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Various studies have proven the significance of curcumin as an antioxidant, 

anti inflammatory, anti-amyloid, anti-HIV, anti-microbial, and anti-tumor agent. 

Curcumin exists in its enole form and undergoes Excited State Intra-molecular 

Hydrogen Transfer (ESIHT) during deactivation process. Hence understanding ESIHT 

of curcumin adds to its medicinal values. At the same time delivery of curcumin has 

been a major challenge in the drug delivery field due to its poor water solubility and low 

bioavailability. These two problems can be overcome by applying an approach based on 

nanotechnology.  

 

Chapters II and III report on curcumin associated poly (allylamine 

hydrochloride) (PAH) crosslink with dipotassium phosphate and subsequently 

congregates ~24 nm silica nanoparticles to form hierarchically ordered nanocapsule 

structures. The capsule sizes are in the range of 100 – 1000 nm depending on 

concentration of dipotassium phosphate. The fluorescence images confirm that 

curcumin is present all over the capsules. These nano-structures alter the optical 

behavior by reversing the excited state intra-molecular hydrogen transfer in curcumin 

depending on the size of nanocapsules. pH triggers the release of curcumin from the 

capsule where by a basic environment triggers the maximum release compared to acidic 

and neutral conditions. The drug release profile of curcumin in nanocapsule follows 

Higuchi model and depends on the size of nanocapsules. Apart from drug delivery, the 

biological activity of curcumin within the capsule is important. The researcher studies 

the 2,2-diphenyl-1-picrylhydrazyl (DPPH)  scavenging activity of curcumin by simply 

measuring the change in DPPH absorbance at 520 nm. Results show that the scavenging 

activity of the encapsulated curcumin is lower than that of curcumin alone; as well it 

decreased exponentially with the size of the capsule. 

 

Chapter IV examines the preparation of poly(9-(2-diallylaminoethyl) 

adenine.HCl-co-sulfur dioxide) (Poly A)/silica nanoparticles based capsules. The 

dynamic light scattering measurements showed that the capsules are of 700 nm effective 

hydrodynamic radius and the SEM images reveal that these capsules are spherical in 

shape. The researcher incorporated curcumin within these capsules as a fluorescent 
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probe and we tested their sensitivity to different nucleic bases. We found that these 

capsules are selective for guanine binding.    

 

Chapter V describes how the same method of PAH/CU capsule preparation 

was used to successfully prepare PAH/ zinc oxide capsules. The SEM images showed 

that these capsules are spherical with size ranging between 200 and 500 nm. The 

incorporation of zinc oxide in such capsules changed its luminescence properties; the 

UV emitting zinc oxide emitted in the visible region. These findings can be used later 

on for biosensing applications. 
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CHAPTER I 

INTRODUCTION  

 

A. Self Assembly: 

Self assembly is a process by which pre-existing distinct components are self-

assembled to generate an ordered structure or pattern without any external guidance 

[1,2]. Self assembly occurs everywhere in nature. Meteorological phenomena such as 

cloud patterns, astrophysical objects such as solar systems and biological systems like 

schools of fish and bacterial colonies are examples of natural self assembly [3]. 

The most extensively studied self assembly process is molecular self assembly. Protein 

folding is a good example of the latter. Molecular self assembly is usually driven by non 

covalent interactions including hydrogen bonds, electrostatic interactions and 

hydrophobic interactions [3]. Interestingly, poly (amino acids) such as poly (L-

histidine), poly (L-lysine), and poly (L-arginine) self assemble into hexagonal lamellae 

[4,5].  

As a powerful tool, self-assembly process is being utilized to generate 

advanced materials out of nanoparticle building blocks where molecular subunits 

spatially organize into highly defined supramolecular structures [6,7]. Well structured 

nanoparticles assemblies, like wires, rings, supper lattice may be formed on a flat 

surface [8]. Magneto responsive fluorescent spheres (MFS) are produced by the self 

assembly of citrate-functionalized magnetic nanoparticles (MNPs) with poly (L-lysine) 

(PLL) and hydroxy pyrene trisulfonate (HPTS) aggregates [9]. Rotello and co-workers 

have succeeded to induce the self-assembly of gold nanoparticles into micrometer-sized 
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spherical aggregates, where polymer chains with complementary hydrogen-bonding 

pendant groups have been used [7]. Later, Stucky and co-workers mediated nanoparticle 

(NP) self-assembly to generate hollow microspheres using diblock copolypeptides; by 

which lysine and cysteine polymer blocks bind to silica and gold NP surfaces, 

respectively [10]. Poly ( L-lysine)-curcumin mediated nanoparticle-assembles 

microcapsules termed as micro-curcumin are being synthesized [8].  

Moreover, self assembly strategies are applied for precise construction of hydrogel 

materials with desired nano- and micro-structures, for instance, in the presence of salt, 

β-hairpin peptides self assemble into hydrogel networks [11].      

 

B. Fluorescence: 

As a powