensing being intrinsically fluorescent. But as water dispersibility is major requirement 

for the application, they occassionally need to be structurally modified with the insertion 

of functional groups, which is tiresome and tedious job to perform.
35,116,117

 Also, they 

undergo rapid exchange and the stability of such self assembled conjugated polymer NPs 

remain unclear on dilution.
35,70,71

 Biocompatibilty
35,40 

, size tunability
117

 further aids 

complications in this field.  

Along this note, fluorescent Polystyrene (PS) based nanoparticles have ability to 

overcome the above mentioned limitations associated with the conventional NPs. As 

compared to other NPs, PS nanobeads can be easily synthesized in monodisperse form 

with narrow particle size distribution.
118

 Also, their particle size can be easily tuned.
119

 

Additionally, fluorophore can be incorporated into PS beads following which they can be 

traced  in the biological systems over prolong time period.
89,118

 Moreover, surface 

modification of these beads with variety of functional groups can be achieved with ease 

which play a crucial role in various biological and sensing applications.
89

 Also, PS is cost 

effective, easily scalable, bio-compatible, commercial polymer that are produced and 

consumed in large quantities.
 118-120
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1.7 Aim of thesis: 

The above discussion showcased a thorough literature survey on fluorescent 

polymeric NPs, their preparations using different approaches and their applications in 

various disciplines. The prime objective of the work is to synthesize fluorescent polymer 

nanobeads for bio-imaging and sensing applications. Detailed literature survey indicated 

that combination of multicolor emitting, covalently stitched, surface functionalized 

fluorescent PS nanobeads with high quantum yield (both solid as well as solution state) 

was lacking in the literature. 

Although there are plenty of reports on the physical encapsulation of fluorophores 

into the polymer matrix, it is very well known that physical encapsulation often leads to 

dye leakage. Leaching of dyes from the polymer backbone is detrimental to both 

biomedical and sensing applications. Dye leakage might lead to cell toxicity if used as 

cell marker or might hamper reproducibility and performance of sensor in sensing 

applications. Thus covalent attachment of the fluorophores into the polymer matrix is 

desired. Keeping the advantage of PS nanobeads in mind, we planned to develop 

polymerizable fluorophores for their covalent incorporation into beads to prepare 

fluorescent PS nanobeads. Oligo(p-phenylenevinylene) (OPV) and perylene bisimide 

(PBI) were chosen as the fluorophores because of their higher molar extinction 

coefficients, high fluorescence quantum yield and outstanding thermal, chemical and  

photostability. Additionally, polystyrene also reduced aggregation induced self-quenching 

of emission of dyes. 

The key features of currently synthesized fluorescent PS nanobeads are 

highlighted below: 

a) Simple, easy and scalable approach for developing fluorescent NPs of narrow size 

distribution suitable for cell imaging as well as sensing application, b) Covalent 

attachment of dyes to the polymer backbone not only prevents dye leakage but also 

enhances signal to noise ratio, c) Multiple fluorophores can inserted into the single bead 

without significantly affecting its size to obtain multicolor emission from the beads , d) 

Ease of color tuning ranging from blue to green to red to white, e) Exceptionally high 

quantum yield and good photostability of NPs dispersion in water as well as in solid 

states, f) Possess exceptional stability in physiological environment (in case of bio-

imaging), g) Non-dependence of emission properties of PS NPs over wide range of 
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temperature and pH unlike quantum dots and upconverting NPs, h) Ease of surface 

modification. 

The thesis mainly emphasized the following mentioned aspects:  

1. Development of covalently stitched fluorescent PS NPs in the size range of 100-150 

nm via miniemulsion polymerization. 

2. Application of these water dispersible multicolor emitting PS nanobeads as 

Single Optical Agent for Three-Channel Fluorescent Probe in bio-imaging of cancer cells. 

3. Development of amine and carboxy surface functionalized PS based solid state sensor 

for dual-distinct sensing of volatile organic compounds. 

4. Designing and synthesis of new polystyrene bearing glucuronic acid to act as surfactant 

in miniemulsion polymerization for preparing glucuronic acid functionalized fluorescent 

PS NPs for the selective sensing of bilirubin in human blood serum among other active 

interferences such as salts, sugars, haemoglobin, cholestrol etc. 

The aim of thesis is schematically represented in Figure 1.20 where thorough literature 

survey clearly demonstrated need for currently synthesized PS nanobeads over other 

conventional nanoparticles. 

And lastly the overall outcome of the research work carried out in the present 

Ph.D. thesis has been summarized in chapter-6 along with its future perspectives. 
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Figure 1.20: Schematics illustrating the superiority of fluorescent PS NPs over the other well 

known NPs including upconverting NPs, quantum dots, conjugated polymer NPs etc. 
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CHAPTER-2 

 

Covalent Stitching of π-Conjugated Chromophores into PS nanobeads for 

Multicolor Emission in Water 

 

Abstract: This chapter presents the synthesis of fluorescent polystyrene nanoparticles for 

multicolor emission in water. Fluorescent 

Polystyrene (PS) nanobeads in the size range 

~70 – 120 nm covalently incorporating perylene 

bisimide (PBI-PS) and/or oligo (p-

phenylenevinylene) (OPV-PS) were developed by 

miniemulsion polymerization technique. A dye 

loading content (DLC) of < 3 % was sufficient to 

impart high fluorescence emission capability to 

the PS beads. OPV- PS exhibited emission in the 

range 400 – 550 nm with peak emission at 446 

nm (ex = 350 nm; FL = 26 %); PBI-PS showed emission from 520 – 650 nm with peak 

emission at 545 nm (ex = 490 nm; FL = 9.7 %) in 1X PBS buffer, while OPV(PBI)-PS 

nanobeads incorporating both the fluorophores exhibited multicolor emission capabilities 

(ex  from 350 nm to 490 nm). The nanoparticles were characterized by Field emission 

scanning electron microscopy (FESEM), transmission electron microscopy (TEM) and 

dynamic light scattering (DLS) for size and zeta potential for surface charge.   
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2.1 Introduction: 

-conjugated molecules and polymers are increasingly being explored for their 

application in fields other than light emitting
1-5

or photovoltaic devices
6-8 

like in cellular 

imaging,
9-13 

diagnosis, and 

biosensing
14-16 

(Figure 2.1). 

Their emission color tunability 

by structural modifications offers 

a library of molecules to choose 

from for imaging applications in 

different wavelength ranges.
17-23

 

As a pathway to bring in 

fluorescent moiety into the 

nanoparticles, different 

approaches are used by the 

researchers, as comprised in the 

previous discussion. Such 

fluorescent polymeric nanoparticles could be prepared either by post-polymerization 

techniques with conjugated monomers or encapsulating conjugated dyes into 

biocompatible polymer matrices.
13,24,25

 While these approaches enable the application of 

-conjugated molecules and oligomers for cell imaging, there remains some limitations. 

Like, limited solubility of the -conjugated molecules makes it difficult for them to get 

applied into the cellular environment. The difficulty to control the nanoparticle size from 

the post-polymerization approach and the challenge of avoiding aggregation induced 

quenching of fluorescence of the -conjugated fluorophore remains as barrier for such 

conjugated polymeric nanoparticles. 

  In addition, methods involving dye encapsulation into polymeric nanoparticles 

having weak or non-emissive backbone poses the challenge of dye leakage as well.
17,26,27

  

Dye leakage into the cell environment not only renders toxicity but also increases 

background noise thereby weakening the signal to noise ratio. Covalent incorporation of 

the fluorophores into a carrier polymer backbone could avoid these issues. This approach 

of covalent linking not only prevents dye leakage but may also enhance the signal to 

noise ratio for a better imaging output. However, this remains a challenging task because 

it becomes difficult to get polymeric beads with controlled or narrow particle size 

Figure 2.1: Fluorescent properties and applications of few 

reported polymeric NPs. 
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distribution, when the fluorescent conjugated molecules are aimed to be covalently 

attached to the polymeric backbone. The poor solubility of the rigid aromatic conjugated 

molecules in the medium of polymerization (generally used like ethanol or water for 

dispersion or emulsion polymerization) leads to the uncontrollable growth of the beads, 

resulting in formation of randomly sized beads.  

It is synthetically feasible to prepare polymer beads with narrow particle size 

distribution using polymerization techniques like the emulsion or dispersion 

polymerization as illustrated through the discussion in Chapter 1. For instance, the group 

of Katharina Landfester has reported the application of fluorescently labelled polystyrene 

(PS) particles prepared by miniemulsion polymerization technique as markers for cells.
10

 

The fluorescent PS particles were prepared by physical entrapment of dyes (Figure 2.2a). 

In this note, dispersion polymerization have been used by Swapnil et al. for preparation of 

fluorescent PS beads with covalently incorporated conjugated molecules via dispersion 

polymerization (Figure 2.2b).
28

 The rigid -conjugated fluorophores [based on perylene 

bisimide (PBI) and oligo (p-phenylenevinylene) (OPV)] were incorporated in the form of 

cross-linkers and they could achieve solid state emitting PS beads in the size range <10 

m. Embedding the fluorophores in the styrene backbone was proven effective in 

reducing the aggregation induced quenching of fluorescence. 

 

Figure 2.2: a) Polystyrene nanoparticles from miniemulsion polymerization and their uptake 

observed from confocal fluorescence imaging (Figure is adopted from Ref 10, with permission 

from Wiley VCH), b) incorporation of different fluorescent dyes in polystyrene nanoparticles for 

high and tunable emission (Figure is adopted from Ref 28, with permission from ACS 

Publications). 

For tracking the intracellular fate of nanoparticles as well as for cell imaging 

applications it is required to have some specific characteristics, like (a) The size of PS 

b)a)
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beads should fall in the range of 50-150 nm
29

, (b) resulting beads must be water 

dispersible for studying biological applications, (c) quantum yield and brightness in water 

should have higher value, (d) there should be no dye leakage into the cell environment 

and (e) their optical properties should not be affected by external trigger, and (f) most 

importantly the system should be bio-compatible.
30

 

Thus in order to achieve the above mentioned requirements, herein we utilized 

miniemulsion polymerization technique to incorporate OPV and PBI based dyes into 

polystyrene nanoparticles through covalent attachment. The miniemulsion polymerization 

is beneficial not only to obtain uniform and monodisperse polystyrene nanobeads in the 

size range of ~100 nm but also impart water dispersibility to the nanobeads making it 

suitable for cell imaging application. The miniemulsion polymerization was carried out in 

presence of water, where an oil-in-water emulsion is formed between the oil (styrene 

monomer) and water.  

 

 

Scheme 2.1: Schematic representation of the synthesis of fluorescent Polystyrene (PS) nanobeads 

by miniemulsion polymerization, incorporating both OPV and PBI fluorophores for multicolor 

emission from aqueous medium. 

Although the fluorophores are rigid aromatic molecules which are insoluble in 

water, they have reasonable solubility in the styrene monomer, thereby resolving the 

previously mentioned solubility issue. OPV and PBI based fluorophores were chosen 

because of their high emission quantum yield and exceptional photostability. Three 

different classes of fluorescent PS nanobeads were developed to achieve single and multi-

colour emissive PS nanoparticles; (i) PS with OPV based fluorophore i.e. OPV-PS-n, (ii) 

PS with PBI based fluorophore i.e. PBI-PS-n and (iii) PS with both the fluorophores 

(OPV and PBI) together i.e. OPV(PBI)-PS. Fluorophores were in form of cross-linkers to 
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enable their covalent incorporation into PS backbone to prevent any dye leakage into cell 

microenvironment which is an important yet difficult prerequisite for cell imaging 

applications. Thus a simple, easy and scalable approach for developing multicolor 

emitting PS nanoparticles of narrow size distribution suitable for cell imaging application 

has been presented. 

2.2 Results and Discussions: 

2.2.1 Synthesis and structural characterization:  

The synthesis of the Perylene bisimide (PBI) and oligo (p-phenylenevinylene) (OPV) 

cross-linkers was reported previously by us.
28,32

 Scheme 2.2 and Scheme 2.3 show the 

structure of the cross-linkers and their incorporation into polystyrene (PS) via 

miniemulsion polymerization route respectively.  

                               

Scheme 2.2: Structure of Perylene bisimide (PBI) and Oligo(p-phenylenevinylene) (OPV) based 

cross-Linkers. 

Polymerizable fluorophores were synthesized with the aim to covalently stitched the 

fluorophores into the PS backbone during the polymerization to prevent any dye leakage. 

The details of the structural characterization of the cross-linkers are given in the Section 

2.3. 

The miniemulsion polymerization recipe consists of the monomer (styrene with 

the fluorescent cross-linker dissolved in it), deionized water, surfactant (sodium dodecyl 

sulfate SDS), water soluble initiator (potassium persulfate (KPS)), and co-stabilizer 

(hexadecane HD) which are subjected to high shear (by ultrasonication) to obtain small 

stable droplets. Besides the smaller particle size obtained in miniemulsion 

polymerization, the other advantages over dispersion polymerization are the higher 

polymerization rate, higher molecular weights of the resulting polymer as well as the 

higher incorporation of cross-linkers (both OPV and PBI) into the polystyrene backbone. 
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Scheme 2.3: Schematics of miniemulsion polymerization of styrene incorporating (A) PBI (B) 

OPV (C) Both OPV and PBI based cross-linkers. 

Additionally one could also get emission directly through water based latex as this 

technique does not make use of organic solvent like ethanol which is typically used in 

dispersion polymerization. This fluorescent PS nanoparticle produced by miniemulsion 

polymerization are typically negatively charged due to the anionic initiator and unwashed 

surfactant as confirmed by Zeta potential measured at pH=7 given in Table 2.1. Although 

positively charged PS NPs are internalized much faster, there are reports that indicated 

rapid endocytosis of large (~100 nm) negatively charged PS nanoparticles also without 

much accumulation on the cell membrane.
34

 A series of polymers incorporating varying 

amounts of either PBI or OPV were developed. The OPV in the feed was varied from 

0.64 mg/g of styrene to 30 mg/g of styrene and these polymers were labeled as OPV-PS-

n. On the other hand, higher amounts of PBI > 10 mg/g of styrene could not be taken in 

the feed as it remained undissolved in the styrene monomer. Thus, in the PBI-PS-n series, 

the PBI amount was varied from 0.4–10 mg/g of styrene. 

The actual incorporation of the dyes in the PS backbone was determined from 

their absorption spectra based on their respective coefficient of absorption. The molar 

extinction coefficient of PBI was 80600 LM
-1

cm
-1

, and that for OPV was 36315 LM
-1

cm
-

1
.  
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Table 2.1: Sample designation, Number and Weight Average Molar Mass, Polydispersity indices 

(Ð), Solid Content (%), Zeta potential (ζ). 

Samples Mn 
a
 Mw 

a
 PDI 

a
 Solid 

content 

(%) 

ζ-

Potential 

(mV)
 b

 

TGA 

(Td= 5%) 

OPV-PS-1 121000 360000 2.9 12.8 -30.5 365 

OPV-PS-2 94900 313000 3.3 10.5 -32.1 - 

OPV-PS-3 100200 224000 2.2 13.2 -27.1 - 

OPV-PS-4 82300 167000 2.0 14.2 -29.0 - 

OPV-PS-5 53400 207900 3.8 20.0 -31.8 - 

OPV-PS-6 88000 303200 3.4 20.4 -29.7 - 

OPV-PS-7 - - - 19.8 -33.6 365 

   

PBI-PS-1 74500 207300 2.7 19.3 -30.0 365 

PBI-PS-2 97100 280900 2.9 18.6 -27.4 - 

PBI-PS-3 152100 651900 4.2 15.3 -35.7 - 

PBI-PS-4 117600 358300 3.0 18.0 -34.4 - 

PBI-PS-5 126900 360300 2.8 12.7 -30.7 365 

   

OPV(PBI)-PS 59100 242600 4.1 20.5 -31.1 365 

 
a)  Measured by Gel Permeation Chromatography (GPC) in tetrahydrofuran (THF) 

calibrated with linear, narrow molecular weight distribution polystyrene standards. 

b) Measured at pH 7 using 0.001 M KCl as background electrolyte. 

 

Figure 2.3 shows the combined plot of 

feed versus incorporation of both the 

OPV and PBI dyes in the PS backbone. 

From the plot, it could be clearly 

observed that both of them followed a 

linear trend i.e. increasing incorporation 

with increasing amount of dyes taken in 

the feed. A polymerization was set up 

including both OPV and PBI together in 

the miniemulsion polymerization recipe. Although the fluorophores were cross-linkers 

their incorporation was much less compared to the styrene (10
-5

 moles of the fluorophore 

Figure 2.3: Plot of feed versus incorporation of 

OPV and PBI in the PS backbone. 
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with respect to styrene). Therefore, almost all the polymers except the ones with the 

highest fluorophore incorporation remained soluble and could be characterized using size 

exclusion chromatography (SEC) in THF as eluent. The molecular weights (Mn) were 

very high ranging from 53,000 to 1,52,000 with polydispersity indices varying from 2.0 

to 4.2. The molecular weight of the polymers is provided in Table 2.1. GPC 

chromatogram in THF are given in Figure 2.4A,B and the thermal characteristics of 

selected representative polymers are given in Table 2.1 and their plot in Figure 2.4C.

 

Figure 2.4: GPC Chromatogram of (a) PBI-PS-n /OPV(PBI)-PS (left) (b) OPV-PS-n polymers 

(right) in THF with flow rate of 1 ml/min. (c) TGA (Thermogravimetric analysis) of respective 

polymer samples. 

 

2.2.2 Encapsulation of dyes into nanoparticles: 

  The signal corresponding to the protons of the fluorophores OPV and PBI could 

not be detected in the proton NMR spectra of the PS samples even for the highest loading 

of OPV and PBI as seen in Figure 2.5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: 1H-NMR spectra of (a) OPV-PS-7, (b) PBI-PS-5 polymer recorded in CDCl3. 
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However, their signature could 

be clearly observed in the absorption 

spectra recorded in chloroform, from 

which the dye loading content (DLC) 

and dye loading efficiency (DLE) 

could be estimated. The fluorophore 

incorporation into the PS backbone 

was expressed as the DLC, which was 

determined using the absorption 

spectroscopy. Figure 2.6a compares a 

stack plot of the absorption from 

OPV-PS-n; the inset compares the 

absorption from pristine PS and OPV 

cross-linker with that of OPV-PS-7 

(all recorded in chloroform). The 

absorption of OPV exhibited a blue 

shift upon incorporation into PS 

backbone from an absorption 

wavelength maximum of 390 nm in 

the pristine OPV cross-linker to ~ 365 

nm in the polymer. This blue shift is 

attributed to the   stacking of the 

aromatic PS units around the OPV 

chromophores.
28

  

Figure 2.6b shows the 

absorption spectra of PBI-PS-n 

recorded in chloroform as the solvent. PBI has a typical absorption with peaks at 475, 490 

and 520 nm corresponding to the 0-2, 0-1 and 0-0 transitions respectively. The absorption 

of the PBI chromophore remained unaffected after its incorporation into the PS backbone, 

while Figure 2.6c shows the absorption spectra of OPV(PBI)-PS which showed signature 

peaks for both OPV and PBI.  

The absorption maxima of PBI at 527 nm and that of OPV at 365 nm in the PS 

sample were used to calculate the DLC and DLE of PBI and OPV respectively. 

Figure 2.6: Absorption spectra of OPV-PS-n (max 

=365 nm) (a) PBI-PS-n (max =527 nm) (b) and 

OPV(PBI)-PS (c) recorded in chloroform for 

calculating dye loading content (DLC) (1 mg/ml 

concentration). 
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Calculation details are provided in Section 2.3. The DLC (%) varied from 0.37 to 2.76 for 

OPV-PS-n, while it ranged from 0.01 to 0.68 for PBI-PS-n and for OPV(PBI)-PS it was 

0.74 for OPV and 0.36 for PBI. The DLE for all polymers were also calculated;  it varied 

from 58-96% for OPV-PS-n, 15-68% for PBI-PS-n and in the case of  OPV(PBI)-PS 

where both fluorophores were incorporated, it was 74% for OPV and 72% for PBI. The 

DLC and DLE values are given in Table 2.2. 

Table 2.2: Details of characterization of polymer nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Dye Loading content (DLC) and Dye Loading Efficiency (DLE) are calculated by 

absorption studies in CHCl3. 

b) Measured by Dynamic Light Scattering in deionized water. 

2.2.3 DLS and Microscopic Analysis of nanoparticles: 

The particle size and the particle size distribution of these fluorescent PS samples were 

determined using dynamic light scattering (DLS) analysis of the polymer particles 

suspended in deionized water (Table 2.1). The particle size varied from 72 nm for the 

sample with highest OPV incorporation to 118 nm for the sample with lower OPV 

incorporation. In the PBI series size ranged from 74 nm to 100 nm. The particle size for 

OPV(PBI)-PS was found to be 96 nm. The PDI values below 0.1 obtained by DLS 
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indicated monodisperse particles. The combined plot for the intensity average size 

distribution for all polymers is given in Figure 2.7. 

 

Figure 2.7: Intensity -Average Size distribution of OPV-PS-n (a), PBI/OPV(PBI)-PS (b) 

polymers in deionized water using Dynamic Light Scattering. 

TEM images were also recorded for the samples and Figure 2.8 showed the 

images for a few representative samples. Figure 2.9 compared the FESEM images of 

some of the representative fluorescent PS samples. The average particle size observed 

from the FESEM images was in the range of 75 - 97 nm. The sizes of these fluorescent 

PS nanobeads from TEM images (72 to 80 nm) were in the similar range as that observed 

from the FESEM and their values are tabulated in Table 2.3. Particle size obtained from 

FESEM and TEM was found to be smaller as compared to DLS. This may be due to 

change in the measurement of particle size between a dried state in FESEM, TEM and 

hydrated state in DLS. All the three techniques (DLS, TEM, FESEM) confirmed the 

spherical morphology of polymer nanoparticles in the < 100 nm size range. 

 

Figure 2.8: TEM image of (A) PBI-PS-4 (B) OPV-PS-6 (C) OPV(PBI)-PS polymers.  
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Figure 2.9: FESEM image of  (A) OPV-PS-6 (B) OPV-PS-3 (C) OPV-PS-2 and (D, E) PBI-PS-5 

(different magnification) (F) OPV(PBI)-PS polymers drop cast on silicon wafer.  

 

Table 2.3: Comparison of average size of particles obtained from TEM and FESEM. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.4 Photophysical Properties: 

 

Figure 2.10 exhibited the emission as well as excitation spectra of OPV-PS-n 

polymers (0.1mg/ 3ml) in 1X PBS buffer. The excitation spectra clearly showed the 

vibronic fine structure with peaks at 345 nm and 365 nm. Increased emission was 

observed from the OPV-PS-n polymers with increasing incorporation of OPV (see inset). 

The solution state quantum yield of the OPV-PS-n polymers in 1X PBS buffer was 

Samples Average size 

from TEM 

(nm) 

Average size 

from 

FESEM 

(nm) 

OPV-PS-6 75.63 76.54 

OPV-PS-2 - 97.69 

OPV_PS-3 - 92.95 

PBI-PS-4 72.43 - 

PBI-PS-5 - 75.66 

OPV(PBI)-PS 79.55 80.54 



 

 

Chapter 2                                                                    Covalent Stitching of -Conjugated... 

2018-Ph.D. Thesis: Sarabjot Kaur, (CSIR-NCL), AcSIR                                         Page | 49  

 

measured using quinine sulfate in 

0.1M H2SO4 as standard and the 

values are given in Table 2.3. The 

solution state quantum yield also 

reflected increasing values with 

increased incorporation of fluo 

rophore; OPV-PS-7 with the 

highest OPV incorporation (DLC: 

2.76 %) exhibited the highest 

quantum yield of s = 26 % 

among the OPV-PS-n polymers. 

Figure 2.11 compared the 

emission spectra of the PBI-PS-n polymers upon excitation at 490 nm. The solution state 

quantum yield of the PBI-PS-n polymers in 1X PBS buffer was measured using N,N' 

bis(hexylheptyl)perylene-3,4:9,10-bis(dicarboximide) in chloroform as standard and the 

values are given in Table 2.2. In the case of PBI-PS-n polymers, higher incorporation of 

PBI beyond ~2 mg/g PS resulted in a decrease in emission intensity. Thus, PBI-PS-4 and 

PBI-PS-5 (DLC: 0.32 and 0.68 % respectively) had lower emission in the 1X PBS buffer 

solution compared to PBI-PS-3 (DLC: 0.21 %) (Inset). The solution state quantum yield 

of PBI-PS-3 was the highest (9.7 %) among the PBI-PS-n samples. Figure 2.12A showed 

the emission and excitation 

spectra for OPV/PBI-PS, where 

the excitation spectrum (collected 

at 576 nm) clearly showed the 

features corresponding to both 

OPV and PBI chromophores. 

Upon excitation at 350 nm, 

emission corresponding to OPV 

in the range 375 – 600 nm was 

observed, while excitation at 490 

nm resulted in perylene emission 

with a peak at 550 nm. In fact, weak, but clear emission corresponding to perylene could 

be observed at 550 nm upon exciting at the OPV wavelength of 350 nm also, which is an 

Figure 2.11: Solution state emission and excitation 

spectra for PBI-PS-n polymers in 1X PBS buffer. 

Figure 2.10: Solution state emission and excitation 

spectra for OPV-PS-n polymers in 1X PBS buffer 
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evidence for fluorescence resonance energy transfer (FRET) from the OPV to the PBI 

donor. This FRET-induced PBI emission appeared stronger than the emission from PBI 

upon direct excitation at 490 nm. The emission color could also be tuned by mixing the 

different PS samples incorporating either of the fluorophores. A mixture of OPV-PS-7 

and PBI-PS-3 was prepared by mixing each of the two samples at a concentration of 50 

µg/ml (named as PS(OPV7+PBI3)). Figure 2.12 B compared the excitation and emission 

spectra for this mixture.  

 

Figure 2.12: Solution state emission and excitation spectra for (a) OPV(PBI)-PS and (b)  

PS(OPV7+PBI3) in 1X PBS buffer. 

 

A small difference between the PS(OPV7+PBI3) mixture and the PS sample 

incorporating both OPV and PBI together was the absence of the FRET-induced PBI 

emission in the former (Figure 2.13) 

 

 

 

                       

 

 

 

Figure 2.13: Normalized emission spectra upon excitation at 350 nm for PS(OPV7+PBI3) 

(physical mixture) and OPV(PBI)-PS (covalent) polymer at concentration (0.1 mg/ 3 ml) in 1X 

PBS buffer showing FRET induced PBI emission in case of covalent OPV(PBI)-PS polymer. 
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Table 2.4 Emission characteristics of the PS nanoparticles. 

 

(a) Measured in 1X PBS buffer at 0.1 OD. 

2.2.5 Multi color emission: The color tunability of these fluorescent PS beads was 

illustrated using the CIE coordinate diagram. From the diagram, it could be clearly seen 

that the presence of both the fluorophores in OPV(PBI)-PS polymer afforded a range of 

excitation wavelength to choose from starting with the blue excitation at 350 nm to the 

orange yellow wavelength of 490 nm through various shades of cyan and green. (Figure 

2.14a) Similar CIE coordinate diagrams for the OPV alone (Blue) (Figure 2.14b) and 

PBI alone (yellow) PS samples (Figure 2.14c) are also shown to describe their emission 

color. The CIE values for all the polymers are tabulated in Tables 2.5, 2.6. The polymer 

samples with the high dye loading content with good emission characteristics (OPV-PS-7 

and PBI-PS-3) were taken up for cell uptake studies, along with OPV(PBI)-PS, as stated 

earlier. 
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Figure 2.14: a) CIE co-ordinate diagram for OPV(PBI)-PS  polymer showing the color tuning by 

varying the excitation wavelength. CIE coordinate diagrams of b) PBI-PS-n and c) OPV-PS-n 

nanobeads. 

 

Table 2.5: CIE coordinate values for OPV(PBI)-PS/ PBI-PS-n . 

Samples X Y 

OPV-PS-1 0.16 0.12 

OPV-PS-2 0.15 0.10 

OPV-PS-3 0.16 0.07 

OPV-PS-4 0.15 0.09 

OPV-PS-5 0.15 0.10 

OPV-PS-6 0.15 0.09 

OPV-PS-7 0.14 0.12 

PBI-PS-1 0.40 0.58 

PBI-PS-2 0.38 0.60 

PBI-PS-3 0.39 0.60 

PBI-PS-4 0.39 0.60 

PBI-PS-5 0.42 0.57 

 

 

Table 2.6: CIE coordinate values for OPV(PBI)-PS polymer at different excitation wavelength. 

 

 

 

 

 

 

 

a) b) c)

Samples X Y 

350 0.15 0.11 

390 0.15 0.10 

440 0.15 0.19 

450 0.24 0.39 

460 0.37 0.56 

470 0.39 0.57 

490 0.38 0.60 
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2.3 Experimental Section: 

2.3.1 Materials: Sodium dodecyl sulfate (Reagent plus, 98.5%, Aldrich), hydroquinone 

(Reagent plus, 99%, Aldrich), zinc acetate (98%, Aldrich), 4-methoxyphenol (Aldrich), 4-

hydroxy benzaldehyde (98%, Aldrich), 2-ethylhexylbromide (Aldrich), triethyl phosphite 

(Aldrich), potassium-tert-butoxide (Aldrich) and Perylene-3, 4, 9, 10-tetracarboxylic 

dianhydride (PTCDA) (Aldrich) and  n-Hexadecane (99%, Alfa Aesar) were used as 

received.  Styrene (Aldrich) was first washed with aqueous sodium hydroxide followed 

by water and then dried for several hours in calcium chloride and distilled under reduced 

pressure prior to use. Para-formaldehyde,  HBr in glacial acetic acid, potassium iodide, 

potassium carbonate, dimethyl formamide (DMF), dichloromethane (DCM), 

tetrahydrofuran (THF) and 2-chloroethanol  and all the other chemicals were locally 

purchased and further purified using standard protocols. Potassium peroxodisulfate (ACS 

reagent, 99%, Aldrich) was recrystallized before use. Deionized water was used 

throughout the experiments.  

2.3.2 Measurements: The instrumentation used for characterization of the fluorescent 

cross-linkers and the polymers like the NMR, UV and fluorescence spectrophotometer are 

the same as described in our previous reports.
28

 The number-average molar mass (Mn), 

weight average molar mass (Mw) and polydispersity index (Mw/Mn) of all the polymers 

were measured by Size exclusion chromatography using Viscotek VE 3580 RI detector in 

tetrahydrofuran (THF) at a flow rate of 1 mlmin
-1

 and polystyrene standards for 

calibration. High-resolution mass spectra (ESI) were recorded on ORBITRAP LC-

MS/MS mass analyzer (Thermo Scientific, Q Exactive). 20 µg/ml of sample in 

acetonitrile was injected for recording the spectra. For the miniemulsion polymerizaiton, 

the emulsion was sonicated using Branson 2510 sonicator. The average size of particles 

(Zavg) and its polydispersity index (PDI) was measured using  Zetasizer ZS 90 apparatus 

from Malvern instruments at a fixed angle of 90° at 25 °C. Freshly prepared samples were 

measured thrice in order to check the reproducibility of data. Zeta potential of diluted 

aqueous dispersions (0.1 mg/ml) were measured by Malvern Zetasizer Nano ZS 90 using 

1 mM KCl as background electrolyte at pH= 7. For the fluorescence quantum yield 

measurement of polymer dispersions in 1X PBS buffer, 0.1 OD of all the polymers were 

made at their respective absorption maxima and their emission was recorded. The 

quantum yield of the OPV incorporated polymers were calculated using quinine sulfate in 

0.1 M H2SO4 as standard while the quantum yield of PBI incorporated polymers was 
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calculated using N,N'-bis(hexyl heptyl)perylene-3,4:9,10-bis(dicarboximide) in 

chloroform as standard. Field emission scanning electron microscopy (FESEM) images 

were taken using Zeiss Ultra plus scanning electron microscope, and the diluted latex 

samples (3.5 µl/ml) were drop cast onto silicon wafers. Samples were coated with 5 nm 

thick gold film prior to recording. Transmission Electron microscopic images were taken 

using FEI-Tecnai
TM

-F20 electron microscope operating at 200 kV. Diluted samples 

(3.5µl/ml) drop cast directly on the carbon-coated copper grid and the solvent was 

allowed to dry at room temperature. Thermogravimetric  analyses  (TGA) were  carried 

out on  SDT Q600 TG-DTA analyzer under N2 atmosphere at a heating rate of 10 ºC min
–

1
 within the temperature range of 30-900 °C. 

The Percent Solid content of the latex was determined by the following (eq 1): 

 

where Wd and Wl are the weight of dried polymer and weight of polymer latex 

respectively. The values for the same are given in Table 2.1 

2.3.3 Synthesis of Cross-linkers: The cross-linkers were synthesized using previously 

reported procedure.
28,32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.4 Synthetic Scheme of PBI based Cross-linker. 
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Scheme 2.5 Synthetic Scheme of OPV based Cross-linker. 

 

Synthesis of PBI based cross-linker: 

400 mg PBI-TEG diol (5.4 × 10
−4

 mol) and 0.22 ml triethylamine (2.7 × 10
−3

 mol) 

were taken in 250 ml two necked round bottomed flask along with 50 ml  dry DCM under 

nitrogen atmosphere. The flask was kept for stirring under ice cooled condition for 30 

min followed by slow addition of acryloyl chloride (0.22 ml, 2.7 × 10
−3

 mol) over a 

period of 20 min at 0 °C. After the addition it was brought to room temperature slowly. 

Then the reaction was allowed to stir for 24 h. The progress of reaction was timely 

monitored using TLC. The reaction was worked up by washing the organic phase with 

water and brine and then organic phase was evaporated off. Finally the compound was 

column purified using DCM/Methanol (1%) as solvent. Yield (30%): 120 mg. 

1
H-NMR (400 MHz, CDCl3, δ): 8.69 (m, 8H, perylene ring), 6.39 (dd, 2H, acrylic double 

bond), 6.13 (q, 2H, acrylic double bond), 5.84 (dd, 2H, acrylic double bond), 4.49 (t, 4H, 

-NCH2), 4.30 (t, 4H, -NCH2), 3.89 (t, 4H), 3.62 (m, 20H). 

13
C-NMR (100 MHz, CDCl3, δ): 165.88, 163.10, 134.32, 131.15, 130.71, 129.09, 128.01, 

126.10, 122.83, 77.33, 69.89, 69.83, 67.66, 63.42, 39.07. 
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LC-MS/MS for C46H46N2O14 (in MeCN): m/z calculated 850.29. Found: 851.30 [M + H], 

873.28 [M + Na]. 

Synthesis of OPV based cross-linker: 

In 250 ml two- necked round-bottomed flask, 265 mg OPV diol (4.7 × 10
−4

 mol) 

and 0.33 ml of triethylamine (2.4 × 10
−3

 mol) were dissolved in 50 ml of dry DCM under 

nitrogen atmosphere. Then it was allowed to stir for 30 min at 0 °C. 0.2 ml (2.4 × 10
−3

 

mol) of acryloyl chloride was taken in DCM and added to the flask for a period of 20 min 

at 0 °C. Reaction was allowed to stir at room temperature for 24 h and timely monitored 

by TLC. Crude compound was worked up by washing with water and then organic phase 

was dried off and it was further purified by column chromatography using Pet ether/ 

EtOAc (20%) as solvent system. Yield (50%): 132.50 mg. 

1
H-NMR (400 MHz, CDCl3, δ): 7.49-6.93 (3m, 14H, Ar-H, vinylic H), 6.45 (dd, 2H, 

acrylic double bond), 6.20 (m, 2H, acrylic double bond), 5.89 (dd, 2H, acrylic double 

bond), 4.54 (m, 2H, -ArOCH2), 4.27 (m, 2H, -C(O)OCH2), 3.92 (m, 4H), 1.83 (b, 1H, 

tert), 1.37 (m, 6H), 0.99 (m, 6H). 

13
C-NMR (100 MHz, CDCl3, δ): 165.85, 163.14, 150.92, 131.10, 127.82, 127.56, 127.41, 

121.45.114.6, 71.56, 65.73, 62.86, 56.12, 39.54, 30.89, 30.69, 29.01, 23.98, 22.85, 13.85, 

11.07. 

LC-MS/MS for C46H46N2O14 (in MeCN): m/z calculated 668.33. Found: 669.34 [M + H], 

691.32 [M + Na]. 

 

 

Figure 2.16 
1H-NMR spectra of PBI Cross-linker recorded in CDCl3. 
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Figure 2.17 
1H-NMR spectra of OPV Cross-linker recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 LC-MS/MS spectra of PBI Cross-linker recorded in MeCN. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19 LC-MS/MS spectra of PBI Cross-linker recorded in MeCN. 
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Figure 2.19 
13C-NMR spectra of PBI Cross-linker recorded in CDCl3. 

 

 

Figure 2.20 
13C-NMR spectra of OPV Cross-linker recorded in CDCl3. 

 

2.3.4 Preparation of Fluorescent Polystyrene nanoparticles: Polystyrene nanoparticles 

were synthesized by miniemulsion polymerization approach.
31

 

The organic phase containing 1 g of styrene, fluorescent cross-linker (varying 

amount) and 48 mg of hexadecane were mixed and added dropwise into an aqueous phase 

consisting of 12-36 mg of Sodium Dodecyl Sulfate dissolved in 3.5 g of water. This 

mixture was stirred at room temperature for 1 h for pre-emulsification. Miniemulsion was 

obtained by sonicating the mixture for 20 min in an ice cooled bath. To start the 

polymerization, 3.3 mg of KPS in 0.5 g of water was added and the temperature was 

increased to 80 ⁰C for 8 h with stirring (speed fixed at 750 rpm). After 8 h polymerization 

was stopped using two drops of 1 wt% hydroquinone solution. The recipe is tabulated in 

Table 2.5. The latex was dialyzed using 6000 kDa cut-off cellulose dialysis bag against 

deionized water for 4 days to remove excess surfactant. 
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Table 2.5 Recipe for miniemulsion polymerization. 

 

 

 

 

 

 

 

2.3.5 Calculation of DLC and DLE: Dye Loading Content (DLC) and Dye Loading 

Efficiency (DLE) were determined by absorption spectroscopy. 3 mg of dried polymer 

was dissolved in 3 ml of Chloroform and the absorbance of the solution was recorded at 

365 nm for OPV polymers and at 525 nm for PBI polymers which corresponded to the 

absorption wavelength maxima for the respective dyes. The amount of dye incorporated 

into the polymer nanoparticle was then calculated based on the molar extinction 

coefficient of the respective dyes (PBITEG = 80600 LM
−1

cm
−1

, OPV = 36315 

LM
−1

cm
−1

).
32

 DLC and DLE were determined by using following equation (eq 2, 3)
33

: 

 

 

2.4 Conclusion:  

We have presented a simple method of developing fluorescent nanobeads which 

could be used for cell imaging applications based on commodity polymers like 

polystyrene. The miniemulsion polymerization technique enabled the synthesis of 

fluorescent PS particles with narrow particle size distribution in the ~100 nm range. 

Multiple fluorophores have been inserted into the single bead without significantly 

affecting its size. Spherical morphology of nanobeads was confirmed by FESEM as well 

as TEM. The covalent incorporation of the fluorophores (in the form of cross-linkers) 

ensured the absence of dye leakage and the PS backbone also reduced aggregation 

induced self-quenching of fluorescence of the dyes. The fluorophores chosen – OPV and 

PBI based are known for their high fluorescence quantum yields and excellent 

Components Amount 

Water 4 g 

Styrene 1 g 

Cross-linker Varied 

Hexadecane 48 mg 

SDS 12-36 mg 

KPS 3.3 mg 
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photostability. Adaptation of this technique also led to increased dye loading from 10
-

7
 moles (via dispersion polymerization)

28,32
 to 10

-5
 moles (current work) (almost 100 

times more) and the result is higher quantum yield in water. In fact, quantum yield for 

OPV-PS-7 was found to be 26% in water which is highest for any OPV based system in 

water. Based on emission properties, Polymers with highest quantum yield and emission 

in water i.e. OPV-PS-7 and PBI-PS-3 were chosen further for bio-imaging application 

along with one having both OPV and PBI fluorophores i.e. OPV(PBI)-PS. 

 

NOTE: The results presented in this chapter are already published as a part of publication 

in ACS Biomater. Sci. Eng. 2017, 3, 1788-1798 with the title ‘π‑Conjugated 

Chromophore Incorporated Polystyrene Nanobeads as Single Optical Agent for Three-

Channel Fluorescent Probe in Bioimaging Application’. 
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CHAPTER-3 

 

Application of π-Conjugated Chromophores Incorporated PS Nanobeads for Bio-

imaging in Cancer Cells 

 

Abstract: The fluorescent PS nanobeads 

(synthesized in Chapter-1) incorporating 

two different chromophores, covalently 

stitched to the polymeric backbone were 

used for bio-imaging applications after 

incubation with HeLa cells, where more 

than 95% cell viability confirmed the 

biocompatibility of the PS nanobeads. 

The cellular uptake of the nanoparticles 

was confirmed by flow cytometry analysis and confocal laser scanning microscopy 

(CLSM) images. The sub-cellular localization of the nanoparticles in the cytoplasm could 

be precisely established by their simultaneous multicolor emission, which ruled out any 

influence from the background emission. The PS based single optical agent presented 

here can function as three-channel fluorescent probe to meet the requirements of 

multicolor bio-imaging materials.  
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3.1 Introduction: 

Interesting properties of -conjugated molecules and polymers made them increasingly 

interesting for application in various fields
1-5

 and this allowed development of a library of 

luminescent species as per the requirement for a particular application. As discussed in 

Chapter 1, fluorescent polymeric nanoparticles are of high interest for various 

applications including bio-imaging
6-10

, where the emission property from suitable 

fluorophore plays the crucial role. 

Especially for bio-imaging 

applications, it is very important to be 

able to identify the location of the 

fluorophore inside the cell 

environment without conflicting 

background emission. The literature 

cites the application of near infrared 

(NIR) emitting fluorophores specifically 

to address this issue of overcoming the 

autofluorescence from the cellular components  (usually in the blue and green range).
11-13 

However, the requirement of specific NIR detecting spectrofluorimeter combined with 

the challenges of synthesizing the NIR dyes sometimes limits their application.
 
Other 

tested materials for bio-imaging applications include quantum dots, upconverting 

nanoparticles etc. (Figure 3.1) which often suffer from limitations like emission variation 

with temperature and pH, leaching of the toxic substances into the cell environment etc, 

making them less useful for the desired purpose.
4,14-18 

 On the other hand, several of the 

visible light emitting organic fluorophores could be taken together in a nanoparticle form 

to attain tuned emission over several wavelengths. The multicolor emission could be 

applied as a specific method to locate the position of the emitting species within the 

cellular compartment and to enhance the resolution contrast of the image. 

-conjugated fluorescent polymers, in the polyelectrolyte form, which are more soluble 

in aqueous media, have been utilized for bio-imaging. In fact, in the polyelectrolyte form, 

they have also been reported to be endowed with biocidal capability against several 

pathogens.
19,20 

Poly (p-phenylenevinylene) (PPV) is a -conjugated fluorescent polymer 

well studied in photovoltaic applications due to its high emission quantum yields, which 

have recently found their place in bio-imaging applications as well.
19-22

 Bhagyashree et 

Figure 3.1: illustration of fluorescent materials for 

bio-imaging application. 



 

 

Chapter 3                                                      Application of π-Conjugated Chromophores... 

2018-Ph.D. Thesis: Sarabjot Kaur, (CSIR-NCL), AcSIR                                         Page | 65  

 

al. reported for the first time the application of the oligo (p-phenylenevinylene) (OPV) 

labeled polycaprolactone (PCL) encapsulated doxorubicin as a dual functional 

nanocarrier for cellular imaging and anticancer drug delivery to cancer cells (Figure 

3.2A).
22

  Perylene bisimide (PBI) is another  conjugated molecule with very high 

fluorescence quantum yields and emission in the range > 550 nm, which is preferred for 

bio-imaging (Figure 3.2B).
23.24 

 

Figure 3.2: a) An oligo (p-phenylenevinylene) (OPV) labelled polycaprolactone (PCL) 

encapsulated doxorubicin, as a dual functional nanocarrier for cellular imaging and anticancer 

drug delivery to cancer cells [Figure is adapted from Ref 22 with permission from ACS 

Publications]; b) self-assembly of a PBI based moiety for nanoparticle formation to behave as 

fluorogenic probes for biological cells under physiological conditions giving a dosage-dependent 

emission [Figure is adapted from Ref 24 with permission from RSC Publishers] 

Polystyrene (PS) nanoparticles are routinely used for cell marker studies due to 

their proven biocompatibility.
4,25,26 

They are internalized by cells following which they 

are traced using characterization techniques like the flow cytometry, fluorescence 

microscopy etc. As described in the previous chapter, miniemulsion polymerization 

technique could be effectively used to incorporate one or multiple fluorophores into the 

polymeric nanoparticles without much affecting its particle size, together with the 

advantage of covalent incorporation of the fluorophores into a carrier polymer backbone 

which could avoid the issues of any dye leakage into cell environment.
14,27

   

As observed during the emission studies, the solution state quantum yield in water 

was observed to be highest for OPV-PS-7 in terms of OPV emission among the PS 

nanoparticles bearing OPV as the covalently attached dye. Similarly, PBI emission was 

found to be most efficient for PBI-PS-3 from the family of nanobeads having PBI 

fluorophore. Thus, these two polymeric nanoparticles were selected for the bio-imaging 

a) b)
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studies, along with the nanoparticle having both of the fluorophores (OPV(PBI)-PS). 

However, for studying possible cytotoxic behavior of the dyes from the nanoparticles, the 

nanoparticles with highest content of the dye were deliberately chosen. In this chapter, we 

reported the cell uptake (HeLa and MCF-7 cells) and multicolor imaging using 

fluorescent polystyrene (PS) nanobeads developed by miniemulsion polymerization. 

3.2 Results and Discussions: 

3.2.1 Photophysical Properties: As a prerequisite for exact determination of the 

fluorescent tags after loading into the cell, constant emission under different applied  

conditions is expected from the imaging substance. Thus, to verify the candidature of the 

mentioned PS nanobeads as suitable imaging agent, their emission was recorded under 

different temperature and pH. Figure 3.3 depicted the effect of change in temperature 

within the range of 0 °C to 60 °C on the emission property of (a) OPV-PBI-PS, (b) OPV-

PS-7 and (c) PBI-PS-3. Figure clearly demonstrated that the change in temperature has 

negligible effect to cause any change in the emission property of the fluorophores 

attached to the PS nanobeads. 

 

Figure 3.3: Solution  state  emission  spectra  showing  the  dependence  of  fluorescence  

intensity  on temperature  varied  from  0 °C  to  60 °C  for  a)  OPV(PBI)-PS    b)  OPV-PS-7  (c)  

PBI-PS-3 nanobeads (0.1 mg/ 3 ml) in 1X PBS buffer.  

 

When these nanobeads were exposed to different conditions in terms of pH of the 

medium, their emission was again found to remain unaltered throughout the whole 

spectrum of pH, as shown in the following Figure 3.4. This further concludes that the 

change in pH of the external medium does not have any role in bringing out a change to 

the emissive behaviour of the fluorophores covalently stitched to the polystyrene 

backbone. 
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Figure 3.4:  Solution state emission spectra showing the dependence of fluorescence intensity on 

pH  varied  from  1  to  14  for  a) OPV(PBI)-PS    b) OPV-PS-7 and (c) PBI-PS-3  nanobeads (0.1 

mg/ 3 ml) in 1 X PBS buffer. 

 

Thus results evidently signified that unlike quantum dots and upconverting 

nanoparticles, the emission from the PS nanoparticles remained steady throughout the 

entire temperature as well as pH range. The highly hydrophobic nature of polystyrene 

prevents the contact of the covalently embedded dye molecule with water and thus the 

fluorescence intensities of the polymer nanoparticles remains stable over a wide range of 

temperature and pH. 

3.2.2 Fluorescence optical microscopic imaging: The Fluorescence optical microscopic 

images were collected for ethanol dispersion of the samples on glass substrate to once 

again establish their applicability as multicolor emitting nanoparticles. For imaging OPV, 

DAPI (Blue, 350-430 nm) filter was used, whereas, for PBI, Rhodamine (Red, 480-580 

nm) and Alexa 

 

Figure 3.5: Fluorescence optical microscopy images of OPV(PBI)-PS polymer (A) bright field, 

using (B) using DAPI (blue, 350-430 nm) (C) Alexa (green, 488-520 nm) (D) Rhodamine (red, 

480-580 nm) filters and (E) merged image. 
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(Green, 488-520 nm) filters were used. The OPV(PBI)-PS sample with both the 

fluorophores incorporated together was imaged using all the three filters – blue, green and 

red and the corresponding images are shown in Figure 3.5. Figure 3.6 showed the optical 

images of OPV-PS-7 in the bright field image (A) and showed the blue emission (B) 

using a blue filter. PBI-PS-3 samples were imaged using both the green and red filters. 

The images (C), (D), (E) and (F) corresponded to the bright field image, optical image of 

the green emission using Alexa 488 filter, the red emission obtained using the Rhodamine 

filter and the merged image respectively. The fluorescent optical images clearly 

established the potential of the PS nanoparticles for imaging cells in the blue, green and 

red wavelengths. 

 

Figure 3.6: Fluorescence optical microscopy images of (a) OPV-PS-7 (A) Bright field (B) using 

DAPI (Blue, 350-430 nm) filter (Top Row) (b) PBI-PS-3 (C) Bright Field (D) using Alexa 

(Green, 488-520 nm) (E) Rhodamine (Red, 480-580 nm) filters and (F) Merged Image (Bottom 

Row). 

3.2.3 Cytotoxicity Studies: The cytotoxicity of the fluorescent PS 

nanobeads was investigated in HeLa cells using the standard MTT 

assay, which spectrophotometrically quantifies the reduction of MTT 

into formazan (Figure 3.7). The concentration of the PS nanoparticles 

was varied up to 100 g/mL. The plot of % cell viability against the 

concentration of PS supplementation in HeLa cells obtained from 

MTT assay is shown as a histogram in Figure 3.8. The relative cell 

viability was determined by considering the viability of the untreated 

HeLa cells (control) as 100%. The MTT assay results showed that 

the PS beads with either single fluorophore or with both the 

fluorophores incorporated had more than 90% cell viability even up 

Figure 3.7: 

Reduction of MTT 

into formazan using 

mitochondrial 

reductase present in 

living cells. 
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to 100 g/mL concentrations. This gave evidence for the excellent biocompatibility of PS 

nanobeads, which was in confirmation with the literature reports.
4,25,26 

Figure 3.8: Histogram exhibiting Cytotoxicity of polymers in HeLa cells using MTT assay after 

48 hrs. Over 95% cell viability indicated that nanoparticles are non-toxic to the cells. 

 

3.2.4 Cellular Uptake Using Flow Cytometry: Flow cytometry analysis were 

undertaken to have a quantitative estimate of nanoparticle uptake by the cells. Samples 

with highest emission quantum yields viz OPV-PS-7 and PBI-PS-3 were chosen for the 

studies along with the sample having both fluorophores, namely OPV(PBI)-PS.  

Samples at a concentration of 100 μg/mL were incubated for 9 and 24 h. Figure 

3.9 showed the fluorescence histogram in HeLa cell lines for the samples incubated for 

both 9 h (1) and 24 h (2). The fluorescence histogram signified several fold increase in 

emission from the nanoparticles compared to the control, which clearly demonstrated the 

internalization of the fluorescent PS nanoparticles by the cells. The enhancement in 

fluorescent intensity was found to be comparable for both the time period 9 and 24 h. 

Thus it is appropriate to conclude from Figure 3.9 that 9 h was sufficient for nanoparticle 

uptake by the cells. While the enhanced fluorescence intensity in the histogram 

corresponding to both OPV and PBI wavelength for OPV(PBI)-PS, clearly established its 

multicolor emission capability from blue to red. 
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Figure 3.9: Flow cytometry plots for (a) control, (b) OPV(PBI)-PS, (c) OPV-PS-7, and (d) PBI-

PS-3 in HeLa cell lines after 9 h (1) and 24 h (2) of incubation. 

To further demonstrate that the nanoparticle uptake was not specific to HeLa cells 

alone, we also used another cell line model, i.e. MCF-7, for the flow cytometry studies. 

MCF-7 is another common cell lines used for invitro studies and are breast cancer cells 

isolated from Caucasian woman. Same concentration of nanoparticles i.e. 100 μg/mL 

(same as used for studies in HeLa cells) were feed to MCF-7 cells for two time periods (9 

h and 24 h). The results are provided in Figure 3.10. Similar to previous results with 

HeLa cells, in this case also, a clear enhancement in fluorescence intensity could be 

observed from the nanoparticles; once again confirming the nanoparticle uptake by cells.  

While for OPV(PBI)-PS, enhacement in emission intensity for both OPV and PBI 

wavelength reassured its multicolor emission ability. 
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Figure 3.10: Flow cytometry plots for control (a), OPV(PBI)-PS (b), OPV-PS-7 (c) and PBI-PS-3 

(d) in MCF-7 cell lines after 24 h (1) and 9 h (2) incubation. 

 

3.2.5 Confocal Microscope Imaging and Cellular Uptake: The cellular uptake of the 

fluorescent PS nanoparticles in the cells was followed using confocal laser scanning 

microscopy (CLSM). The same set of samples that were used for the flow cytometry 

analysis was also used for the confocal imaging studies (OPV-PS-7, PBI-PS-3, and 

OPV(PBI)-PS) along with PS(OPV7+PBI3) (mixture). An experiment with phalloidin 

(green) staining was undertaken to confirm the uptake of the PS nanoparticles inside the  

HeLa cells (Figure 3.11a−d). Phalloidin binds with the filamentous actin and the middle 

panel image in Figure 3.11c exhibited the bright green emission from phalloidin 

highlighting the cytoskeleton. The first images on the left-hand side of Figure 3.11 

showed the bright-field image (a), the next one (b) exhibited the emission from OPV 

monitored using the blue channel (λ = 405 nm). The merged image in Figure 3.11d 

confirmed the location of the blue emission from OPV in the cytoplasmic region, which 

in turn supported the fact that the nanoparticles crossed the cell membrane and were 

internalized by the HeLa cells, were not just adhered to the cell membrane. 
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Figure 3.11: CLSM images of HeLa cells incubated with (a−d) OPV-PS-7, (e, f) PS_Alone, (g, h) 

PBI-PS-3. Scale bar is 30 μm. 

 

Polystyrene is also known to give a faint blue emission due to π−π stacking 

(Figure 3.12), which compares the emission from PS_alone and OPV-PS-7 in 1× PBS 

buffer.
28

 Therefore, PS nanoparticles alone without any fluorophores (PS_alone) were 

used as a control (Figure 3.11e, f). The control experiment clearly established that the 

 

Figure 3.12: Comparision of solution state emission spectra for OPV-PS-7 and PS_alone in 1X 

PBS buffer (0.1 mg/ 3 ml). 

color observed from polystyrene nanoparticles was negligible when compared to that with 

fluorophore embedded inside it. The image in Figure 3.11g, h showed the bright-field 

image and bright red emission from PBI-PS-3 polymer observed using the red channel (λ 

= 514 nm), respectively. A phalloidin staining experiment was carried out with the PBI-

PS-3 sample, provided in Figure 3.13. The merged image unequivocally confirmed the 

internalization of the PBI-PS nanoparticles by the HeLa cells. 
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Figure 3.13: CLSM image of Phalloidin staining of PBI-PS-3 in HeLa cells 

Similar set of experiments were carried out for MCF-7 cells, which is provided in Figure 

3.14a−h. Conclusive evidence for the internalization of the PS nanoparticles in the 

cytoplasmic region could once again be provided using the phalloidin staining experiment 

carried out for the PBI-PS-3 sample (Figure 3.14a−d). These results were found to be 

consistent with the flow cytometry analysis. 

 

Figure 3.14: CLSM images of MCF-7 cells incubated with (a−d) PBI-PS-3, (e, f) PS_Alone, (g, 

h) OPV-PS-7. Scale bar is 30 μm. 

To demonstrate the multicolor emission ability of OPV-(PBI)-PS, we collected the 

CLSM images by monitoring the blue (λ = 405 nm), green (λ = 488 nm), and red (λ = 514 

nm) channels (Figure 3.15). The merged image (Figure 3.15e) showed white emission 

arising from the combination of all the three primary color (Red, Blue, Green). Mixture 

PS(OPV7+PBI3) was also used for imaging; Figure 3.16 exhibited the cell images 

collected after incubating cells with PS(OPV7+PBI3). The imaging experiments 

demonstrated the potential of a single polymer to achieve multicolor cell imaging by 

simply varying the excitation wavelength. 
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Figure 3.15: CLSM images of HeLa cells incubated with OPV(PBI)-PS polymer. Scale bar is 30 

μm. 

 

Thus, the excitation wavelength could be tuned from any wavelength from 350 to 

490 nm to tune emission from blue to green to red, thus minimizing errors due to 

photobleaching or autofluorescence from the cells. To the best of our knowledge, this is 

the first report showing all the three primary color (Red, Blue, Green) emission from a 

single polymer (PS nanoparticle) incorporating π-conjugated chromophores for imaging 

in cells by simply varying the excitation wavelength. 

 

 

Figure 3.16: CLSM image of HeLa cells incubated with PS(OPV7+PBI3) (physical mixture) 

3.3 Experimental Details: 

3.3.1 Materials: HeLa cells were incubated at 37 °C under a 5% CO2 humidified 

atmosphere as described earlier.
22

 Tetrazolium salt, 3,4,5- dimethylthiazol-2,5-

diphenyltetrazolium bromide (MTT), DMSO, and 4% paraformaldehyde were bought 

from Aldrich. Fluoromount was purchased from Southern Biotec. Deionized water was 

used throughout the experiments.
 

3.3.2 Details of Analytical Instruments: The Fluorescence microscope images were 

collected using a Carl Zeiss "Axio Observer Z1" microscope using Rhodamine (480-580 

nm, Red), Alexa (488-520 nm, Green) and DAPI (350-430 nm, Blue) filters. The dilute 

polymer dispersion in ethanol was drop casted onto the glass slide, covered with a 
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coverslip and observed directly under the microscope. The Cellular uptake images were 

taken using LSM 710 Confocal Microscope. 

3.3.3 Cell Viability Assay (MTT Assay): The cytotoxicity of dye-incorporated polymer 

nanoparticles was studied using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide, a tetrazolium salt (MTT) assay in HeLa cells. Each well in a 96-well plate 

(Corning, USA) was seeded with 1000 cells in 100 μL of DMEM supplemented with 10% 

FBS (fetal bovine serum) and were allowed to adhere for 16 h. The media from the cells 

was then drawn out followed by addition of dye loaded polymer nanoparticles of various 

concentrations as feed. Cells without any polymer nanoparticles and complete media 

without cells were taken as blank control and all the wells (treated as well as control) 

were done in triplicate. After incubating the cells for 72 h, the media containing dye-

loaded nanoparticles was aspirated and each well was treated with freshly prepared MTT 

solution (0.5 mg/mL) and incubated for 4 h. After 4 h, the media from each well were 

withdrawn and the formazan purple crystals were dissolved in 100 μL of DMSO. The 

absorbance was immediately recorded from formazan crystals at 570 nm using a 96-well 

plate reader (Varioskan Flash), which is indicative of number of viable cells per well. The 

mean of the values from the triplicate run for each of control and polymer-treated cells 

were then used for calculations. 

3.3.4 Cell Uptake Studies Using Flow Cytometry: The cellular uptake of PS 

nanoparticles was measured using flow cytometry cell analyzer. Cells were seeded in 6-

well plate at a density of 1 × 10
5
 cells containing DMEM media. Two cell lines namely 

HeLa and MCF-7 were treated with desired concentration (100 μg/mL) of PS 

nanoparticles and incubated for two time periods (9 and 24 h). After the respective time 

periods, the media were removed and washed once with 1 mL of PBS. The cells were 

then digested with 500 μLof trypsin immediately followed by incubation for a minute. 

Afterward, the suspension was centrifuged for 5 min at 1000 rpm and 10 °C and then 

resuspended in 0.5 mL of PBS buffer. Flow cytometry studies were conducted using a BD 

LSR Fortessa SORP cell analyzer equipped with five lasers, which is capable of detecting 

18 colors. The data collection was done for 10000 counts; 405 and 561 nm lasers were 

used for the excitation of OPV and PBI, respectively, and the bandpass filters were 

chosen as 450 ± 50 nm for OPV and 610 ± 20 nm for PBI. 

3.3.5  Cell Uptake Studies Using Confocal Microscopy: In the 6-well plate containing 

DMEM medium supplemented with 10% FBS were placed flame-dried coverslips onto 
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which HeLa/MCF-7 cells at a density of 1 × 10
5
 cells were seeded. These were then 

incubated for 16 h at 37 °C. Dye-loaded nanoparticles at the concentration of 100 μg/ mL 

were then added to the media and incubated for 9 h at 37 °C under a CO2 environment. 

After 9 h, the media were aspirated from each well and cells were then washed two times 

with PBS (1 mL/ wash) for 5 min each and then fixed using 4% paraformaldehyde 

solution in PBS at room temperature for 10 min and again washed two times with PBS (1 

mL/wash) for 5 min. Cells were then stained with Alexa fluor 488 conjugated phalloidin 

dye (500 μL) for 20 min under dark conditions followed by two washings with 1× PBS 

for 5 min. Then using a Fluoromount mounting medium (Southern Biotech) the cover 

slips were mounted on slides and left overnight for drying under dark conditions at room 

temperature. With a LSM 710 confocal microscope, cells were imaged using the λ 405, 

488, 514 for blue, green and red channel lasers and analyzed using ImageJ analysis 

software and for each channel, image was separated and merged. 

3.4 Conclusion: 

In conclusion, the synthesized multicolor emitting PS nanobeads covalently 

incorporating OPV and PBI based fluorophores have been successfully employed for bio-

imaging application in cancer cells. Since the fluorophores are embedded well in the PS 

network, their emission is also not affected by external triggers that may be present in the 

cellular environment such as pH or temperature. The fluorophores could be taken together 

in a single bead or PS beads incorporating individual fluorophores could be mixed in 

order to access multiple excitation wavelengths for imaging applications. As mentioned in 

the introduction section, the ability for multicolor imaging has the potential to overcome 

the cellular autofluorescence and to enhance the resolution contrast of the image. 

NOTE: The results presented in this chapter are already published as a part of publication 

in ACS Biomater. Sci. Eng. 2017, 3, 1788-1798 with the title ‘π‑Conjugated 

Chromophore Incorporated Polystyrene Nanobeads as Single Optical Agent for Three-

Channel Fluorescent Probe in Bioimaging Application’. 
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CHAPTER-4A 

 

Remote Functionalized Fluorescent PS Nanobead based Visual Dual Distinct Sensor 

for the detection of Volatile Organic Compounds 

 

Abstract: This chapter highlights synthesis and 

application of dye loaded surface 

functionalized polystyrene nanoparticles for 

chemical sensing. Solid state emitting, 

distinctly dual vapor sensors with high 

quantum yield was developed using polystyrene 

incorporating two fluorophores following a 

miniemulsion polymerization method. Selective functionalization with carboxy and amine 

functionality was used to decorate the resulting polystyrene nanobeads having both 

perylenebisimide (PBI) and oligo (p-phenylenevinylene) (OPV) fluorophores. These 

nanobeads with a size of 70–180 nm showed near white emission under UV light. On 

contact with vapors of specific electron deficient nitroaromatics OPV emission got 

selectively quenched to show yellow emission from the nanobeads under UV radiation. 

Exposure to amine vapor quashed PBI emission selectively resulting in blue emission 

under UV lamp. Such a vast range of color alteration from white to either blue or yellow 

from the same sensor makes it a true dual analyte sensor with two distinct outputs. 

Control of surface functionality (−COOH, −NH2, and neutral) on the nanobeads played a 

pivotal role in boosting the sensing efficiency; introduction of functionality on the surface 

facilitated analyte-sensor interaction through hydrogen bonding, prompting their fast 

responsiveness. Real time, potential device based application was demonstrated with 

free-standing films which was capable of efficient detection with fast analyte exchange 

from dilute solutions. Recyclability of the film sensor was demonstrated with 8 cycles of 

reuse.   
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4A.1 Introduction: 

The anthropogenic volatile organic compounds (VOCs) including nitroaromatics, 

organic amines etc. have been widely known for their use as important industrial material 

in chemical synthesis of drugs, 

dyes, pesticides, synthetic rubber 

and plastic processing.
1-3

 Despite 

of high industrial importance of 

such chemicals (eg. 

nitrobenzene, aniline, o-toludine, 

o-anisidine etc.), they impose 

negative impact on the 

environment; because of their 

proven carcinogenicity and high 

degree of toxicity.
4,5

 Exposure of 

such chemicals, even in trace 

amount is responsible for physiological disorders like methemoglobinemia with 

symptoms of cyanosis, dizziness, fatigue, shortness of breath and even might have fatal 

consequence on long exposure. Thus a minor spillage of such VOCs has potential to 

cause a significant impact, owing to their high vapor pressure.
6
 As a measure of 

precaution, prompt and easy detection of these harmful chemicals from trace quantities of 

vapor is supremely demanded to prevent their exposure at very early stage. 

Among the several employed approaches, chemical sensing via change in 

luminescence properties is of great importance particularly being advantageous than other 

methods in terms of low cost, faster response time, and portability.
7,8

 There are several 

examples in the literature on luminescence based detection on solid supports like silica 

nanoparticles, quantum dots, gold nanoparticles, molecularly imprinted materials, 

liposomes, etc.
9-14

 Of them, solid state polymeric fluorescence based sensor are quite 

fascinating because of their added advantages of processability to device fabrication, 

operational simplicity, high sensitivity and selectivity and easy visualization with rapid 

response time, as discussed thoroughly in Chapter-1. Use of polymer based fluorescent 

sensor also eliminates any possibility for false signal generation from shifting of 

Figure 4A.1: Schematics for detection of VOCs through 

sensor materials used in E-nose as a bio-mimicking 

device. Image is adapted from Sci. Rep. 2016,   6, 23970. 
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Figure 4A.2: a) Schematic representation and the electron-transfer mechanism for the 

fluorescence quenching of a conjugated polymer-based fluorescent film by TNT, making a 

successful detection. [Figure is adapted from Ref 28 with permission from ACS Publishers] b) 

Schematic illustration of a perylene-bridged bis(cyclodextrins) assembly and its sensing process 

for aniline. [Figure is adapted from Ref 24 with permission from ACS Publishers] 

emission maxima for the fluorophore itself, under different applied  concentrations or 

solvent, making them ideal candidate for on-site applications. Possessing a high solid 

state quantum yield assures a significant change to be observed during the sensing 

process; however the promptness of the sensing procedure is determined by the 

interaction between the sensor and analyte. Thus, a successful solid state sensor should 

possess (i) high solid state quantum yield
15-18

 and (ii) appropriate sites for interaction with 

analyte.
19-22

  

However, reports till date on polymer based sensor contain only either of the 

criteria where it remained a challenge to meet both of them. Moreover, the developed 

sensors are effective to a unit or specific class of analytes, thus either selective to amine
23-

25
 or nitro compounds

26-28
 on the particular case of VOCs, owing to the presence of single 

active moiety. This necessitates the use of different sensors for the successful detection of 

different classes of analytes. Although dual sensors have been reported, their response 

a)

b)
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towards the different class of analytes are usually similar -through the attenuation in their 

emission intensity; i.e. emission quenching of sensing 

 

Figure 4A.3: Illustrative example for pairwise detection of a) Cu2+ and nitroaromatics, and b) 

Cu2+ and NB through emission quenching in each case. [Figures are reproduces from Ref 29 and 

31 respectively, with permission from ACS Publishers] 

material in all cases.
29-32 

Such dual sensors with dual turn-off feature have been evidenced 

by Pang et al.,
29 

Cao et al.
30

 and Yang et al.
31

 for multifunctional pairwise detection of 

nitroaromatic compound (NAC) and Cu(II), explosive and multiple cations in water, NB 

and Cu(II), respectively. On the same note, from the class of VOCs, dual sensing of NB 

and aniline through fluorescence quenching has been recently demonstrated by Huang et 

al.
32 

In all these examples it is rather difficult to differentiate the class of analyte based on 

their observed response. A different class of ‘supramolecular stack’ of sensor was 

reported from the group of Ajayaghosh et. al
33

 where two active sensors based on 

oligo(p-phenylenevinylene) (OPV) and perylene bisimide (PBI) were physically mixed to 

form self-assembled stacks that was responsive towards both nitroorganics as well as 

organic amines. Our research group had previously reported solid state emitting 

polystyrene (PS) beads incorporating pyrene and PBI covalently.
34 

We had demonstrated 

selective quenching of pyrene emission, leaving the PBI emission intact upon exposure to 

vapors of NAC like 4-nitrotoluene but the response time was observed to be rather high. 

In addition, our synthetic approach of covalent incorporation of the fluorophores also 

afforded a total absence of dye leakage or leaching in addition to color tunability. Unlike 

sensors based on physical mixtures of small fluorescent molecules a robust polymer based 

sensor is amenable to large scale application since it has the scope of casting into free 

standing films (which is an important prerequisite for on-field use in devices) or 

enhancing the sensing efficiency by its surface modification. 

a) b)
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Thus this type of so called "dual" turn off sensor makes it difficult to distinguish 

between different classes of analytes which could have easily observed for otherwise 

distinctly responsive dual sensor. In this aspect there is only one such literature report 

where two of active sensors are physically mixed to form supramolecular stacks. The 

resulting mixture thus is capable of sensing the sum of analytes from the individual 

sensors and the sensing performance remains unaltered. Moreover, the difficulty retained 

to design, synthesize and purify the two different active moieties each time in order to 

prepare the final self sorted polymer stack that serves as sensor moiety for the analytes. 

Also the requirement for large amount of the sensing material makes the approach less 

appropriate for practical and large scale application, considering the involvement of high 

procedure and material cost. Additionally being formed with the small molecule system, 

there is no further scope of casting a free standing film (which is an important 

prerequisite for on-field use in devices) or enhancing the sensing efficiency by its surface 

modification. 

In the chapter, I have shown that PS based "distinctly-dual sensor" that can sense 

both nitroaromatic and amino-organic VOCs through distinctly different emission colors. 

The surface functionalized (-COOH or -NH2) PS nanobeads covalently incorporating 

both OPV and PBI were developed using the industrial and environmental friendly 

miniemulsion polymerization approach. OPV and PBI based fluorophores were chosen 

which represent substantial class of p-type and n-type organic material with high quantum 

yield and outstanding photostability which is particularly desirable to enhance 

sustainability and performance of a sensor.
35-36

 Notably, covalent attachment diminished 

any chance of dye leaching which might hamper reproducibility and performance of 

sensor.
9,37 

Only small amount of fluorophore (dye loading content (DLC) ~0.03%) was 

sufficient to impart high solid state quantum yield. Remote functionalization of the PS 

nano beads with -COOH and -NH2 groups proved effective in enhancing the analyte-

sensor interaction, resulting in improved sensing efficiency. The sharp visual color 

change will provide additional advantage for on-site detection of both nitroaromatics and 

amines with two distinct outputs. Casting of free standing membrane allowed fast 

exchange of analytes and reusability beyond 8 cycles, without compromising the sensing 

efficiency. To the best of our knowledge this is the first report on polymer based visual 

"dual-distinct sensor" to utilize remote functionalization approach for enhancing the 

sensing efficiency. 
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4A.2 Results and Discussions: 

4A.2.1 Synthesis and structural characterization: The conjugated dyes in the form of 

OPVand PBI were synthesized and characterized as per previous literature reports and 

presented in Chapter-2. These dyes were used for miniemulsion co-polymerization with 

other monomers including styrene and functional monomers. Careful selection of the 

functional monomers was applied to bring in different functionalities in the resulting 

polystyrene nanobeads (Scheme 4A.1). In a typical miniemulsion synthetic protocol, 

organic phase (Styrene, OPV and PBI based fluorescent cross-linkers and hexadecane) of  

 

Scheme-4A.1: Schematics of functionalized polystyrene nanobeads synthesis via miniemulsion 

polymerization. ACVA was used as initiator for the synthesis of functionalized nanobeads while 

KPS was used as initiator for the case of non-functionalized one. 

the reaction mixture were added dropwise into the aqueous phase (Surfactant, initiator 

and respective functional monomers such as acrylic acid, AA or aminoethyl methacrylate 

hydrochloride, AEMH) under stirring. This mixture was then allowed to stir at room 

temperature for another hour for pre-emulsification followed by sonication for 20 min in 

an ice cooled bath. The polymerization process was carried out by stirring with a speed of 

750 rpm for 20 h at 70 ⁰C. The detailed reactant amount and reaction condition for both 

functionalized and non-functionalized nanoparticles has been tabulated in Table 4A.1. 

The obtained latex from this step was dialyzed (MW Cutoff 6 kD), dried and washed 

several times with methanol to remove excess surfactant, oligomers and unreacted 
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monomers and the percent solid content for all the polymers  were calculated  using the 

following equation (eq 1): 

 

where Wd and Wl are the weight of dried polymer and weight of polymer latex 

respectively. The values for the same are given in Table 4A.3. 

Table 4A.1: Reagents used in miniemulsion copolymerization of a) PS-KPS, b) PS-

COOH and c) PS-NH2. 

Components Amount 

Water 4 g 

Styrene 1 g 

Cross-linker (OPV 

and PBI) 

Varied 

Hexadecane 48 mg 

SDS 
a,b

 12 mg 

KPS
 a
 3.3 mg 

Acrylic acid
 b

 100 mg 

AEMH
 c
 100 mg 

ACVA 
 b,c

 16 mg 

Brij S-100
 c
 33 mg 

 

4A.2.2 Estimation for Encapsulation of dyes into nanoparticles: For calculating Dye 

Loading Content (DLC) and Dye Encapsulation Efficiency (DLE) of the polymers, 

tetrahydrofuran (THF) solutions having 1 mg/mL concentration of the polymer were 

taken and their absorbance were recorded (Figure 4A.4) at individual absorption maxima 

(395 nm for OPV and at 520 nm for PBI dye). Based on their molar extinction 

coefficients (PBI, 81092 Lmol
−1

cm
−1

; OPV, 40360 Lmol
−1

cm
−1

) the amount of dye 

incorporated into the polymer has been calculated and subsequently their DLC and DLE 

have been estimated using the regular equations. (eq 2 and 3) 
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Although the concentration of dyes in the feed was same for synthesis of the three 

nanoparticles, actual incorporation of the dye was found to be different in each case. DLC 

for OPV was found to be highest for PS-NH2 (0.04%) followed by PS-KPS (0.02%) and 

PS-COOH (0.02%). For PBI 

the highest DLC was observed 

for PS-KPS (0.05%) followed 

by PS-COOH (0.04%) and PS-

NH2 (0.03%). DLE values for 

all the polymers were found to 

vary from 26-57 % for OPV 

and 15-26.5 % for PBI. A 

comprehensive detail of DLC 

and DLE values for all the 

polymers was observed as 

follows (Table 4A.2). 

Table 4A.2: Sample designation, DLC, DLE, and the Quantum Yield of the nanobeads. 

 

a) DLC and DLE are calculated by absorption studies in THF. 

b) Quantum Yield: determined in solid state using integrating sphere setup. 

 

4A.2.3 Surface Funtionalization of the Polystyrene Nanoparticles: Use of KPS as 

initiator and SDS as surfactant without any functional monomer for the miniemulsion 

polymerization resulted in the formation of non-functionalized fluorescent polystyrene 

nanobeads, referred to as PS-KPS. For the synthesis of functionalized polystyrene 

nanobeads, AA or AEMH was made use of as functional monomers to facilitate the 

Samples 

Amount of OPV 

in feed (actual 

incorporation)a 

(mg/g of styrene) 

Amount of PBI in 

feed (actual 

incorporation)a 

(mg /g of styrene) 

DLC (% ) a 

OPV (PBI) 

DLE (%) a 

OPV (PBI) 

Quantum 

Yield (%)b 

OPV (PBI) 

PS-KPS 0.7 (0.18) 2 (0.53) 0.02 (0.05) 26 (26.5) 26 (42) 

PS-COOH 0.7 (0.16) 2 (0.42) 0.02 (0.04) 23 (21) 32 (65) 

PS-NH2 0.7 (0.40) 2 (0.30) 0.04 (0.03) 57 (15) 39 (78) 
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Figure 4A.4: Absorption spectra of the polymers in THF 

(1 mg/ml) for DLC and DLE calculation. 
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introduction of the required functionalities -COOH and -NH2 in polymers, PS-COOH and 

PS-NH2 respectively.
38

 SDS was used as the surfactant for the synthesis of -COOH 

functionalized polystyrene nanobeads PS-COOH, for the amino functionalized PS-NH2, 

Brij S-100 was used as the surfactant as AEMH being opposite in charge to SDS, 

restricted its use as the surfactant. ACVA was used as initiator in both the 

polymerizations (Scheme 4A.1). Surface charge of the polystyrene nanoparticles, 

observed from zeta potential measurement at pH = 7 using KCl as background electrolyte 

has been used to interpret the different functionalities on the nanoparticles. PS-COOH 

showed a net negative zeta potential of -38 mV, indicating the presence of carboxy 

functionality on the surface of the nanoparticles (along with few sulfate groups from 

surfactant). The presence of -NH2 group on the surface of PS-NH2 nanoparticles created 

a positively charged environment, imparting a net positive zeta potential of +39 mV. In 

the case of the non-functionalized PS-KPS, use of anionic surfactant and initiator resulted 

in some anionic groups retained on the surface of the synthesized nanoparticles, creating a 

slight negative zeta potential of -19 mV (Table 4A.3). It has to be noted that no carboxy 

group from the surfactant or initiatorwas responsible for the slight negative potential 

observed for PS-KPS, keeping it deprived of -COOH or -NH2 functionality. 

Table 4A.3 Number and Weight Average Molar Mass, Polydispersity indice (Ð), Solid 

content, Zeta potential, Particle size and its PDI. 

Samples Mna Mwa PDIa Solid 

content 

(%) 

Zeta 

Potential 

Particle size 

(nm)b PDIb 

PS-KPS 157600 464500 2.9 14 -19 129 0.07 

PS-COOH 122200 379900 3.1 15.8 -38 72 0.12 

PS-NH2 114600 264090 2.3 13.4 +39 184 0.09 

a) Measured by Gel Permeation Chromatography (GPC) in THF calibrated with linear, narrow 

molecular weight distribution polystyrene standards. 

b) Measured by Dynamic Light Scattering (DLS) in water. 
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Further confirmation for 

presence of functional groups was 

observed from FTIR spectroscopic 

analysis
39 

(Figure 4A.5) which 

clearly showed characteristic 

peaks for respective functional 

groups. For PS-COOH, broad peak 

at 3444-2500 cm
-1 

accounted for 

combination of carboxylic O-H 

and C-H stretching. Peak at 1709 

cm
-1 

corresponded to C=O 

stretching of acid while peak at 

1204 cm
-1 

 and 971 cm
-1 

 corresponded to C-O and O-H bending of the acid functionality. 

For PS-NH2, characteristic peak for N-H stretching and bending (in-plane) appeared at 

3425 cm
-1 

and 1604 cm
-1 

respectively while broad peak corresponding to C-N stretching 

appeared at 1129 cm
-1

. It is important to note 

that none of the characteristic peaks for -

COOH or -NH2 functionality was observed in 

the case of PS-KPS. The PS nanobeads were 

soluble in common organic solvents like 

tetrahydrofuran (THF), in which the molecular 

weight was determined. It should be 

mentioned here that although both the 

fluorophores were cross-linkers; their feed 

intake was so less compared to styrene that the 

polymers remained completely soluble after 

their incorporation. All the polymers were 

found to possess high molecular weight in the 

range of 114600 to 157600 Da with PDI 

varying from 2.3 to 3.1. The observed values 

for molecular weight are tabulated in Table 

4A.3 and their corresponding GPC 

chromatograms are given in Figure 4A.6a.  

Figure 4A.5: FTIR plot of the polystyrene nanoparticles 

Figure 4A.6: a) GPC plot of polymers in 

THF with flow rate of 1 ml/min, b) 

Intensity-average size distribution of 

polymers in deionized water using DLS 
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Being synthesized through miniemulsion polymerization, the polystyrene nanobeads 

were found to have a uniform profile for size distribution. DLS particle size analysis 

(Figure 4A.6b) showed that effective diameter of the synthesized nanoparticles were 

comparable for all the cases (Table 4A.3), with an average value of 72 nm for PS-COOH, 

129 nm for PS-KPS and 184 nm for PS-NH2. TEM analysis confirmed the spherical 

morphology of both functionalized (PS-NH2, PS-COOH) and non-functionalized (PS-

KPS) nanobeads and the images for the same were shown in Figure 4A.7. 

 

Figure 4A.7: TEM images of the synthesized polystyrene nanobeads, (A) PS-KPS (B) PS-NH2 

(C) PS-COOH. Inset figures show the bar chart for size distribution profile for the nanobeads. 

Both functionalized and non-functionalized polystyrene nanoparticles were found 

to have appreciably high thermal stability with 5 wt% loss observed at 351C and 365 C 

respectively (Figure 4A.8). The presence of 

the fluorophores could not be detected via 

NMR spectroscopy as their incorporation was 

low. However, their existence could be easily 

observed in the absorption spectra, which was 

also used for their quantification. Absorption 

spectra of the polymers from THF solution 

showed the presence of two characteristic 

peaks corresponding to both the fluorophores, 

i.e. OPV and PBI (Figure 4A.4). A 

comparative study with the individual absorption peaks for all the three nanobeads with 

that of pristine fluorophores revealed a blue shift by 30 nm for absorption maxima of 

OPV (as observed in Chapter 2) while absorption maxima of PBI remained unaffected by 

the polymerization into polystyrene backbone. 

Figure 4A.8: TGA plot of the polymers, 

showing their thermal stability. 
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4A.2.4 Photophysical Properties: Solid state emission as well as excitation spectra were 

recorded for the polymers in powder form on a paper strip (sample applied on transparent 

adhesive tape supported on cardboard frame). Figure 4A.9 shows the solid state emission 

spectra collected at (a) 390 nm and (b) at 490 nm for the polymers and their respective 

excitation spectra collected at (c) 445 nm and (d) 576 nm. Since the synthesized 

polystyrene nanoparticles contained two differently emitting fluorophores, the resulting 

emission was a combination of their  relative intensities. 

 

Figure 4A.9: Solid state (powder) emission spectra of the polymers upon excitation at (a) 390 nm 

and (b) 490 nm. Solid state excitation spectra of the polymers collected at (c) 445 nm and (d) 576 

nm. 

Both the functionalized nanoparticles (PS-COOH and PS-NH2) showed near-

white emission under UV lamp while the non-functionalized PS-KPS nanoparticles 

showed a light purple emission in the bulk powder (Figure 4A.10). The emission spectra 

collected at 390 nm showed the characteristic emission peak for both OPV (400-510 nm) 

and PBI (500-700 nm) in all the polymers (Figure 4A.9). This indicated evidence for 

fluorescence resonance energy transfer (FRET) from the OPV to the PBI. Similar 

experimental condition was applied to measure the solid state quantum yield for each of 
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Figure 4A.10: Optical images showing emission from (A) PS-NH2 and (B) PS-KPS (C) PS-

COOH observed under UV lamp. 

the polymers, using the integrating sphere set up attached with excitation source at 390 

nm for OPV and 490 nm for PBI respectively. The emission intensity of OPV was highest 

from PS-NH2, which was in line with its highest DLC (0.04 %). Although the DLC 

values were similar (0.02 %) for the other two polymers, emission intensity for PS-

COOH was found to be slightly higher as compared to PS-KPS. This trend of emission 

data was found to be consistent with the experimentally obtained quantum yield values, 

i.e. highest for PS-NH2 (39 %) followed by PS-COOH (32 %) and PS-KPS (29 %) 

(Table 4A.2). 

In the case of PBI, the emission intensity from the polymer followed a reverse 

trend; highest emission was observed for PS-NH2, having the lowest PBI incorporation 

(DLC = 0.03%) while PS-KPS having 

highest incorporation (DLC = 0.05 %) 

showed the lowest emission. PS-

COOH being moderately incorporated 

with PBI dye (DLC = 0.04 %), showed 

an intermediate emission under similar 

condition. A similar trend was also 

observed for solid state quantum yield 

values, i.e. highest for PS-NH2 (78 %), 

then PS-COOH (65 %) and PS-KPS 

(42 %) (Table 4A.2). Despite the 

difference in emission intensity for 

individual fluorophores, their resulting 

combined emission remained same for both PS-COOH and PS-NH2, producing very 

similar near-white emission under UV lamp. CIE co-ordinate diagram for these two 

functionalized polymers (co-ordinates for PS-NH2 and PS-COOH were (0.29, 0.31) and 

Figure 4A.11: CIE co-ordinate diagram for the 

polymers. 
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(0.32, 0.31) respectively) showcased their white light emitting nature. The emission was 

minutely different for non-functionalized polymer (PS-KPS), which showed light purple 

emission with CIE co-ordinate of (0.25, 0.21) while OPV-PS and PBI-PS polymers 

showed blue and red emission respectively (Figure 4A.11).   

4A.2.5 Sensing Studies with Polymer Powder: The high solid state emissive nature of 

the polymers makes them attractive candidate for application in chemical sensors where 

change in their luminescence property can be utilized to detect the presence of an analyte. 

OPV being an electron rich moiety preferably interacts with electron deficit species 

whereas the electron deficient nature of the PBI moiety makes it suitable for interaction 

with electron rich species. This highlights the applicability of OPV based polymers for 

detection of compounds such as nitroaromatics while PBI moieties are useful to detect the 

presence of harmful organic amines. Polystyrene nanobeads incorporating OPV alone 

(OPV-PS) or PBI alone (PBI-PS) were taken to demonstrate the selective application of 

OPV and PBI fluorophores for the 

detection of nitroaromatics and 

organic amines respectively (Figure 

4A.12a,b). Solid powders of OPV-PS 

nanoparticles in the form of strip 

prepared by applying sample on 

adhesive tape supported on cardboard 

frame was exposed to vapor of NB as 

an illustrative example of a member of 

the nitroaromatic family for a period 

of 30 minutes. Figure 4A.12a shows 

more than 95% quenching of OPV 

emission from OPV-PS upon exposure 

to vapor of NB for 30 minutes. In a 

similar manner, PBI-PS samples were 

exposed to vapor of o-TD as an 

illustrative example for a member 

belonging to the organic amine family. Figure 4A.12b shows 93% quenching of PBI 

emission upon exposure to vapor of o-TD for 30 minutes. The reverse i.e. exposure of 

OPV-PS to vapor of o-TD or exposure of PBI-PS to NB for 30 minutes did not lead to 

Figure 4A.12: (a) Quenching of OPV emission in 

OPV-PS upon exposure to NB vapor (Inset: 

emission after exposure to o-TD vapor). (b) 

Quenching of PBI emission in PBI-PS upon 

exposure to o-TD vapor. (Inset: emission after 

exposure to NB vapor). 
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any appreciable changes in their respective emission characteristics as shown in inset in 

Figure 4A.12a, b respectively. This clearly demonstrated the selectivity of interaction of 

electron rich OPV with nitroaromatics and the electron deficient PBI with organic 

amines.   

The polymers incorporating both fluorophores exhibited near white emission, and 

any change in the electronic states of the fluorophores (arising from selective interaction 

with analytes) is expected to be reflected as a substantial change in the emission color of 

the polymer. Additionally, the white light emission had the added advantage of enhanced 

sensitivity in that even a slight change in emission color could be easily and efficiently 

detected and quantified. The combined presence of the OPV and PBI fluorophores is thus 

 

Figure 4A.13: Structures of organic amines and nitro-organic compounds used in this study 

expected to impart dual sensing ability to the polystyrene nanoparticle incorporating 

them. Further, the surface functionalization of the PS beads with -COOH or -NH2 groups  
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as in PS-COOH and PS-NH2, is expected to boost the sensing efficiency by enhancing 

the interaction with the analytes. The 

sensing ability of the three polymers (PS-

KPS, PS-COOH and PS-NH2) towards 

various analytes (Figure 4A.13) were 

checked by exposing the polymer in 

powder form on the adhesive strip to 

vapors of the various analytes for a period 

of 15 minutes. 

When the nanobeads were exposed 

to the vapor of nitroaromatics, a gradual 

quenching of emission of the OPV 

moieties occurred due to its interaction 

with the electron deficient nitroaromatic 

molecules. This resulted in the emission 

from PBI fluorophore to become 

prominent leading to a striking, visible 

emission color change from white to 

yellow indicating the presence of 

nitroaromatics. Similarly when vapor of 

suitably electron rich analytes such as 

organic amine were exposed to the 

polystyrene nanobeads, the PBI emission 

was quenched, keeping the blue emission from OPV unaffected (change of emission color 

from white to blue). Figure 4A.14a,b compiles the percentage emission quenching of 

OPV and PBI emission for the three polymers upon exposure to vapors of various 

nitroaromatics and organic amines respectively. NB was found to result in the highest 

quenching from OPV emission whereas o-TD quenched the PBI emission most 

effectively. 

 This selectivity from among the library of the analytes arose from two major 

factors, (a) electron donation/acceptance ability of the analyte and (b) their vapor 

pressure. Vapor pressure of the analyte controlled the concentration of analyte in the 

resulting vapor, which in turn determined the possibility of effective interaction between 

Figure 4A.14: Percentage OPV emission 

quenching upon exposure to different volatile 

nitro compounds for 15 minutes. Emission was 

collected at 400 nm (λex = 390 nm). b) 

Comparative plot for percentage PBI emission 

quenching upon exposure to different volatile 

organic amines for 15 min. Emission was 

collected at 500 nm (λex = 490 nm). 
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electron rich and electron deficient fluorophore systems. Although 2-NT had higher vapor 

pressure, its electron accepting ability was comparatively less than that of NB resulting in 

reduced sensitivity of interaction of OPV with 2-NT. [4A.33] In the case of o-AD, 

although electron donating ability was higher compared to o-TD, the vapor pressure was 

lower resulting in reduced sensitivity of interaction with PBI. The same is reflected in 

their quenching efficiency (Figure 4A.15a). 

 

Figure 4A.15: a) Comparative plots for PS-NH2 nanobeads upon exposure to the vapors of NB 

(wine red), 2-nitrotoulene (cyan) o-TD (purple), and o-anisidine (magenta) as a function of time. 

b) Emission spectra of PBI-PS at 490 nm and 390 nm excitation wavelength. 

To probe the improvement of sensing ability of the functionalized PS 

nanoparticles (PS-COOH and PS-NH2) over the non-functionalized nanoparticles (PS-

KPS), time dependent studies involving quenching of emission upon interaction of OPV 

with NB and PBI with o-TD was carried out. Figure 4A.16a-c compares the quenching of 

OPV emission for the three polymer samples – PS-KPS, PS-COOH and PS-NH2 upon 

exposure to vapor of NB for varying periods of time. A decrease in the OPV as well as 

PBI emission intensities was observed as a function of exposure time. As PBI was 

insensitive to the NB vapors, the reduction in PBI emission could be attributed to 

reduction in FRET from OPV to PBI due to the gradual reduction in OPV emission. It 

must be pointed out here that since PBI exhibited absorption at 390 nm, direct excitation 

of PBI also occurs upon excitation at the OPV wavelength of 390 nm. Figure 4A.15b 

compares the emission observed in a PBI alone system (PBI-PS) upon excitation at both 

390 and 490 nm. If only FRET was the basis of the observed PBI emission upon 

excitation at 390 nm, it would have also got quenched upon reduction of OPV emission 

on exposure to the NB vapor. Since PBI also exhibited some extent of direct excitation at 
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390 nm, the yellow emission from PBI was retained even after quenching of OPV 

emission. This was further supported by the emission spectra of PS-NH2 collected by 

 

Figure 4A.16: Quenching of OPV emission upon exposure to NB vapor over time (0 to 30 min) 

for a) PS-NH2, b) PS-COOH and c) PS-KPS and g) their quenching percentage. Quenching of 

PBI emission upon exposure to vapor of o-TD over time (0 to 30 min) for d) PS-NH2, e) PS-

COOH and f) PS-KPS and h) their quenching percentage. 

exciting at PBI wavelength (490 nm) after the exposure to NB vapor, where no quenching 

of PBI emission was observed even after 30 minutes of exposure (Figure 4A.17a).  

A similar experiment depicting the quenching of PBI emission upon exposure to 

vapors of o-TD is compiled for the three polymers in Figure 4A.16d-f. Figure 4A.17b 

shows that the OPV emission (for PS-NH2) at 390 nm remained unaltered on exposure to 

o-TD vapor for 0 to 30 minutes, while the PBI emission exhibited reduction in intensity  
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Figure 4A.17: a) Effect of NB vapor on the solid state emission of PBI in PS-NH2 as a function 

of time (0 to 30 min) at 490 nm. b) Effect of o-TD vapor on the solid state emission of OPV in 

PS-NH2 as a function of time (0 to 30 min) at 390 nm. 

as a function of exposure time. The quantification of the percentage quenching of both 

OPV and PBI emission from these sets of experiments is summarized up in Figure 

4A.16g-h. It could be seen from the figure that among the three sets of polymers, the PS-

NH2 had a faster response as it exhibited 50 % quenching of OPV / PBI emission within 

2 minutes of exposure to the vapors of NB and o-TD respectively. PS-COOH also 

showed faster response compared to PS-KPS, especially for OPV emission quenching  by  

interaction with NB. 

 Visual observation of the sharp emission color change from white to blue or 

yellow upon exposure of PS-NH2 powder to o-TD or NB vapor respectively is provided 

from digital images in Figure 4A.18(a-c). Figure 4A.18d demonstrates the clear and 

distinct changes captured for the same through CIE diagram, where the co-ordinates shift 

from (0.29, 0.31; white) to (0.43, 0.56; yellow) upon exposure with NB vapor (due to the 

direct excitation of PBI at 390 nm left after quenching of OPV emission) and to (0.19, 

0.16; blue) upon exposure to o-TD vapor (due of PBI quenching).  

 When the surfaces of the nanoparticles are functionalized with carboxy or amine 

groups, sites are generated for formation of H-bonding between these groups and the 

analyte molecules. Hydrogen bonding facilitates the analyte molecules to approach the 

appropriate fluorophore and orient themselves in a proper orientation thereby effecting 

sensing at lesser time.
22,40,41

 The slow kinetics for the case of PS-KPS was observed 

because of the higher time required for the analytes to establish electronic interaction with 

the fluorophore. Of the two differently functionalized nanoparticles, PS-NH2 having the 

surface functionalized with amine groups was more efficient for enhancing the sensing  
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Figure 4A.18: PS-NH2 nanobeads under UV lamp a) pristine form b) after exposure to o-TD 

vapor c) after exposure to NB vapor. d) CIE co-ordinate diagram for PS-NH2 polymer 

demonstrating the color tuning and sensing of both o-TD and NB vapor. e) Possible mechanism of 

quenching by the nitro-organics and amine-organics vapor. 

 performance over the carboxy functionalized PS-COOH. The same was confirmed by 

dipping the PS-NH2 and PS-COOH pellet in KBr into the respective analyte solution for 

1 min and their FTIR was recorded. The shift to lower wavenumber  was more 

pronounced in case of PS-NH2 as compared to PS-COOH (Figure 4A.19). 

 A possible mechanism for the enhancement of sensing performance through 

surface functionalization of the nanoparticles is presented in Figure 4A.18e. The values 

of quenching efficiency for all analytes were tabulated in the following tables (Table 

4A.4-4A.7). 
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Table 4A.4: Percentage quenching of OPV emission after exposure to various nitro 

compound vapors for 15 min. 

 

Nitro compounds PS-NH2 PS -COOH PS -KPS 

NB 84 83.2 74 

2-NT 43 39 37 

4 NT 22 19.2 8.9 

PA 1.2 3 2.2 

2,6-DNT 3.6 4.4 2.6 

1,4-DNB 7.9 2.1 4.1 

2,4-DNB 13 10.3 6.6 

2,4-DNP 2.6 1.4 0 

4-NP 4.1 1.3 0 

NM 3.9 3.1 3.6 

1,5 DNN 5.9 3.5 0 

 

Table 4A.5: Percentage quenching of PBI emission after the exposure to various amine 

vapors for 15 min. 

 

Amines compounds PS -NH2 PS -COOH PS -KPS 

2-AMP 4.8 2.5 2.9 

4-ABA 3.2 0 3.3 

4-AHBA 2.4 2 0 

BA 2.1 2.2 1.8 

DA 3.1 0 0 

Hyz 12 9.1 4.3 

m-TD 14 9.9 8 

p-TD 5.4 2.8 4.5 

p-AD 5.3 4.4 0 

3,4 DAT 0 0 0 

o-AD 31 20 14.7 

o-TD 84 77 71 
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Table 4A.6: Time dependent quenching of OPV emission after the exposure to vapor of 

NB.  

Time (min) PS -NH2 PS -COOH PS -KPS 

1 28.5 12.8 0 

2 47 35 15.2 

3 60.4 44.6 48.3 

5 67 58.4 52.6 

10 78 64 59 

15 84 83.2 74.8 

30 92 85 85 

 

 

Table 4A.7: Time dependent quenching of PBI emission after the exposure to vapor of o-

TD. 

Time (min) PS -NH2 PS -COOH PS -KPS 

1 36.6 16 21.2 

2 47 33 34.6 

3 57.2 50.5 44.1 

5 74 64.6 63 

10 79 72 67 

15 84.2 77.5 71 

30 91 86.7 86.3 

  

Further to test the potential of the polystyrene nanoparticles for real time device 

based application, the polymer having highest efficiency i.e. PS-NH2 was selected for 

detailed analysis. A free standing film (thickness 0.07±0.01mm) was prepared by 

dropcasting THF solution of the polymer and exposing it to NB as most responsive 

nitroaromatics and o-TD as most responsive amine from their individual methanolic 

solutions (100 µL in 30 mL methanol). As observed from its powder form, the film 

showed white emission from the dry state or on exposure to pure methanol. When the 

film was dipped in the methanolic solution of NB for a minute, the emission changed to 
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yellow (Figure 4A.20a-f) similar to that 

observed from powder upon vapor 

exposure. Submerging the film in o-TD 

solution produced blue emission. Thus 

the prepared film was found to show 

similar efficient and quick response 

towards the incoming analytes, making it 

a good candidate for application in real 

life based devices. Furthermore, when 

the film used for NB detection was 

directly dipped in o-TD solution, it 

showed exactly similar emission 

property i.e. blue emission and vice 

versa. At any point of time the film could 

be made to regain its white emission by 

simply washing with few drops of 

methanol. This sensing could be repeated 

multiple times quickly and reversibly 

without much loss in sensing efficiency.  

 Figure 4A.20g depicts 8 

consecutive cycles of alternating analyte sensing highlighting the advantages of film 

based sensing, thus making the film a highly suitable candidate for application in device 

fabricationto detect analytes in less than a minute. 

 The vapor phase limit of detection (LOD) for the analytes was also determined 

from emission quenching of the corresponding fluorophore by different concentrations of 

the analyte. The sensitivity of the sensor has been determined by considering signal to 

noise (S/N) ratio of 3 as the limit of detection.
42,43

 The emission quenching performance 

was measured by exposing the prepared strip of PS-NH2 to vapor having different 

concentrations of the analyte. The saturated vapor of the analyte (prepared to required 

volume inside air tight syringes over 24 h) was diluted to various concentration by mixing 

with requisite volume of dry air. The prepared strip was exposed to the diluted vapor of 

the analyte from inside a pre-evacuated and air tight plastic bag. After 10 min of 

Figure 4A.19: FTIR spectrum comparing the shift 

in case of PS-NH2 and PS-COOH before and after 

dipping in the respective analyte solution for 1 

min 
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Figure 4A.20: Optical images of  A) free standing film of PS-NH2 under normal and UV light 

(B) after dipping into o-TD solution and (C) NB solution (D,E) Fast exchange on dipping into o-

TD or NB solution and vice versa. (F) Regain of white emission after methanol wash. (G) Multi-

analyte detection on alternatively dipping the free standing film of PS-NH2 into NB and o-TD 

solution. Emission spectra were collected every minute after dipping into the respective analyte 

solution. 

exposure, the emission intensity of the nanobeads from the strip was recorded and 

corresponding quenching was calculated. A thorough comparison with other NB and o-

TD sensors reported in the literature is synopsized in Table 4A.8, 4A.9 from which we 

found that our sensors could overcome several inadequacies in type of material, response, 

fast exchange of analyte and reusability etc. with appreciable LOD values when 

compared to other literatures for both the analytes. The LOD determined by 3S/N ratio 

was found to be 5.6 ppm for NB and 6.9 ppm for o-TD vapor. To the best of our 

knowledge, this is first report on highest LOD reported for o-TD in the literature so far. 
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Table 4A.8: Comparison of reported sensors for detection of NB. 

 

Table 4A.9: Comparison of reported sensors for detection of o-TD. 
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4A.3 Experimental Details: 

4A.3.1 Materials: Sodium dodecyl sulfate (SDS), Brij S-100, 4,4'-Azobis(4-cyanovaleric 

acid) (ACVA), Potassium persulfate (KPS), Aminoethyl methacrylate hydrochloride 

(AEMH) were purchased from Aldrich, n-Hexadecane (HD) from Alfa Aesar and were 

used as received. Acrylic acid (AA), styrene bought from Aldrich was purified prior to 

use as per the standard protocol. All the analytes used for sensing studies were purchased 

from commercially available sources and used as received. Solvents and other reagents 

were purchased from local suppliers and purified using standard procedures. 

Demineralized water was used throughout the whole scheme of work.
 

4A.3.2 Details of Analytical Instruments: The instrumentation used for characterization 

of the polymers like the GPC, TEM, DLS (for size and zeta potential), Sonicator, TGA, 

NMR, absorption and fluorescence spectrophotometer are same as described in the 

Chapter 2.
 
The polymer powders were mixed with KBr to make pellets and their infrared 

spectra was recorded using Bruker spectrophotometer in the range of 4000-600 cm
-1

. 

The Solid State Quantum yield was determined using F-3029 Quanta-Phi 6″ Integrating 

Sphere connected to Horiba JobinYvon Fluorolog 3 spectrophotometer. GC-MS analyses 

were performed with Agilent make 7890B GC coupled with 5977A MD detector. 

4A.3.3 Preparation of Sample for Sensing Studies: For carrying out the vapor sensing 

analysis, the polymer powders were directly exposed to the analyte vapor. In one such 

process, transparent adhesive tape was secured on a thin cardboard frame as a support and 

then polymer powder was adhered on it. This sample strip was then exposed to the 

analyte vapor and PL measurement was performed to check for its sensing property.  In 

another case, a free standing film was prepared from THF solution containing 20 mg of 

polymer per ml of solvent. The solution was poured into a petridish and the solvent was 

allowed to evaporate at room temperature. The film (thickness 0.07 ± 0.01 mm) was then 

peeled off, cut into desired size and used directly for sensing studies in the similar way. 

4A.3.4 Study of the chemical sensing: For studying the polymers towards sensing of the 

analytes from vapor phase, saturated vapor chambers were prepared by placing analytes 

inside a closed 50 mL falcon for 24 h at room temperature (25 °C).  After 24 h, powder 

samples in the form of prepared stripes described above was placed inside the falcon, 

avoiding any direct contact of the analyte with the sample and the chamber was closed. 

The sample was then removed from the vapor chamber after the mentioned residence 

time and emission spectra were recorded immediately. 
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For sensing studies with free standing film (thickness 0.07 ± 0.01 mm), the 

prepared film was directly dipped into methanolic solution of the analyte (100 µL in 30 

mL methanol) for 1 min and then removed to soak off the excess liquid from the film 

surface. The emission spectra were recorded with the dried film, without any further 

delay. 

For checking the emission from the OPV moiety of the polymers, the samples 

were excited at excitation = 390 nm and the emission spectra were collected in the range of 

400 to 700 nm. While, for PBI, emission spectra was recorded in the range of 500 to 700 

nm using excitation = 490 nm.  The percentage quenching was calculated using following 

equation (eq 4): 

 

Where I0 and I are the intensities at their respective emission maxima, before and after 

exposure to the analyte. 

4A.3.5 Detailed calculation for measurement of analyte concentration from vapor 

phase: 

For knowing the concentration of analyte in saturated vapor identical vapor 

chamber was generated inside an air tight syringe containing 1.5 mL of the analyte and 20 

mL air. The analyte was allowed to gain equilibrium between vapor and liquid phase in 

next 24 hrs. The collected vapor was then directly bubbled into 1 mL acetonitrile taken in 

a GC vial. The obtained solution was then analyzed using GC-MS and the area of the 

corresponding peak was compared to that of a standard known solution (2 µL of analyte 

in 10 mL acetonitrile) to determine the analyte concentration in vapor phase using the 

following  equation (eq 5) (details of calculation is provided below): 

 

 

where Cana = concentration of analyte in vapor, Cstd = concentration of analyte in stock 

solution, Aana= area corresponding to vapor, Astd= area corresponding to stock solution.  

An acetonitrile solution having 20 mL analyte vapor dissolved in was injected to GC-MS 

for determination of area under chromatogram and subsequent comparison with standard 
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sample solution. Since area under the chromatogram is directly proportional to the 

concentration of the analyte solution, 

 

The concentration of the analyte in the solution was used to determine the 

concentration in vapor phase as follows: 

No. of moles of the analyte present in 1 mL acetonitrile solution (calculated conc. of 

Csample M) is (Csample x 10
-3

)
 

This mole number originated from 20 mL of the saturated vapor, hence 10
6
 mL of such 

vapor would contain (Csample x 10
-3

 x 10
6
 / 20, or 50 x Csample) moles of the analyte. 

Now, as per ideal gas equation, volume of (50 x Csample) moles of the anlayte under NTP 

is (22400 x 50 x Csample), or (Csample x 1.12 x 10
6
) ml. 

Thus the saturated vapor contains (Csample x 1.12 x 10
6
) ml of the analyte per 10

6
 ml of 

total volume, i.e. (Csample x 1.12 x 10
6
) parts of analyte per million parts. 

Therefore the concentration of the analyte in the vapor phase is calculated as (Csample x 

1.12 x 10
6
) ppm .i.e. 

 

While measuring LOD for analyte vapor, concentration of the analyte in the diluted vapor 

was calculated using the equation: C1V1 = C2V2 

From GC analysis concentration for nitrobenzene and o-toulidine inside the vapor 

chamber were calculated using the above mentioned formula and were found to be 186 

and 232 ppm respectively. In order to further determine their limit of detection (LOD), 

paper strip placed in air tight plastic bag was exposed to different concentration of analyte 

vapors (0.5 mL, 1 mL, 1.5 mL, 2 mL) which were syringed into the bag and diluted with 

dry air (9.5 mL, 9 mL, 8.5 mL, 8 mL) and subsequently their emission were recorded. 

4A.4 Conclusion: 

We have developed distinctly dual vapor based solid state emitting polystyrene 

nanobeads sensor having OPV and PBI incorporated together in the polymer backbone.  

The chromophores were incorporated into the polystyrene nanobeads in a suitable 

proportion as to obtain near white emission under UV light. The surface of nanobeads 

was selectively functionalized with amine (PS-NH2) or carboxy (PS-COOH) 

Csample

Asample
CstandardAstandard

= x
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functionality and their sensing efficiency was compared with the one having no 

functionalization (PS-KPS). Exposure of the polymer beads to the vapors of electron 

deficient nitrocompounds quenched the emission from OPV moiety selectively retaining 

the emission from PBI resulting in yellow emission from nanobeads under UV lamp. On 

the other hand, PBI emission was quenched on exposure to amine vapors resulting in blue 

emission from nanobeads. The functionality on the surface of the nanobeads assisted in 

better analyte sensor interaction through solid-state hydrogen bonding resulting in 

enhanced quenching of the respective chromophores when compared to non-

functionalized nanobeads. The nanobead with surface amine functionality (PS-NH2) 

exhibited the highest sensing efficiency for both electron deficient and rich analytes. 

Device applicability was demonstrated by free standing film (thickness 0.07±0.01mm) of 

PS-NH2 polymer which underwent fast exchange of analytes observable under UV lamp 

and reusability of film was checked upto 8 cycles. 

 

NOTE: The results presented in this chapter are already published in Anal. Chem. 2018, 

90, 7434–7441 with the title ‘Surface Functionalized Fluorescent PS Nanobead Based 

Dual-Distinct Solid State Sensor for Detection of Volatile Organic Compounds’. 
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CHAPTER-4B 

 

Amine decorated Polystyrene Nanobeads with π-Conjugated OPV Chromophore 

For Picric acid Sensing in Water 

 

Abstract: This chapter deals with 

synthesis of amine functionalized 

fluorescent polystyrene 

nanobeads for selective detection 

of Picric acid (PA) in water 

among other interferences such 

as metal ions, anions and other 

nitroexplosives. Amine functionalized oligo (p-phenylenevinylene) (OPV) incorporated 

polystyrene nanobeads (PS-OPV-NH2) was synthesized using miniemulsion 

polymerization in the size range of 182 nm. The amine (-NH2) functionalization was 

performed to enhance the selectivity of sensor from among the library of other nitro-

organics. The combined effect of energy transfer, inner filter effect and electron transfer 

mechanism resulted in outstanding selectivity of sensor. To check the applicability of 

sensor in the real water sample interference from large number of cations and anions 

were checked. Finally device based on-site application and reusability of sensor was 

examined by free standing film of polymer. Thus rapid and efficient sensor could be 

developed for visual detection of PA in aqueous medium with detection limit as low as 58 

nM.  
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4B.1 Introduction: 

The sensitive and selective sensing of nitroexplosives is seeking immense 

consideration due to security reasons and environmental protection.
1
 Among the nitro 

explosives, picric acid (PA) is highly explosive material due to its high denotation 

velocity and low safety coefficient. Additionally, unlike other nitroexplosive, it is also 

widely used in dye and drug industries, antiseptic and pesticide manufacturing etc.
2
 This 

makes it easier to enter the environment and pollute soil and natural water owing to its 

excellent water solubility. Any such environmental pollution leads to severe health 

concerns including anemia, cancer, male impotency and other respiratory problems.
3-5

 

Such an important aspect has thus dragged the focus of researchers from around the globe 

and various sensor has been developed through time. To name a few, very recent 

approaches to detect the presence of picric acid consists of various luminescent materials 

like quantum dots (QD)
6
, polymers

7
, upconverting nanoparticles (UCNP)

8
, metal-organic 

frameworks (MOF)
9
, small molecules

10
 etc (Figure 4B.1). One such example of MOF 

based sensor has been reported by 

Shi et al.
11

 for highly efficient 

detection of PA in DMA. This 

sensor is based on the luminescence 

quenching of a fluorescent MOF. 

Likewise Sang et al.
12

 and 

Venkatramaiah et al.
10

 reported 

covalent organic framework (COF) 

and small molecule based PA 

sensor in methanol and ethanol 

respectively. Based on the similar working principle, Wang et al. has recently developed 

a QD based sensor
9
, where exploitation of emission property for carbon QD has been 

used for selective detection of PA from water. In another study with UCNP, presence of 

PA has been detected from mixed aqueous solvent through quenching of its inherent 

emission property.
8
  But most of these sensors suffered from major limitations such as 

poor selectivity,
10,13-15

 poor water dispersibility, aggregation induced emission quenching 

in aqueous medium, etc.
10-16

    

Figure 4B.1: Illustration of fluorescence based 

materials for sensing nitroexplosives. 
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Figure 4B.2: a) Preparation of poly(ethylenimine) (PEI)-D-glucose polymeric NPs and detection 

of PA. (b) Its emission response to metal ions in presence and absence of EDTA. (Figure is 

adapted from Ref 26 with permission from ACS Publishers)  

Additional factors such as release of toxic metals in case of MOF, UCNP and QD, 

instability of MOF in water limits their practical applicability.
16-18

 Also the varying 

emission of UCNPs and QDs on exposure to varying temperature and pH makes it really 

difficult for a conclusive remark on the observed sensing.
17,18

 This leads to a continuous 

stretch to the search for a fluorescent based sensor for picric acid to check and prevent 

any possible harm in terms of environmental pollution and detecting buried explosives. 

In the context of fluorescent based sensors, conjugated polymers always hold the 

superiority in terms of high QE, tunable emission, etc. Thus, applications of conjugated 

polymers are expected to produce effective outcome for analyte sensing. However, in 

such reported sensors, the lack of specific binding site for the interaction with analytes
19-

21
 along with multistep tedious synthesis,

19,21,22
 sometime limits their application. Other 

common drawback lies in the scope of application, where the interference of other nitro 

explosives
22-25

 or some heavy metal ion
20,25,26

  eg. Cu(II), Ni(II), Fe(III), Zn(II) (that are 

present in water) are significant (Figure 4B.2 ) and hence their removal is required prior 

to the sensing of PA.
26

 

In an attempt to overcome the above limitations without compromising the 

selectivity as well as sensitivity of the sensor, we are presenting two approaches i.e. 

surface functionalization and covalent stitching of fluorophore. In this work we have 

prepared amine (-NH2) functionalized polystyrene (PS) based sensor for the visual 

detection of PA using green and environmentally benign miniemulsion polymerization 

method (Scheme 4B.1). We have chosen oligo (p-phenylenevinylene) (OPV) based 

chromophore because of its appreciable quantum yield, excellent thermal and photo 

stability; polystyrene as backbone to reduce aggregation induced quenching of 
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fluorophore emission. However keeping our previous knowledge of covalent stitching in 

mind, OPV was covalently stitched to the polymer backbone to prevent any dye leaching 

which might hamper the sensor performance during application cycles. Amine 

functionalization on the surface of the nanobeads was performed with the view to provide 

specific binding sites for the analytes and to improve its selectivity by boosting  

 

Scheme-4B.1: Schematics for synthesis of amine decorated polystyrene nanobeads via 

miniemulsion polymerization. 

analyte-sensor interaction. Furthermore, interference from almost 16 cations including 

Ni(II), Cu(II), Zn(II), Fe(III) that are commonly present in water were checked to test 

their effect on sensor performance. Device applicability and reusability of sensor was 

checked further by casting free standing film from polymer. Hence efficient, prompt and 

highly selective on-site sensing of PA can be achieved in 100% aqueous medium. 

4B.2 Results and Discussions: 

4B.2.1 Synthesis and structural characterization: π-conjugated OPV based dye was 

synthesized and characterized as per the previously described procedure. The dye was 

then covalently incorporated into polystyrene backbone through miniemulsion co-

polymerization, using non-ionic Brij S-100 as surfactant and 4,4'-Azobis(4-cyanovaleric 

acid) (ACVA) as initiator. Aminoethyl methacrylate hydrochloride (AEMH) was used as 

functional monomer to functionalize the surface of the resulting nanobeads (PS-OPV-
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NH2) with -NH2 group, creating favorable sites for interaction with electron deficient 

compounds as incoming analyte. Such amine functionalized OPV incorporated 

polystyrene nanobeads was prepared following the protocol described in the previous 

section of the Chapter 4A (Section 4A.2.1). In such a typical reaction process, the organic 

phase containing 1 g of styrene, 30 mg OPV and 48 mg of hexadecane was dropwise 

added to a aqueous phase (4 mL) 100 mg of AEMH, 16 mg of ACVA and 33 mg of Brij 

S-100. This mixture was then pre-emulsified for an hour at room temperature. The 

emulsion thus obtained was then sonicated for another 20 min in an ice-cooled bath. 

Table 4B.1: Number and weight average molar mass, polydispersity indices (PDI), solid 

content, zeta potential of PS-OPV-NH2. 

Sample Mn
a
 Mw

a
 PDI

a
(Ð) Solid 

content 

(%) 

Zeta 

Potential
b
 

PS-OPV-NH2 56700 151000 2.6 21 +36.6 

 

a) Measured by Gel Permeation Chromatography (GPC) in Chloroform (CHCl3) calibrated 

with linear, narrow molecular weight distribution polystyrene standards. 

b) Measured by Dynamic Light Scattering in water. 

 

Finally, the polymerization was carried out for 20 h at 70 ⁰C with a constant stirring at 

750 rpm. Then obtained latex was dialyzed using a dialysis membrane (molecular weight 

cutoff = 6 kD) against deionised water for 3 days, with water change in every six hours. 

The percentage solid content of the polymer was calculated using standard equation. The 

solid content value of PS-OPV-NH2 is tabulated in Table 4B.1. 

The surface charge of the resulting nanobeads was confirmed by a net elevated 

positive zeta potential of +36.6 mV, indicating presence of -NH2 groups on the surface 

(Table 4B.1). FTIR analysis further confirmed the presence of -NH2 group, from the 

presence of characteristic peaks (Figure 4B.3a). Broad peak centered at 3408 cm
-1 

accounted for N-H stretching while the in-plane bending resulted a sharp peak at 1604 

cm
-1

. Another broad peak at 1100 cm
-1 

accounted for C-N stretching. The relative 
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Figure 4B.3: a) FTIR plot of polymer on KBr pellet, b) Normalized intensity-average size 

distribution of polymer in demineralized water using Dynamic Light Scattering 

molecular weight was determined by gel permeation chromatography (GPC) in 

tetrahydrofuran (THF).  It was found to possess high molecular weight in the range of 151 

KDa (Mw) with PDI value of 2.6 and the values are tabulated in Table 4B.1. The size of 

the nanobeads, as observed from particle size analysis with dynamic light scattering lied 

in the range of 182 nm with PDI value of 0.08, signified uniform size distribution profile 

as obtained by miniemulsion polymerization approach (Figure 4B.3b, Table 4B.2). 

Table 4B.2: Dye loading content (DLC), Dye loading efficiency (DLE), polydispersity 

index (Ð). 

 

a) Dye Loading content (DLC) and Dye Loading Efficiency (DLE)are calculated by 

absorption studies in THF. 

b) Measured by Dynamic Light Scattering in water. 

 

TEM imaging further confirmed spherical morphology of the nanobeads, with 

monomodal distribution of nanoparticle size, as obtained by DLS (Figure 4B.4a). 

a) b)

Sample 

Amount 

of OPV  

in feed 

(mg) 

Amount of 

OPV 

incorporated 

(mg)
a
 

DLC 

(%)
a 

For 

OPV 

DLE 

(%)
a
 

For 

OPV 

Size 

(nm)
b
 

PDI
b 

 

PS-OPV-NH2 30 16.1 1.6 53.6 182 0.08 
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Figure 4B.4: a) TEM image of PS-OPV-NH2 polymer, showing the spherical morphology with 

uniform size distribution, b) Absorption spectra of the polymer in THF (1 mg/ml) for DLC and 

DLE calculation. 

Lower incorporation of the OPV dye into polymer backbone prevented the 

detection of its characteristic signals by NMR spectroscopy.  However, its presence has 

easily been identified and quantified from the absorption spectrum recorded in THF 

(Figure 4B.4b). The nanobeads showed an absorption maximum at 365 nm, 

corresponding to the incorporated OPV moieties, with a blue shift of 30 nm compared to 

pristine dye. The amount of dye incorporated into polymer backbone could easily be 

quantified based on its molar absorptivity value (40360 Lmol
−1

cm
−1

, THF), following the 

standard equations of DLC and DLE calculation. Its DLC value was found to be 1.6 % 

while its DLE was 53.6 % (Table 4B.2), showing an efficient insertion of the OPV dyes 

into the polystyrene core. 

4B.2.2 Photophysical Properties: Figure 4B.5a, b display the emission and excitation 

spectra of PS-OPV-NH2 in water at excitation wavelength of (a) 390 nm and (b) 445 nm 

respectively. Polymer showed bright blue emission in water under UV lamp which was 

further confirmed by its CIE co-ordinate diagram with CIE co-ordinate value of (0.15, 

0.14) (Figure 4B.5c). Its excitation spectra distinctly exhibited two vibrational bands at 

345 nm and 365 nm. Further the effect of pH and temperature variation was studied on 

the emission properties of polymer. The results clearly showed that the emission 

remained unaffected for a wide range of temperature and pH. This highlighted the 

advantage of polystyrene nanobeads, where a constant emission is possible under 

different conditions, unlike QDs and UCNPs which might hampers the sensing efficiency 

of sensor (Figure 4B.5d, e). 

a)
b)
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Figure 4B.5: a) Solution state (a) emission (at 390 nm) and (b) excitation spectra (collected at 

445 nm) of the polymer PS-OPV-NH2 in demineralized water, c) CIE co-ordinate diagram of PS-

OPV-NH2. d) Emission spectra for PS-OPV-NH2 depicting non-quenching of OPV emission on 

varying pH from 1 to 14 and e) Emission spectra for PS-OPV-NH2 depicting non-quenching of 

OPV emission on varying temperature from 0 C to 60 C. 

The high and constant emission of PS-OPV-NH2 in water, added with its good 

water dispersibility, excellent thermal and photostability, indicates its proper candidature 

for a fluorescence based chemosensor in aqueous medium. During our previous 

investigation, we have seen that electron-rich nature of OPV fluorophore helps it to 

interact with electron-deficient analyte such as nitrobenzene. Emission quenching by 

nitrobenzene vapour and its ethanolic solution prompted us to explore the usability of 

OPV containing fluorescent nanoparticles for detection of nitro explosives in 

contaminated water. Furthermore, we have also functionalized the nanoparticle surface 

with –NH2 groups to increase the interaction between OPV dye core and the incoming 

nitro explosives, thereby increasing the overall sensing performance. We have already 

demonstrated the possibility of the OPV dyes for developing sensors to selectively detect 

nitro organics from organic solutions. Thus the electron rich nature of OPV prompted us 

to explore its sensing behaviour toward electron deficient nitro explosives in water.  

4B.2.3 Sensing Studies with PS-OPV-NH2: To check the selectivity of sensor toward 

picric acid (PA) from among other organic analytes, fluorescence titration experiments 

were conducted by addition of fixed concentration of various analytes (10
-4

 M) listed in 

a) b) c)

d) e)
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Figure 4B.6 into the water dispersion of PS-OPV-NH2 (Details of experiment are 

provided in experimental section, 4B.3). Figure 4B.7 (A, B) compares the effect of  

 

Figure 4B.6: Chemical structures of nitro organic compounds used in this study 

various analytes on the % quenching of sensor. The results clearly demonstrated the 

selectivity of sensor towards nitrophenols (PA, 2, 4-DNP, 2-NP) while no remarkable 

change in fluorescence intensity was observed on the addition of other analytes. Figure 

4B.7C shows the gradual increase in % quenching on increasing concentration of PA with 

instant fluorescence quenching  of ~29% at 1x10
-5

 M concentration which reached ~92%  

at 1x10
-4

 M concentration. The inset in Figure 4B.7C shows the marked disappearance of 

the blue emission from polymer on addition of PA to it, upon observation under a UV 

lamp. Figure 4B.7D shows the simultaneous decrease in the excitation spectra on 

addition of PA. This showed rapid and prompt sensing of PA useful for on-site detection 

of explosives. 
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Figure 4B.7: A) Emission spectra of PS-OPV-NH2 and B) its quenching percentage upon 

addition of different nitro-organic compounds (1x 10
-4

 M) in water. C) Emission and D) excitation 

spectra of PS-OPV-NH2 polymer collected after the addition of varying concentration of PA 

(1x10-7 to 2x10-4 M). Emission and excitation spectra was collected at λex = 390 nm and λem = 

445 respectively. 

To analyse the reason behind the selective sensing of PA among the library of 

other nitro-organics and its mechanism, the quenching efficiency was further studied 

using Stern-Volmer equation .
21

 Figure 4B.8 shows the correlation between fluorescence 

intensity of PS-OPV-NH2 and PA concentration. The linear fitting of plot (Inset of 

Figure 4B.8A) displayed two clear linear range of Io/I vs PA concentration which ranged 

from 0 to 30 µM (R
2
= 0.982) and 40 to 70 µM (R

2
= 0.998). The limit of detection was 

calculated based on signal to noise ratio of 3
21

 and it was estimated to be 58 nM which 

indicate appreciably high sensitivity of the sensor towards PA.The non-linearity in the S-

V plot indicated amplified quenching thereby suggesting the involvement of more than 

one quenching mechanism which may include (a) ground state complex formation 

between polymer and PA, (b) energy transfer, (c) inner filter effect (IFE) and (d) 

photoinduced electron transfer (PET) from PS-OPV-NH2 to PA. 
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Figure 4B.8: A) Plot of changes in fluorescence intensity of PS-OPV-NH2 vs concentration of 

PA and their linear range using Stern-Volmer equation. B) Temperature dependent quenching of 

polymer emission after PA addition. C) Spectral overlap of excitation/emission spectra of PS-

OPV-NH2 with that of absorption spectra of PA. 

To get a deeper understanding, the absorption spectra of polymer with varying 

concentration of PA were recorded (Figure 4B.9) and no obvious shift or appearance of 

new peak in the absorption spectra was observed in presence of PA. This ruled out the 

possibility of quenching by ground state complex formation between PA and polymer. 

Furthermore, Figure 4B.10 shows evident spectral overlap between emission spectra of 

polymer and absorption spectra of nitrophenols while inefficient overlap was observed for 

the rest of the analytes. This result supported the involvement of long range energy 

transfer in the quenching process. Also, emission quenching efficiency of PA recorded at 

different temperature confirmed the nature of quenching to be static type. Figure 4B.8B 

showed no appreciable change in quenching of polymer after PA addition (2E-5 to 1E-4 

M) as a function of temperature (20 C to 60 
o
C); confirming static quenching which 

further verifies energy transfer from polymer to PA.
21,27

 Additionally, complete overlap 

of the absorption spectra of PA (max = 360 nm) with excitation spectra of  
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Figure 4B.9: Plot of absorption spectra of PS-OPV-NH2 on varying concentration of PA 

polymer (max = 365 nm) also indicated possibility of inner filter effect which reduces the 

fluorescence intensity of fluorophore due to competitive absorption by PA resulting in 

non-linearity between concentration of analyte and observed fluorescence intensity of 

fluorophore (Figure 4B.8C). But it is to be noted that spectral overlap between 

emission/excitation spectra of polymer to that of absorption spectra of PA or 2,4-DNP 

was almost same (Figure 4B.10), however % quenching by these compounds followed 

the order : PA> 2,4-DNP> 2-NP. This can be attributed to PET via acid base interaction 

since they all contained one hydroxyl (-OH) group with varying nitro group that governed 

their acidity. To further verify the role of functional group in sensing, effect of 

compounds with only -OH group (Ph, 4-HBA) or only -NO2 group (1,4-NBA, 4-NT, 2,4-

DNT, 1,2-DCB, 1,5- 

 

Figure 4B.10: Mechanism of quenching depicting the overlap of absorption spectra of 

nitrophenols to that of OPV emission. 
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DNN) on % quenching of polymer was checked. As shown in Figure 4B.7 (A, B) no 

obvious effect on the emission spectra of polymer was observed by their addition which 

reassured the requirement of both -OH as well as -NO2 group in the sensing mechanism. 

 

Figure 4B.11: Schematics for the mechanism of quenching of OPV emission by PA in water 

Hence on the basis of above discussion, it is quite clear that outstanding selectivity 

and sensitivity of polymer toward PA sensing in water is due to the combined effect of 

three mechanisms namely, energy transfer, PET and IFE (Figure 4B.11). 

 

Figure 4B.12: A) Emission spectra of PS-OPV-NH2, B) its comparative quenching percentage 

upon addition of different cations vs PA (1 x 10-4 M) in water. C) Emission spectra of PS-OPV-

NH2 and D) its comparative quenching percentage upon addition of different anions vs PA (1 x 

10-4 M) in water. Error bar indicates standard deviations of three measurements. 
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As sensing studies was performed in aqueous medium, it was extremely crucial to 

check for possible interference from cations and anions that might be present in the 

contaminated water sample. Almost 16 different cations were chosen including both hard 

and soft metal ions and as shown in Figure 4B.12A, B none of the metal ions exhibited 

any obvious quenching of the emission spectra of PS-OPV-NH2 unlike other sensors
26

 

where hard metal ions have to be first complexed with EDTA before carrying out PA 

sensing. This clearly establishes an advantage in terms of ready to use nature of the 

sensor, without requirement for metal removal through complexation. 

Similarly a library of anions was also checked (Figure 4B.12C, D) and none were 

found to affect the emission intensity of polymer. We also explored effect of ionic 

strength on the sensing efficiency of PA. To demonstrate the same the emission spectra of 

polymer before and after the addition of 1 M NaCl was collected and no change in its 

emission intensity was observed (Figure 4B.13). Also fluorescence quenching efficiency 

of PA remained similar even after the addition of 1 M NaCl indicating that sensor had the 

capability to withstand the complex environment and could be used for PA sensing even 

in sea water. 

 

Figure 4B.13: Emission spectra of PS-OPV-NH2 after the addition of 1 M NaCl, showing its 

potential to detect PA from salty seawater. 

Scope of PS-OPV-NH2 for real time device based application was tested using a 

free-standing membrane (λmax= 477 nm), prepared from evaporating the THF solution of 

the polymer on a glass surface. When the film was dipped in PA contaminated water (PA 

conc. of 2x10
-4

 M) for 1 min, an instant drop in the emission was observed, measuring 

53% quenching of the original intensity (Figure 4B.14). This demonstrated the high 

potential of OPV-PS-NH2 towards device based application for detection of PA from 

aqueous medium, in the form of self-standing film. 
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Figure 4B.14: Quenching observed on dipping free standing film into PA in water 

4B.3 Experimental Details: 

4B.3.1 Materials: 4,4'-Azobis(4-cyanovaleric acid) (ACVA), Brij S-100, (KPS), 

Aminoethyl methacrylate hydrochloride (AEMH) were purchased from Aldrich and n-

Hexadecane (HD) from Alfa Aesar and were used without any further purification. 

Styrene was purchased from Aldrich and was purified as per the standard protocol. All 

the analytes used for sensing studies including nitro organics and inorganic salts were 

purchased from commercially available sources and used as received. Solvents and other 

reagents were purchased from local suppliers and further purified using standard 

procedures. Deionized water was used throughout the studies.
 

4B.3.2 Details of Analytical Instruments: The details of instrumental techniques used 

for characterization of polymer such as DLS (for size and zeta potential), GPC, TEM, 

Sonicator, NMR, absorption and fluorescence spectrophotometer are same as described in 

the previous chapters. 

For pH dependent studies was carried out using 100 µg of polymer was taken in 

various mentioned pH (3 mL) followed by recording its emission spectra. For temperature 

dependent studies, a suspension of 100 µg of the polymer in 3 mL deionized water was 

taken and emission spectra were recorded using Peltier sample compartment with a 

thermoelectric temperature controller and autotone PID. The temperature was set 

manually (with a fixed tolerance range of 0.5 °C) with the equilibration time of 10 min 

before each reading. For TEM imaging, aqueous suspension of the polymer sample was 

drop casted onto carbon coated copper grid and solvent was allowed to dry at room 

temperature. For quantum yield measurement, the emission spectra of 0.1 OD of polymer 

at absorption maxima were recorded and its quantum yield was calculated using Quinine 
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sulfate as standard. All the emission experiments were performed in deionized water and 

slit width of 1 nm and "S1c/R1" mode was maintained throughout the studies. 

4B.3.3 Estimation for Dye Incorporation into nanobeads: Dye Loading Content 

(DLC) and Dye Loading Efficiency (DLE) were calculated by taking 1 mg/mL of the 

polymer in Tetrahydrofuran (THF) and its absorbance was measured subsequently at its 

absorption maxima at 365 nm. The amount of dye incorporated into polymer backbone 

was calculated based on its absorption coefficient (40360 Lmol
−1

cm
−1

) in THF. Further its 

DLC and DLE values were calculated using standard equations mentioned in the previous 

section of the chapter. 

4B.3.4 Preparation of Sample for Sensing Studies and Study of the Chemical 

Sensing: For sensing studies of nitro-organics in water 100 µg of OPV-PS-NH2 was 

dispersed into 3 mL of deionized water. And to the same was added fixed concentration 

(10
-4

 M) of various analytes listed in Figure 4B.6. The suspension was then subjected to 

thorough mixing followed by immediate recording of the emission spectra. All the 

experiments were repeated thrice to avoid any discrepancy and average of the three 

values was plotted as bar graph alongwith with their standard error. For sensing of PA in 

water, various concentration of PA was added to the fixed volume of OPV-PS-NH2 

suspension as mentioned above and its emission as well as excitation spectra were 

recorded. Interference from various anions and cations in water was checked using same 

concentration (10
-4

 M) for each of the analytes.  For free standing film, 20 mg of polymer 

in 1 mL THF was poured in petridish. After drying the film (thickness 0.07 ±0.01 mm) 

was peeled off and used directly for sensing studies. 

For sensing studies with free standing film, the prepared film was directly dipped into 

methanolic solution of the analyte (100 µL in 30 mL methanol) for 1 min and then 

removed to soak off the excess liquid from the film surface. The emission spectra were 

recorded with the dried film, without any further delay. 

For measuring the emission from OPV, the polymer sample was excited at excitation = 390 

nm and subsequently its emission spectra was collected in the range of 400-700 nm. 

The equations for calculation of percentage quenching (eq 1) and Stern-Volmer 

coefficient (eq 2) are given below: 
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Where I0 and I is the initial and final emission intensity of OPV (at its emission maxima, 

446 nm), on addition of the analyte. 

Table 4B.3: Average quenching percentage of OPV emission and quenching ± error (%) 

after the addition of the respective nitro compounds in water. 

Nitro 

compounds 

Average Quenching (%) Quenching ± 

Error (%) 

Ph 6.8 0.4 

1,2-DCB 7.1 0.5 

4-NBA 7.4 0.5 

BA 7.7 0.7 

1,5-DNN 8.6 1.2 

2,4-DNT 9.6 0.5 

4-HBA 8.1 1.5 

4-NT 9.6 1.8 

NM 9.5 2.5 

1,4-DNB 20.4 1.2 

2-NP 34.3 1.1 

2,4-DNP 71.3 1.9 

PA 91.5 1.5 

 

Table 4B.4: Average quenching percentage of OPV emission and quenching ± error (%) 

after the addition of the anions in water. 

Nitro 

compounds 

Average Quenching (%) Quenching ± 

Error (%) 

NO2
- 2.3 0.3 

SO4
2- 2.7 0.6 

Cl- 3.4 0.8 

Br- 3.7 1.3 

NO3
- 4.1 1.9 

AcO
-
 4.2 1.4 

SO3
2- 5.1 0.8 

HPO4
- 5.7 1.3 
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F- 5.9 0.8 

I- 8.1 0.4 

PA 91.5 1.5 

 

Table 4B.5: Average quenching percentage of OPV emission and quenching ± error (%) 

after the addition of the cations in water 

Nitro 

compounds 

Average Quenching (%) Quenching ± 

Error (%) 

Hg(II) 2.3 0.3 

Cu(II) 2.4 0.3 

Fe(II) 2.7 0.6 

Pb(II) 2.7 0.5 

K(I) 3.1 0.9 

Ni(II) 3.2 1.6 

Cr(III) 3.3 1.2 

Ca(II) 3.3 1.1 

Na(I) 3.4 0.8 

Co(II) 3.5 2.1 

Mn(II) 3.9 1.7 

Zn(II) 4.0 0.5 

Cd(II) 4.8 1.3 

Al(III) 5.4 0.9 

Cs(I) 5.9 0.8 

Fe(III) 9.3 0.7 

PA 91.5 1.5 
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Table 4B.6: Comparison table for fluorescent sensors of PA reported in literatures. 
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4B.4 Conclusion: 

In conclusion, we have developed both solution and solid state PS sensor for the 

selective sensing of nitroexplosives in aqueous medium. The surface of nanobeads was 

decorated with -NH2 group with the aim to enhance analyte-sensor interaction thereby 

improving selectivity of sensor. The outstanding selectivity of the sensor among the 

library of other nitro-organics was attributed to combined effect of energy transfer, inner 

filter effect and electron transfer. PA concentration in 100 % water medium, as low as 58 

nM could have been efficiently detected by the sensor. Additionally, no interference from 

large number of cations and anions was observed making the sensor highly efficient for 

real water analysis. Also, its emission remained independent of external triggers; making 

it applicable over wide range of temperature and pH. For device based application free 

standing film was made. Thus rapid, efficient, sensitive sensor was developed for the 

selective detection of PA in water. 
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CHAPTER-5 

 

Tailor-made Amphiphilic Polymer as Surfactant for Miniemulsion Polymerization 

of Oligo(p-phenylene vinylene) incorporated Polystyrene Nanobeads and Visual 

Detection of Bilirubin in Human Serum 

 

Abstract: This chapter presents 

the synthesis and application of 

glucuronic acid bearing 

polystyrene nanoparticles for 

bilirubin sensing in human serum. 

Glucuronic acid functionalized, 

water dispersible fluorescent PS 

nanobeads (PSG-OPV-n) were 

developed for the selective 

detection of free bilirubin in 

clinically applicable range (<25 to >50 µmol/L) in human serum. Polystyrene backbone 

having pendant glucuronic acid (PS-DGlu) functionalities was designed and 

systematically synthesized to be used as stabilizing agent in styrene miniemulsion 

polymerization; covalently incorporating oligo(p-phylenevinylene) (OPV) based 

fluorophore to prepare PSG-OPV-n. This OPV fluorophore was incorporated with an aim 

to work as signal transducer while glucuronic acid on surface of PS nanobeads would 

serve as interaction site for free bilirubin to facilitate non-covalent interaction via 

hydrogen bonding. Efficient FRET from OPV to bilirubin was observed owing to 

appreciable spectral overlap between emission of OPV and absorption of bilirubin. 

Visual color change from blue to bluish green was observed under UV lamp after 

addition of bilirubin into polymer. Selectivity of the sensor was checked among the pool 

of other interferences such as glucose, sucrose, metal ions, cholesterol and biliverdin. 

The limit of detection was found to be as low as 20 nM which is far less than clinical 

range for causing jaundice. Moreover, the developed sensor shows its effectiveness 

towards real time monitoring of free bilirubin in human serum. 
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5.1 Introduction: 

Bilirubin is produced as a breakdown byproduct of red blood cells (RBCs) which 

gets metabolized in liver and finally excreted form the body in the form of bile (Figure 

5.1a).
1
 However any disruption to this normal metabolic pathway due to any reason 

including viral or bacterial infection causing 

excess breakdown of RBCs leads to excess 

production of free bilirubin in the body.
2,3

 

Free bilirubin is extremely fatal and its excess 

accumulation above the normal level i.e. <25 

to >50 µmol/L in human serum is directly 

related to liver malfunctioning.
4,5

 (Figure 

5.1b).
 

Thus, it is extremely crucial to 

determine accurately the concentration of 

free bilirubin in human serum in order to 

diagnose liver disorders and jaundice.
5,6

 

Researchers across the globe have been looking at alternative approaches for a quick and 

accurate bilirubin assay.  

The currently practiced method of its clinical estimation is based on a colorimetric 

test known as the ‘total van den Bergh reaction’ which is chemical reaction between 

bilirubin and sulphanilic acid but is often pH dependent and time consuming; takes 30-45 

min for achieving maximum coloration.
2,7

 Fluorescence based biosensor are highly 

preferable because of added advantage like, high selectivity, promptness, efficiency along 

with wide range of analyte concentration.
8-10

 There exists a handful literature reports on 

the fluorometric detection of free bilirubin in human serum. Some of the pioneer work in 

this area have been addressed by Santhosh et al., Ellairaja et al., Du et al.
11-13

 For 

example, Santhosh et al. reported protein labelled fluorescent biomolecules for 

monitoring of free bilirubin in serum.
11

 Ellairaja et al. reported picomolar detection of 

free bilirubin in human biofluids using imine based fluorescent small molecule.
12

 Very 

recently, metal-organic framework (MOF) based highly efficient bilirubin sensor was 

reported by Du et al. with faster response time, lower detection limit (picomolar), and 

wide range of analyte concentration.
 13

 However, most of these sensors are accompanied 

by attenuation in their fluorescence intensity i.e. emission quenching on adding analyte. 

 

Figure 5.1: (a) Illustration of haemoglobin 

breakdown. and (b) deposition of free bilirubin 

signifying jaundice. 
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Figure 5.2 Polyfluorene based sensor depicting FRET between polymer and bilirubin resulting in 

color tuning to (a) green emission after analyte addition and (b) its schematics. Figure is adopted 

from Ref 15, with permission from ACS Publications). 

 

Polymer based sensors are particularly demanding because of their high 

sensitivity, easy color tunability and operational simplicity. Until now, there are only two 

reports on such polymer based bilirubin sensor with color tuning of emission after the 

addition of analyte.
14,15

 One of report deals with conjugated polyfluorene backbone based 

monitoring of free bilirubin in THF/water mixture.
14

 While in the other report, the 

glucuronic acid moiety was attached to such polyfluorene backbone for imparting water 

solubility to carry out the studies in human blood serum.
15

 However, for practical 

applications, a conjugated polymer based biosensor is not feasible due to the difficulties 

in the reproducible scale up of the synthesis as well as the cost involved in procuring the 

raw materials. On the other hand, polystyrene (PS) and poly (methyl methacrylate) 

(PMMA) are relatively low cost commercial polymers that are produced and consumed in 

large quantities. Compared to a conjugated polymer based substrate that is more 

expensive and synthetically more challenging, a design based on commercially available 

and easily scalable PS or PMMA are more attractive as sensor substrates for quick and 

accurate estimation of free bilirubin. It would be more desirable if PS or PMMA could be 

used to develop biocompatible polymeric nanobeads based fluorimetric sensing and 

estimation protocol for bilirubin since the process would be fast and much more sensitive 

besides being easy to synthesize and scale up. As an alternative, these polymeric 

nanobeads could be developed using water soluble polymeric surfactant.
16-19

 Polymeric 

surfactant imparts interesting properties to the final latex as compared to lower molecular 

weight conventional surfactant such as low critical micellar concentration (CMC), lower 

foaming and additionally modifying the surface of nanobeads with specific functional 

polymers.
20

 In this context, we have designed and developed novel water soluble 

polystyrene with pendant glucuronic acid to act as surfactant in the styrene miniemulsion 
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polymerization incorporating fluorophore as sensing moiety to synthesize glucuronic acid 

surface functionalized fluorescent PS nanobeads. Mimicking the biological process used 

by our body to remove toxic bilirubin,
2,21

 glucuronic acid was chosen with an aim to serve 

two main functions. The first is imparting water solubility to the polystyrene polymer to 

enable it to act as surfactant in miniemulsion polymerization. Secondly, it can provide 

interaction sites for bilirubin to enhance sensor-analyte synergy via hydrogen bonding. 

Additionally, it being the non-receptor of serum protein would provide receptor free 

biosensing platform. OPV was chosen as sensing material because of its nice spectral 

overlap with bilirubin thus favouring energy transfer process.  

Thus these water dispersible functionalized fluorescent PS nanobeads could be 

successfully applied for the detection of bilirubin in human serum among pool of other 

competitive interference such as proteins, metal ions, cholestrol, sugars, biliverdin etc. 

Henceforth, it is anticipated that functionalization of the polymer beads with receptors 

specific for different analytes would enable these functionalized PS beads to function as 

efficient fluorescent sensors. This will open up new avenues of exploration of 

fluorescence based sensing for other biologically relevant analytes also. To the best of our 

knowledge, this would be the first report of quantifying free bilirubin in human serum 

using materials which are easy to synthesize and scale up and using a method which is 

more sensitive and fast compared to the current clinically practiced method. 

5.2 Results and Discussions: 

5.2.1 Synthesis and structural characterization: Styrene based monomer with pendant 

protected glucuronic acid (5) was synthesized by azide alkyne click reaction (Scheme 

5.1). 4-ethynyl styrene (3) was synthesized from 4-bromostyrene (1) via Sonogashira 

coupling followed by its deprotection while 2,3,4 tri-o-acetyl 1-azido 1-deoxy D-

glucuronic acid methyl ester (4) was synthesized using three steps procedure as shown in 

Scheme 5.1 These were thoroughly structurally characterized by proton NMR 

spectroscopy along with mass spectrometry and FTIR (Details provided in Section 5.3). 

Appearance of new peak for triazole H in proton NMR at 8.06 ppm (Figure 5.33), 

confirmed the ‘click’ reaction, which was further supported from its LC-MS/MS spectra 

(Figure 5.34) (Details provided in Section 5.3). 
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Scheme 5.1: Schematics of synthesis of glucuronic acid functionalized polystyrene nanobeads 

synthesis via miniemulsion polymerization.  

This  monomer was polymerized via free radical polymerization using AIBN as an 

initiator to give protected D-glucuronic acid PS polymer, PS-PGlu (6) (Scheme 5.1). The 

structural characterization with 
1
H NMR spectroscopy (Figure 5.3) showed the backbone 

to be comprised of the monomeric unit exclusively.  

 

Figure 5.3: 1H-NMR spectrum of polystyrene with protected D-glucuronic acid (PS-PGlu) in 

CDCl3. 

1
H-

1
H COSY spectra of (6) depicted the coupling among its protons (Figure 5.4 

A). The molecular weight, determined by Gel Permeation Chromatography (GPC) 

showed a high molecular weight of polymer (Figure 5.4 B), which accounted for the 

broadening of peaks in 
1
H NMR.  
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Figure 5.4: (A) 1H-1H COSY NMR spectrum of PS-PGlu in CDCl3. (B) GPC of PS-PGlu in 

CHCl3. 

FTIR spectra of (6) showed an intense peak at 1765 cm
-1

, corresponding to the 

C=O stretching frequency from acetate groups (Figure 5.5A). PS-PGlu (6) was then 

deprotected following previously used protocol to give water soluble polymer consisting 

of polystyrene bearing D-glucuronic acid (PS-DGlu, 7) (Scheme 5.1). This PS-DGlu 

polymer (7) was found to be soluble in water and MeOH, in contrast to its protected 

polymer (PS-PGlu, 6) indicating the deprotection of acetate and methyl ester groups to 

free -COOH and -OH groups. The deprotection of these functionalities was further 

confirmed from its FTIR spectra
22

 and contact angle measurement. FTIR showed 

appearance of a broad peak at 3573-2595 cm
-1

 for combined O-H and C-H stretching 

frequencies while peak at 1765 cm
-1 

for C=O stretching of acetyl groups is shifted to 1727 

cm
-1

, accounting for the C=O stretching of the deprotected carboxylic acid group. 
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Figure 5.5: Comparison between protected (PS-PGlu) vsdeprotected (PS-DGlu) polymers using 

(A) FTIR and (B) contact angle measurement. 

Furthermore, contact angle was drastically changed from 121⁰ for PS-PGlu to 

26.4⁰ for PS-DGlu polymer because of transition from hydrophobic to hydrophilic 

environment resulting in the drop of its contact angle (Figure 5.5 B). 

The surfactant property of PS-DGlu was explored for stabilizing styrene 

miniemulsion polymerization incorporating oligo(p-phenylenevinylene) (OPV) based 

fluorophore to prepare D-glucuronic acid functionalized fluorescent PS nanobeads (PSG-

OPV-n).To evaluate the surfactant property of PS-DGlu, its hydrophilic to lipophilic 

balance (HLB value) was evaluated using Griffin's method
23,24

 according to following 

equation (1). 

 

where WH and WL are weight fraction of hydrophilic and lipophilic blocks present in the 

polymer, respectively.
25,26

 Using this formula, the HLB value for PS-DGlu polymer was 

calculated to be 14.06 (Figure 5.6A).  On this note, a typical surfactant having HLB value 

in range of 8-18 has potential to stabilize oil in water emulsion.
27

 This prompted the 

appropriateness of the polymer (PS-DGlu, 7) to act as a surfactant to stabilize styrene 

miniemulsion in water. To validate its surfactant nature, its critical micelle concentration 
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(CMC) was calculated using dynamic light scattering (DLS) where scattering intensity 

was plotted against concentration of PS-DGlu in water
20

 (Figure 5.6B). With the 

formation of micelle in the solution, a sudden change in the scattering intensity is highly 

expected, thus the minimum concentration of polymer at which scattered intensity sharply 

increase was used to evaluate CMC. The point of intersection of two linear regression 

lines was considered as CMC of polymer and it was found to be 0.2 mg/mL. This low 

value of the CMC further justified for its ability to act as surfactant and thereby stabilized 

the miniemulsion. 

 

Figure 5.6: (A) Calculation of HLB value of deprotected polymer (PS-DGlu) for investigating its 

surfactant property. (B) Determination of critical micellar concentration (CMC) of PS-DGlu 

polymer by DLS. 

To test the actual fate of (7) as a surfactant, it was introduced to stabilize styrene 

miniemulsion having polymerizable OPV to yield D-glucuronic acid functionalized OPV 

incorporated PS nanobeads in water. Different amounts of PS-DGlu, with fixed amount of 

styrene and OPV were used to prepare series of functionalized PS nanobeads (PSG-OPV-

1 to PSG-OPV-5) using 4-4' azobis(4-cyanovaleric acid) (ACVA) and hexadecane (HD) 

as initiator and hydrophobe respectively (Scheme 5.2 and Table 5.1). 
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Scheme 5.2: Synthesis of glucuronic acid functionalized PS nanobeads incorporating OPV (PSG-

OPV-n) via miniemulsion polymerization. 

The size and stability of the obtained PS nanobeads was analyzed by DLS 

measurement in water (Figure 5.7). 

Size of all the PS nanobeads (PSG-

OPV-1 to PSG-OPV-5) were found 

well within nanometer range, varying 

from 163 to 328 nm and PDI values 

remained below 0.1 showing 

monodisperse particles. The spherical 

morphology, size uniformity of the 

nanobeads were further confirmed by 

microscopic analysis using FESEM. 

Figure 5.8 showed FESEM images of some of representative polymers which pointed out 

that increasing amount of macrosurfactant (PS-DGlu) leads to more uniformity in size of 

nanobeads. The stability as well as negative surface charge of nanobeads in water was 

assured by their zeta potential values which varied from -35 mV to -55 mV (Table 5.1). 

The highly negative zeta potential values of all nanobeads were attributed to presence of -

OH and -COOH groups from the macrosurfactant and few -COOH from ACVA. 

 

 

 

Figure 5.7: Dynamic light scattering (DLS) of PS-

OPV-n polymers in ches buffer at pH 10. 
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Figure 5.8: FESEM of representative PS-OPV-n polymer beads. (A) PS-OPV-1. (B) PS-OPV-3. 

(C,D,E) PS-OPV-5. 

Surface functionalization with glucuronic acid was further confirmed using FTIR 

spectra  which  showed broad peaks at 3406 and 2506 cm
-1 

corresponding to -OH 

stretching of corresponding to and -OH and -COOH groups while peak around 1718 

belonged to C=O stretching of free acid (Figure 5.9). The % solid content is measure of 

percent dry weight of polymer in 1 mL latex and was found to be in range of 6-20% 

(Table 5.1). The polymer was found to be 

soluble in chloroform (CHCl3) in which 

their molecular weight was determined. 

They were found to have appreciable high 

molecular weight with Mw ranging from 

37500 to 272000 Da and PDI value within 

2.5 (Table 5.2).  

The amount of dye in feed was 

very less when compared to amount of 

monomer and thus signal corresponding 

to fluorophore could not be traced via NMR spectroscopy. However, its presence could 

easily be seen in absorption spectroscopy from which dye loading content (DLC) could 

be estimated using its molar absorptivity in THF (40,360 Lmol
-1

cm
-1

) as described in our 

previous chapters.  

Figure 5.9: FTIR spectrum comparing PS-OPV-5 vs 

PS-alone. 
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Their DLC values are given in 

Table 5.1 and it varied within the range of 

0.07-0.11% (Figure 5.10). Although all 

the polymer nanobeads contained OPV dye 

and are surface functionalized with D-

glucuronic acid and thus all could be 

utilized for bilirubin sensing but among 

them the one (PSG-OPV-5) with highest 

value of zeta potential, dye incorporation, 

solid content and molecular weight was 

finally chosen for bilirubin detection studies. OPV moieties from the polymer were the 

active fluorophore units and therefore would serve as sensor to signal the presence of 

analyte through change in emission property. While, the glucuronic acid moieties on the 

nanobeads surface was introduced to serve two purpose. Firstly, it would act as water 

solubilizing moiety for the polystyrene polymer to enable it to act as surfactant. Secondly, 

it would serve as interaction sites to bilirubin via non-covalent interaction such as 

hydrogen bonding and thereby facilitate efficient energy transfer from the fluorophore 

(OPV) to bilirubin, resulting in quick and efficient sensing. 

Table 5.1 Sample designation, Dye Loading Content (DLC), Size and its polydispersity index 

(PDI), solid content, zeta potential (ζ). 

 

5.2.2  Photophysical Studies: Although PS alone have some weak blue emission due to 

π-π stacking
28

 but this emission is negligible and thus a suitable fluorophore needs to be 

incorporated to impart emission from PS backbone and thus OPV based polymerizable 

fluorophore is incorporated into PS backbone to impart blue emission from the resulting 

nanobeads.  

Samples PS-

DGlu 

(mg) 

Dye 

in 

feed 

(mg) 

Dye 

incorporated 

(mg) 

DLC 

(%) 

Size 

(nm) 

PDI Solid 

Content 

(%) 

ζ-

potential 

(mV) 

PS-OPV-1 10 30 11.4 0.11 163.4 0.06 6 -35.4 

PS-OPV-2 20 30 7.8 0.08 221.6 0.05 10 -52.1 

PS-OPV-3 30 30 8.2 0.08 224.1 0.05 6 -36.0 

PS-OPV-4 40 30 6.7 0.07 328.0 0.07 8 -47.5 

PS-OPV-5 50 30 8.8 0.09 192.2 0.06 20 -55 

Figure 5.10: Absorption spectra of  PSG-OPV-

n polymers in THF. 
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Selection of OPV as the suitable fluorophore was done by studying the possibility 

of its spectral overlap with that of bilirubin. OPV moiety has a characteristic emission in 

the range of 400 to 550 nm (em= 446 nm) and thus showed a fair chance of spectral 

Figure 5.11: (A) Spectral overlap between emission spectra of PSG-OPV-5 and absorption 

spectra of bilirubin. (B) CIE co-ordinate diagram of all PSG-OPV-n polymers showing their 

emission in blue region. 

overlap with the absorption spectra of bilirubin; which lies in the range of 350-500 nm 

(abs=455 nm). Figure 5.11A showed spectral overlap between normalized emission of 

OPV and normalized absorption of bilirubin. Therefore, efficient 

Förster resonance energy transfer (FRET) from OPV to bilirubin 

was highly expected. All of the glucuronic acid functionalized PS 

nanobeads (PSG-OPV-n) contained OPV and are blue emitting as 

confirmed by their CIE co-ordinate diagram (Figure 5.11B), 

although only PSG-OPV-5 was selected for further sensing studies, 

as per the criteria mentioned earlier. Figure 5.12 showed the 

photographs of PSG-OPV-5 in (a) water and (b) after addition of 

human blood serum in visible light; which showed complete 

absence of aggregation of polymer even after the addition of 

human blood serum. When the emission and excitation 

spectra of PSG-OPV-5 were recorded in ches buffer, the corresponding maximums were 

observed at 390 nm and 445 nm respectively. Both these spectra showed characteristic 

OPV peak for emission from 400 to 550 nm and excitation from 300 to 435 nm Also, the 

emission spectra recorded in human serum at pH 10 showed only slight difference in the 

emission intensity as compared to that in ches buffer at same pH (Figure 5.13 A, B). 

Figure 5.12: Photograph of   

PSG-OPV-5 in ches buffer 

and human serum. 
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Additionally, in accordance with our previous observations (Chapter 1 and 4B), the 

emission of OPV from PS nanobeads remained unaffected by change in pH and 

temperature over wide range. 

 

Figure 5.13: Comparison of (A) emission and (B) excitation spectra of PSG-OPV-5 in ches 

buffer and human blood serum showing no significant difference in their intensity. 

5.2.3 Sensing Study of Free Bilirubin in ches buffer: Bilirubin consist of open chain 

structure of four pyrrole molecules having two pendant carboxylic acid which are known 

to possess several intramolecular hydrogen bonds and thus reported to have low water 

solubility at pH 7.4 (cellular pH). However, it is established that pH 10 is sufficient to 

break these intramolecular hydrogen bonds and to impart water solubility to it.
15,29

 

Therefore, studies conducted for sensing of bilirubin in literature are usually reported at 

pH= 10. To check the effectiveness of PSG-OPV-5 for detection of free bilirubin at pH= 

10, preliminary studies are carried out using stock solution of polymer and bilirubin in 

ches buffer at this pH. The details of polymer and bilirubin sample preparations are given 

in Experimental Section. (All the experiments were conducted in dark; bilirubin being 

light sensitive). 

For carrying out the sensing studies in ches buffer, fixed concentration of PSG-

OPV-5 (0.03 mg/mL) was added to the varying concentrations of bilirubin [ranging from 

1x10
-6

 M to 3x10
-5 

M in ches buffer at pH= 10] under dark and their emission, excitation 

and absorption spectra were recorded immediately. From the emission spectra (Figure 

5.14 A), it could be seen that with the increase in bilirubin concentration, OPV emission 

at max= 446 nm gradually decreases. The same was further supported by decreasing 

intensity in excitation spectra with increase in the concentration of bilirubin (Figure 5.14 

B).  
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Figure 5.14: (A) Emission and (B) excitation spectra of PSG-OPV-5 recorded after the addition 

of varying amount of bilirubin (1x 10-6 M to 5 x 10-5 M). (C) normalized emission spectra of 

PSG-OPV-5 recorded after the addition of varying amount of bilirubin (1x 10-6 M to 5 x 10-5 M) 

at 446 nm. (D) bar graph comparing the quenching intensity vs bilirubin concentration. Each 

measurement was done twice and their average was plotted along with their respective standard 

deviation.  

 One could easily observe the enhancement in green emission region after the addition of 

bilirubin on normalizing the spectra at 446 nm (Figure 5.14 C). An instant quenching of 

≈36% was observed at concentration of 3x10
-6

 M which finally reached to ˃50% 

quenching at 5x10
-6

 M and almost 97% quenching at 3x10
-5

 M (Figure 5.14 D). 

As shown earlier, PS-OPV-5 was blue emitting polymer (Figure 5.15 A). 

Bilirubin is non emissive species and thus doesn't emit due to its poor quantum yield in 

any solvent including water (Figure 5.15 B). However, upon the gradual addition of 

bilirubin to the PSG-OPV-5 as shown in Figure 5.15 C, blue emission of OPV quenched 

while the green emission of bilirubin enhanced in presence of OPV which unambiguously 

supported FRET between OPV and bilirubin. The visible color change from blue to bluish 

green under UV lamp was observed.  
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Figure 5.15: Photograph showing (A) PSG-OPV-5 (Blue emission) (B) Bilirubin (no emission) 

(C) PSG-OPV-5 after bilirubin addition (bluish green emission) in ches buffer at pH 10. 

The gradual shift of the emission maxima is 

further confirmed by their CIE co-ordinate diagram, 

which showed distinct shift of x and y co-ordinates 

from (0.15,0.12, blue) for PSG-OPV-5 without 

bilirubin to (0.19,0.42, bluish green) after addition of 

5x 10
-5

 M of bilirubin to polymer (Figure 5.16). 

Bluish green color at higher bilirubin concentration 

may be due to combined contribution of enhanced 

green emission from bilirubin (due to FRET) 

and some unquenched emission from OPV. 

 

5.2.4 Mechanism of Sensing: In order to examine the possibility for existence of 

different sensing mechanisms for the quenching of OPV emission on interaction with 

bilirubin, emission quenching of OPV was further analyzed using Stern-Volmer equation. 

Figure 5.17A showed the relation between emission intensity of OPV with respect to 

concentration of bilirubin. Inset showed linear range of Io/I vs bilirubin concentration 

from to 1 x 10
-7

 M to 1 x 10
-5

 M. It can be inferred from figure that only one prominent 

mechanism is involved upto 1 x 10
-5 

M bilirubin concentration. The linearity of the plot 

was further checked by linear fitting of data which gave R
2
 value of 0.976 showing 

perfect linear fit (Inset Figure 5.17 A). Additionally from the slope of linear fit, the value 

of Stern-Volmer constant (Ksv) was found to be 262008 M
-1

 which caused the high 

selectivity of PSG-OPV-5 sensor towards bilirubin. To the best of our knowledge, it is 

Figure 5.16: CIE co-ordinate diagram of  

PSG-OPV-5 without and with varying 

bilirubin concentrations. 
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highest quenching constant value among other reported bilirubin sensors in literature to 

date. 

 

Figure 5.17: (A) Plot of changes in emission intensity of PSG-OPV-5 vs concentration of 

bilirubin and their linear range using Stern-Volmer equation. (B) Absorption spectrum of  PSG-

OPV-5 after addition of bilirubin in ches buffer. 

However, non-linearity beyond 1 x 10
-5

 M concentration, in S-V plot indicated the 

possibility of more than one sensing mechanism which may include formation of ground 

state complex between OPV and bilirubin and/or inner filter effect (IFE) other than 

FRET. The absorption spectra of polymer recorded on varying the analyte concentration 

did not show any shift or appearance of new peak in presence of bilirubin (Figure 5.17 

B), and thus excluded any possibility of formation of ground state complex between the 

two. However, small spectral overlap between 

excitation spectra of OPV and absorption 

spectra of bilirubin as shown in Figure 5.18 also 

indicated the possibility of some extent of IFE 

between the two, thereby reducing the emission 

intensity of OPV due to competitive absorption 

at higher bilirubin concentration beyond 1 x 10
-5

 

M. Although, it has to be noted that since 

possibility of IFE is little, major mechanism 

involved in the sensing of bilirubin even at 

higher bilirubin concentration undoubtedly is FRET between OPV and bilirubin (Figure 

5.19). 

Figure 5.18: Spectral overlap between 

excitation spectrum of PSG-OPV-5 and 

absorption spectrum of bilirubin in ches 

buffer. 
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Figure 5.19: Schematics depicting the mechanism of bilirubin sensing. 

As bilirubin is biomolecule, the selectivity of PSG-OPV-5 was checked from 

among the library of other biomolecules such as NaCl, KCl, glucose, sucrose, cholesterol 

etc. which might interfere with emission of polymer. In order to check the same, to the 

fixed concentration of polymer (0.1 mg/3 mL) was added the fixed concentration of each 

of the analytes (3x 10
-5 

M) and their emission spectra was recorded (Figure 5.20 A), 

average of three such measurements were plotted in Figure 5.20 B. From the figure, it 

could surely be inferred that no appreciable quenching was observed upon addition of 

analytes at concentration of 3 x10
-5

 M other than bilirubin which exhibited almost 97% 

quenching at same concentration. This together with high quenching constant value 

signifies the high selectivity of polymer towards bilirubin.  

 

Figure 5.20: (A) Emission spectra showing the selectivity against other interferences in ches 

buffer, (B) bar graph showing the selectivity against other interferences in ches buffer. Each 

measurement was done twice and their average was plotted along with their standard deviation. 
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5.2.5 Sensing studies of free bilirubin in Human Serum: As shown in previous section, 

the sensor could be successfully applied in water for bilirubin detection with limit of 

detection as low as 20 nM. Now, to verify the sensor for real time biosensing application, 

the sensor was further applied for bilirubin detection in human blood serum which 

contains dissolved proteins, metal ions, triglycerides, glucose, hormones and water. In 

short, it is blood plasma without any clotting factor. In order to explore further, 100 µL of 

human blood serum was added to each of vial containing 1 x 10
-6 

M to 3 x 10
-5 

M 

bilirubin concentration. This mixture was then added to fixed polymer concentration (0.1 

mg/3mL) in ches buffer at pH= 10 under dark followed by recording its emission, 

excitation and absorption spectra almost immediately. Emission spectra showed marked 

decrease in OPV emission with the increasing concentration of bilirubin similar to studies 

done in water (Figure 5.21 A).  

 

Figure 5.21: (A) Emission, (B) excitation, (C) Normalized emission spectra, (D) absorption 

spectra of PSG-OPV-5 recorded after the addition of varying concentrations of bilirubin (1x 10-6 

M to 3 x 10
-5

 M) in human blood serum. 
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Instant quenching of ≈24% was observed with 1x 10
-6

 M bilirubin concentration which 

enhanced to more than 55% for 6 x 10
-6

 M and finally complete quenching was observed 

with concentration of 3 x 10
-5

 M. The same was further confirmed by its excitation 

spectra which also exhibited marked decrease in the intensity upon gradual addition of 

bilirubin in human blood serum (Figure 5.21 B). Normalizing emission spectra at 446 nm 

clearly showed enhancement in green emission region after the addition of bilirubin 

(Figure 5.21 C). 

Strong absorption below 300 

nm in the absorption spectra of 

samples in human serum (Figure 5.21 

D) indicated the presence of other 

analytes such as proteins, cholesterol 

etc. which tend to absorb in this 

region. Finally the interference was 

checked from structure homologue of 

bilirubin i.e. biliverdin. Biliverdin closely 

resembles bilirubin in structure, differing by 

the presence of one additional double bond at 

C10 position making the dipyrromethene units in conjugation. Figure 5.22 clearly 

signified the drastic drop in emission of OPV upon addition of bilirubin while less 

appreciable change was observed in case of biliverdin. This proved good selectivity of 

sensor toward bilirubin over other structural homologue even in human blood serum. 

5.3 Experimental Section: 

5.3.1 Materials: 4-bromostyrene, D-glucuronic acid, azidotrimethylsilane (TMS-N3), 

Tin(IV) chloride, , bis(triphenylphosphine) palladium(II) dichloride [Pd(PPh3)2Cl2], 

copper(I) iodide (CuI), 4-ethynyl trimethylsilane, tetrabutylammoniumfluoride (TBAF, 

1M in THF), azobisisobutyronitrile (AIBN), styrene, hexadecane (HD), potassium 

persulfate (KPS) were purchased from Aldrich and used without further purifications. 

Other reagents and solvents such as tetrahydrofuran (THF), dichloromethane (DCM), 

triethylamine (Et3N), acetic anhydride, iodine, copper sulfate (CuSO4), sodium ascorbate, 

sodium thiosulfate pentahydrate, sodium bicarbonate etc were purchased locally. All the 

Figure 5.22: Emission spectra of  PSG-OPV-5 

recorded after the addition of  same 

concentration of bilirubin vs bliverdin (2 x 10
-5

 

M) in human blood serum. 

 

buffer. 
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solvents were dried using standard procedures. Polymerizable fluorophore [oligo- 

p(phenylenevinylene), OPV] was synthesized according to previously reported procedure. 

5.3.2 Measurements: The instruments techniques used for characterization of monomers 

and polymers such as DLS (for size and zeta potential), FTIR, sonicator, NMR, GC-MS 

analysis, absorption and fluorescence spectrophotometer are same as described in our 

previous report. For solid sample, powders were mixed with KBr to make pellets while 

for liquid sample, their dilute solution is directly drop casted on attenuated reflectance 

reflectance (ATR) and their infrared spectra were recorded in the range of 4000-600 cm
-1

. 

Molecular weight was determined using PL-220 GPC instrument in choloroform and flow 

rate was maintained as 1 mL/min. For DLS, average of three consecutive readings of 

freshly prepared samples was taken in order to minimize error. 

5.3.3 Synthesis of monomers and polymers: 

Monomers (1-5) were synthesized using reported procedures.
30,31

 

1. Synthesis of penta-acetate glucuronic acid (Glu-1): 

To 5 g of D-glucuronic acid was added 75 mL of acetic anhydride and the solution was 

kept for stirring under ice cooled condition. Then iodine was slowly added and color of 

the solution became red. This is allowed to stir for 2 h at 0 ⁰C and further 3 h at room 

temperature. 

The excess of acetic anhydride was distilled off and rest of the mixture was dissolved in 

DCM. The organic layer was then washed three times with sodium thiosulfate 

pentahydrate to remove iodine and concentrate to dryness to give white solid. 

Yield: 80%. 

1
H NMR (200 MHz, CDCl3): δ in ppm 5.80 (d, 1H), 5.36 (t, 1H), 5.28 (t, 1H), 5.11 (t, 

1H), 4.32 (d, 1H), 2.26 (s, 3H), 2.12 (s, 3H), 2.03 (m, 9H). LC-MS/MS (in MeCN) m/z 

calculated - 404.02; observed M+Na - 427.08, M+K - 443.06. 

2. Synthesis of 1, 2, 3, 4-Tetra-O-Acetyl-methyl-β-D-Glucuronide (Glu-2): 

To the above pentacetate product was added dry methanol and allowed to reflux for 24 h. 

The excess methanol is distilled off under vacuum. The product was purified by 

recrystallization from methanol. 

Yield: 60%. 

1
H NMR (200 MHz, CDCl3): δ in ppm 5.26 (m, 2H), 4.97 (t, 1H), 4.71 (d, 1H), 4.14 (d, 

1H), 3.78 (s, 3H), 2.08 (s, 3H), 2.04 (s, 6H). 
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LC-MS/MS (in MeCN) m/z calculated - 376.13; found M+Na 399.08, M+K 415.06. 

3. Synthesis of 2, 3, 4-tri-O-acetyl-1-azido-1-deoxy-β-D-glucuronic acid methyl ester 

(Glu-3, 4): 

To 2 g of 1, 2, 3, 4-Tetra-O-Acetyl-methyl-β-D-Glucuronide was added 35 mL of dry 

DCM under argon atmosphere. TMS-N3 (1.6 ml) and tin (IV) chloride (0.2 ml) was then 

added to it and was allowed to stir for additional 15 h at room temperature. After the 

mentioned time, reaction mixture was diluted with DCM and saturated with sodium 

bicarbonate solution to quench excess of tin(IV) chloride and stirred vigorously for 30 

min. The mixture was then poured in water and the product was extracted with DCM, 

dried over sodium sulfate and is used without any further purification. 

Yield: 92%. 

1
H NMR (200 MHz, CDCl3): δ in ppm 5.24 (apt t, 2H), 4.95 (t, 1H), 4.72 (d, 1H), 4.13 (d, 

1H), 3.77 (s, 3H), 2.07 (s, 3H), 2.03 (s, 3H), 2.01 (s, 3H). LC-MS/MS (in MeCN) m/z 

calculated - 359.29; observed M+Na - 382.35. 

FTIR(cm
-1

): 2121 (-N3). 

4. Synthesis of 4-(Trimethylsilane)ethynylstyrene (2) from 4-bromostyrene: 

To 1.86 g of 4-bromostyrene, 2.28 g of ethynyltrimethylsilane, 30 mg of copper (I) iodide 

was added 40 ml dry Et3N. The reaction mixture was heated at 50 ⁰C. After 5 min, 150 

mg of bis(triphenylphosphine) palladium (II) dichloride was added to the above mixture 

and allowed to stir for 16 h at the same temperature. Afterwards trimethylamine salt was 

filtered off followed by distillation under vacuum. The crude product was column 

purified using pet ether. 

Yield: 59%. 

1
H NMR: δ in ppm 7.21 (d, o-Ar, 2H), 7.16 (d, m-Ar, 2H), 6.48 (dd, 1H), 5.61 (d,1H), 

5.12 (d,1H), 0.28 (s, Si(Me)3), 9H). 

FTIR (cm
-1

) : 2157 (triple bond C-Si).   

5. Synthesis of 4-ethynylstyrene (3): 

The silyl protected styrene (1 g) was dissolved in 5 ml dry THF and to it 1.0 M solution 

of tetra-n-butyl ammonium fluoride (7.5 ml) was added dropwise. The reaction mixture 

was stirred at room temperature for one hour and then THF was evaporated off under 

vacuum. The crude product was partitioned with DCM and water and the water layer was 

extracted twice with DCM and the combined layer was evaporated to dryness. The 

product is column purified using pet ether. 



 

 

Chapter 5                                                              Tailor-made Amphiphilic Polymer...... 

2018-Ph.D. Thesis: Sarabjot Kaur, (CSIR-NCL), AcSIR                                               Page | 154  

 

Yield: 90%. 

1
H NMR: δ in ppm 7.36 (o-Ar, 2H), 7.31 (d, m-Ar, 2H), 6.64 (dd, 1H), 5.75 (d,1H), 5.26 

(d,1H), 3.04 (s,1H). 

FTIR (cm
-1

): 3295 (free Alkyne C-H). 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.3: Synthesis of 2, 3, 4-tri-O-acetyl-1-azido-1-deoxy-β-D-glucuronic acid methyl ester 

(4). 

 

6. Click reaction to synthesize (5):  

In two neck round bottom flask was added 1 g of 4-ethynylstyrene (2) and 2.4 g of 2, 3, 4-

tri-O-acetyl-1-azido-1-deoxy-β-D-glucuronic acid methyl ester (4) in dry THF and the 

mixture was then subjected to three freeze/thaw cycle. Then 480 mg of copper sulfate and 

620 mg of sodium ascorbate in minimum quantity of water was then added to the mixture. 

The mixture was allowed to stir for 24 h under argon atmosphere. The progress of 

reaction was monitored using FTIR analysis. Once FTIR showed complete absence of 

free alkyne C-H peak, the reaction mixture was stopped and subjected to dryness under 

vacuum. The product was purified using pet ether/ ethyl acetate (40/60) to afford (2R, 3S, 

4R, 5S, 6R)-2-(methoxycarbonyl)-6-(4-(4-vinylphenyl)-1H-1,2,3-triazol-1-yl)tetrahydro-

2H-pyran-3,4,5-triyl triacetate. 

Yield: 80%. 

1
H NMR (200 MHz, CDCl3): δ in ppm 8.06 (s, 1H), 7.79 (d, 2H), 7.51 (d, 2H), 6.73 (q, 

1H), 6.01 (d, 1H), 5.85 (d, 1H), 5.51-5.33 (m, 4H), 4.37 (d, 1H), 3.77 (s, 3H), 2.09 (s, 

6H), 1.90 (s, 3H). 
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LC-MS/MS (in MeCN) m/z calculated - 487.16; observed M+H - 488.16, M+Na - 

510.15, M+K 526.12. 

7. Polymerization to synthesize PS-PGlu (6) :  

(2R, 3S, 4R, 5S, 6R)-2-(methoxycarbonyl)-6-(4-(4-vinylphenyl)-1H-1,2,3-triazol-1-

yl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (1 g), AIBN (50 mg) were taken in together 

in schlenk tube. To it 10 ml dry DMF was added. This mixture was degassed using three 

freeze/thaw cycle. The schlenk tube was then placed in oil bath at 80 ⁰C for 24 h while 

stirring at 750 rpm.  After 24 h, the reaction mixture was cooled and further diluted with 

minimum amount of THF. The polymer was then precipitated by pouring the solution in 

excess methanol. And oligomers were removed by repeating three precipitation/filtration 

cycles. 

Yield: 55%. 

1
H NMR (400 MHz, CDCl3): δ in ppm 8.45 (t, 1H), 7.42 (b, 2H), 6.61 (b, 2H), 6.30 (b, 

1H), 5.62 (m, 3H), 4.55 (m, 1H), 3.72 (s, 6H), 2.09 (s, 6H), 1.88 (s, 3H), 1.69 (s, 3H). 

8. Deprotection of protected glucuronic acid bearing polystyrene polymer (PS-DGlu, 

7):  

100 mg of the polymer was dissoved in 5 ml dichloromethane and 2 ml methanol mixture. 

To it 0.7 ml 25 weight% sodium methoxide in methanol was added. This mixture was 

allowed to stir for 8 h. After rotary evaporation, polymer was washed with acetone and 

dissolve in 1:1 THF: water mixture. Then dilute HCl (0.025 M) was added and the 

reaction was stirred for additional 12 h. Then the excess solvent was removed and 

polymer was dissolved in minimum amount of water followed by dialyzing it against 

deionized water using 1 kD molecular weight cutoff dialysis membrane for 3 days, 

changing water thrice. Final polymer was obtained as white powder after freeze drying 

the dialyzed solution. 

FTIR (cm
-1

): 3354 (broad peak), 1727, 1611, 1411, 1335, 1100, 1024, 818, 687. 

9. Preparation of PSG-OPV-n using PS-DGlu (7) as surfactant:  

PS-DGlu polymer was used as surfactant in the miniemulsion polymerization process for 

synthesizing novel D-glucuronic acid functionalized fluorescent PS nanobeads. The 

organic phase consist of styrene (1 g), HD (48 mg), polymerizable OPV dye (30 mg) 

while the aqueous phase consist of water (4 g), initiator (ACVA) (16 mg) and varying 

amount of PS-DGlu polymer (values are mentioned in Table 5.1). The organic phase was 

then added dropwise to the aqueous phase and kept for pre-emulsification at room 
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temperature for another one hour followed by sonication under ice cooled condition for 

20 min. The miniemulsion was then allowed to polymerize at 70 ⁰C for 20 h with a 

stirring speed of 750 rpm. After quenching the polymerization with two drops of 1 wt% 

hydroquinone, the obtained latex was purified by dialysis using 6 kD MW cut-off 

membrane for three days. 

5.3.4 Calculation of dye loading content (DLC): Three mg of dried polymer was taken 

in 3 mL of THF and its absorbance was recorded using absorption spectroscopy. This 

absorbance was used to calculate the dye loading from the molar absorptivity of OPV in 

THF (40,360 Lmol
-1

cm
-1

) at its absorption maxima. 

5.3.5 Sensing of free bilirubin in aqueous medium: The stock solution of polymer was 

prepared at concentration of 0.1 mg/3 mL using ches buffer at pH 10. Varying 

concentration of bilirubin solution ranging from 1x10
-6  

to 5x10
-5

 M in ches buffer at pH= 

10 were prepared and kept in dark. All the solution were kept in dark at 18 ⁰C. The 

change in emission and absorption intensity of polymer after the addition of different 

concentrations of bilirubin were recorded at 18 ⁰C with slit width of 1 nm. 

5.3.6 Sensing of free bilirubin in human serum: Human blood serum was taken from 

Dr. Mahesh Kulkarni's laboratory from CSIR-National chemical laboratory as 

contribution for carrying out scientific research and was used as received without any 

further treatment. Fixed amount of 100 µL of human blood serum was added to the 

varying concentration of bilirubin in range of 1x10
-6

 M to 3x10
-5

 M. And these solutions 

were then added to fixed concentration of polymer (0.1 mg/3 mL) in ches buffer at pH= 

10 to make the final volume of 3 mL. The change in emission and absorption intensity of 

polymer after the addition of different concentrations of bilirubin were recorded at 18 ⁰C 

with slit width of 1 nm. One separate experiment was conducted using same volume (3 

mL) of polymer and serum without adding bilirubin at pH= 10. 
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Figure 5.23. 1H-NMR spectrum of (4-trimethylsilyl)ethynylstyrene in CDCl3 

 

Figure 5.24: 1H-NMR spectrum of 4-ethynylstyrene in CDCl3 

 

 

 

 

 

 

 

 

Figure 5.25: FTIR spectrum of comparing (4-trimethylsilyl)ethynylstyrene and 4-ethynylstyrene 

on KBr pellet. 
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Figure 5.26: 1H-NMR spectrum of Penta-acetate D-Glucuronic acid in CDCl3. 

 

Figure 5.27: 
1H-NMR spectrum of Tetra-O-acetyl-methyl D-glucuronide in CDCl3. 

 

Figure 5.28: 1H-NMR spectrum of tri-O-acetyl-1-azido-1-deoxy-D-glucuronic acid methyl ester 

in CDCl3. 
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Figure 5.29: LC-MS/MS spectrum of Penta-acetate D-glucuronic acid in MeCN. 

 

 

 

 

 

 

 

 

 

Figure 5.30:. LC-MS/MS spectrum of Tetra-O-acetyl-methyl D-glucuronide in MeCN. 
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Figure 5.31: LC-MS/MS spectrum of tri-O-acetyl-1-azido-1-deoxy-D-glucuronic acid methyl 

ester in MeCN.  

 

 

 

 

 

 

 

 

Figure 5.32: FTIR spectrum comparing tetra-O-acetyl-methyl D-glucuronide (Glu-COOMe) and 

tri-O-acetyl-1-azido-1-deoxy-D-glucuronic acid methyl ester (4) on KBr pellet. 
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Figure 5.33: 1H-NMR spectrum of styrene with protected D-glucuronic acid in CDCl3. 

 

 

 

 

 

 

 

 

Figure 5.34: LC-MS/MS spectrum of styrene with protected D-glucuronic acid in MeCN. 

 

Figure 5.33: 13C-NMR spectrum of PS-PGlu in CDCl3. 
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Table 5.2: Sample designation, weight average molecular weight (Mw) and its polydispersity 

index (PDI) in CHCl3. 

Samples Mw (Da) PDI 

PS-OPV-1 155000 1.7 

PS-OPV-2 54500 2.4 

PS-OPV-3 37500 2.4 

PS-OPV-4 272000 2.3 

PS-OPV-5 110000 2.1 

 

5.4 Conclusion: 

A tailor made water soluble glucuronic acid bearing polystyrene polymer (PS-DGlu) was 

synthesized which not only stabilized the PS nanobeads in the size range of 160-328 nm, 

but also surface functionalize the nanobeads with glucuronic acid together with successful 

covalent incorporation of OPV as fluorophore in styrene miniemulsion polymerization. 

To the best of our knowledge, it is the first report on glucuronic acid functionalized PS 

nanobeads (PSG-OPV-n) mentioned in the literature so far. The glucuronic acid would 

impart water solubility to PS-DGlu polymer to enable it to act as surfactant in 

miniemulsion polymerization which is also reported for the first time in literature. 

Additionally, the glucuronic acid on the PS nanobeads, served as interaction site for the 

selective detection of bilirubin via non-covalent interaction. Due to its excellent water 

dispersibility and good spectral overlap between emission of OPV and absorption of 

bilirubin; detection of free bilirubin was first targeted in water. Among series of PSG-

OPV-n, PSG-OPV-5 was chosen because of its higher zeta potential, solid content, 

molecular weight and OPV incorporation in comparison to other nanobeads. Instant 

visual detection of bilirubin under UV lamp could be possible where blue emission of 

polymer turned bluish green instantly after bilirubin addition. This could be explained on 

the basis of energy transfer from OPV to bilirubin which is further supported by its 

emission spectra as well as CIE co-ordinate diagram. The interference from other 

biomolecules such as glucose, sucrose, metal ions, cholesterol etc. was checked. The limit 

of detection was found to be as low as 20 nM which is found to be in clinically applicable 

range of <25 to >50 µmol/L. Finally, the polymer nanobeads were checked for real time 

monitoring of bilirubin in human blood serum where PSG-OPV-5 was found to be 

selective against its structural homologue i.e. biliverdin. Thus highly selective and 

sensitive visual sensor for bilirubin in human blood serum could be developed using 

combined strategy of FRET and hydrogen bonding interactions. 
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CHAPTER-6 

 

Conclusion and Future Perspective 

 

6.1 Conclusion: 

The thesis entitled "Functionalized Fluorescent Polystyrene Nanobeads For Sensing 

And Bio-imaging Applications" mainly highlights the design and development of 

fluorescent polystyrene nanobeads using miniemulsion polymerization method. Besides 

the smaller particle size obtained from miniemulsion polymerization, the other 

advantages include higher molecular weight, higher polymerization rate and higher 

incorporation of dyes into PS backbone. Polymerizable oligo (p-phenylene vinylene) 

(OPV) and perylenebisimide (PBI) based fluorophores were covalently stitched into PS 

nanobeads to prevent any dye leakage. OPV and PBI were specifically chosen as suitable 

fluorophores because of their strong absorption, high emission quantum yield and 

excellent thermal, chemical and photostability. These nanobeads were surface 

functionalized with various functional groups depending on the requirement. And these 

nanobeads showcased excellent and constant emission under different applied conditions 

like wide range of temperature and pH. Such an excellent fluorescence made them 

potential candidate for various applications such as bio-imaging, chemical sensing and 

bio-sensing. 

In the first working chapter, we have presented a simple method of developing 

fluorescent nanobeads in the size range (50 -150 nm) suitable for cell imaging 

applications based on commodity polymers like polystyrene. The miniemulsion 

polymerization technique was chosen to enable the synthesis of fluorescent PS particles 

with narrow particle size distribution in the ~100 nm range. Multiple fluorophores were 

inserted into the single bead without significantly affecting its size to obtain multicolor 

emission from beads. Spherical morphology and the size of nanobeads were confirmed by 

FESEM, TEM and DLS. The covalent incorporation of the fluorophores (in the form of 

cross-linkers) ensured the absence of dye leakage and the PS backbone also reduced 

aggregation induced self-quenching of fluorescence of the dyes. The chosen fluorophores 

(OPV and PBI) are known for their high fluorescence quantum yields and excellent 

photostability and this results in outstanding emission profile. In fact, quantum yield for 

OPV-PS-7 was found to be 26% in water which is highest for any OPV reported system 
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in water. Based on emission properties, polymers with highest quantum yield and 

emission in water i.e. OPV-PS-7 and PBI-PS-3 were chosen further for bio-imaging 

application along with one having both OPV and PBI fluorophores i.e. OPV(PBI)-PS. 

In the second working chapter, the currently synthesized multicolor emitting 

fluorescent PS nanobeads as described in the previous chapter, have been successfully 

employed for bio-imaging application in cancer cells. Since the fluorophores were 

embedded well in the PS network, their emission was also not affected by external 

triggers that may be present in the cellular environment such as pH or temperature. 

Presence of two different fluorophores inside a single bead made it possible to access 

multiple excitation wavelengths for multi spectral imaging applications. The ability for 

such multicolor imaging were successfully able to overcome the cellular autofluorescence 

and to enhance the resolution contrast of the image, thereby overcoming the common 

limitation. 

In the third working chapter, we have developed distinctly dual vapor based solid 

state emitting polystyrene nanobeads sensor having OPV and PBI incorporated together 

in the polymer backbone. The chromophores were incorporated into the polystyrene 

nanobeads in a suitable proportion as to obtain near white emission under UV light. The 

surface of nanobeads was selectively functionalized with amine (PS-NH2) or carboxy 

(PS-COOH) functionality and their sensing efficiency was compared with the one having 

no functionalization (PS-KPS). Exposure of the polymer beads to the vapors of electron 

deficient nitro compounds quenched the emission from OPV moiety selectively retaining 

the emission from PBI resulting in yellow emission from nanobeads under UV lamp. On 

the other hand, PBI emission was quenched on exposure to amine vapors resulting in blue 

emission from nanobeads. The functionality on the surface of the nanobeads assisted in 

better analyte-sensor interaction through solid-state hydrogen bonding resulting in 

enhanced quenching of the respective chromophores when compared to non-

functionalized nanobeads. The nanobead with surface amine functionality (PS-NH2) 

exhibited the highest sensing efficiency for both electron deficient and rich analytes. 

Device applicability was demonstrated by free standing film (thickness 0.07±0.01 mm) of 

PS-NH2 polymer which underwent fast exchange of analytes observable under UV lamp 

and reusability of film was checked upto 8 cycles. 

Along this line, taking the idea from this currently developed methodology, amine 

functionalized, OPV incorporated PS nanobeads was applied to promptly detect the 
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presence of picric acid in water. The surface of nanobeads was decorated with -NH2 

group with the aim to enhance analyte-sensor interaction thereby improving selectivity of 

sensor. The outstanding selectivity of the sensor among the library of other nitro-organics 

was attributed to combined effect of energy transfer, inner filter effect and electron 

transfer. PA concentration in 100 % aqueous medium, as low as 58 nM could be 

efficiently detected by the sensor. Additionally, no interference from large number of 

cations and anions was observed making the sensor highly efficient for real water 

analysis. Also, its emission remained independent of external triggers; making it 

applicable over wide range of temperature and pH. For device based application free 

standing film was made. Thus rapid, efficient, sensitive sensor was developed from 

fluorescent dye containing polystyrene nanobeads for the selective detection of PA in 

water. 

In the final working chapter, a tailor made water soluble glucuronic acid bearing 

polystyrene polymer (PS-DGlu) was synthesized which not only stabilized the PS 

nanobeads in the size range of 160-328 nm, but also surface functionalized these 

nanobeads with glucuronic acid together with successful covalent incorporation of OPV 

as fluorophore in styrene miniemulsion polymerization. To the best of our knowledge, it 

is the first report on glucuronic acid functionalized PS nanobeads (PSG-OPV-n) 

mentioned in the literature so far. The D-glucuronic acid functionalization rendered the 

polystyrene water soluble, thereby enabling it to function successfully as a polymeric 

surfactant in the miniemulsion polymerization which is also reported for the first time in 

literature. Additionally, the glucuronic acid on the PS nanobeads, served as interaction 

site for the selective detection of bilirubin via non-covalent interaction. Due to its 

excellent water dispersibility and good spectral overlap between emission of OPV and 

absorption of bilirubin; detection of free bilirubin was first targeted in water. Among 

series of PSG-OPV-n, PSG-OPV-5 was chosen because of its higher zeta potential, solid 

content, molecular weight and OPV incorporation in comparison to other nanobeads. 

Instant visual detection of bilirubin under UV lamp could be possible where blue 

emission of polymer turned bluish green instantly after bilirubin addition. This could be 

explained on the basis of energy transfer from OPV to bilirubin which is further 

supported by its emission spectra as well as CIE co-ordinate diagram. The interference 

from other biomolecules such as glucose, sucrose, metal ions, cholesterol etc. was 

checked. The limit of detection was found to be as low as 20 nM which is found to be in 
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clinically applicable range of <25 to >50 µmol/L. Finally, the polymer nanobeads were 

checked for real time monitoring of bilirubin in human blood serum where PSG-OPV-5 

was found to be selective against its structural homologue i.e. biliverdin. Thus highly 

selective and sensitive visual sensor for bilirubin in human blood serum has been shown 

to be developed using combined strategy of FRET and hydrogen bonding interactions. 

To conclude, we have established simple, easy and scalable approach for 

developing multicolor emitting, covalently stitched, surface functionalized fluorescent PS 

nanobeads with high quantum yield (both solid as well as solution state)  for imaging and 

sensing based applications.  

6.2 Future Perspective: 

Thiol-Michael addition reactions have been explored half a century ago, however 

recently it has gained recognition in polymer sciences as "click" polyaddition reactions. 

Being included in "click" chemistry these has been known to be effective tool for wide 

areas of its usuage. One of them includes synthesis of thiol-ester particles to obtain 

functional materials. On the other hand, miniemulsion polymerization is known to 

produce the nanoparticles (NPs) in the size range of 50-500 nm. However, combining 

thiol-Michael reaction together with miniemulsion polymerization could result in the 

preparation of thiol-ester polymeric NPs. Additionally, using acrylate based fluorescent 

cross-linker would act as both fluorophore as well as substrate for thio-Michael reaction. 

Thus, fluorescent thiol-ester NPs can be obtained in single step without any further 

modification of tagging fluorescent moiety. Such a fluorescent thiol-ester NPs can be 

used as cell markers in imaging studies where their intracellular fate will be governed by 

fluorophores i.e. dye directive cellular imaging would be possible. 

As shown in Scheme 6.1, thiol-ester miniemulsion can be prepared using oligo (p-

phenylene vinylene) (OPV) or/and perylenebisimide (PBI) based cross-linkers in butyl 

acetate which act as organic diluent. To this organic phase, hexadecane is to be added as 

hydrophobe. And this mixture then would be added to the aqueous phase containing 

tri(ethylene glycol)dithiol (TEGDT) and sodium dodecyl sulfate (surfactant). This would 

be then subjected to ultrasonication followed by addition of potassium persulfate 

(initiator) to start polymerization to obtain fluorescent OPV or PBI or OPV(PBI) based 

thiol-ester NPs. 
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Scheme 6.1: Synthesis of polythioester NPs via thiol-Michael miniemulsion polymerization. 
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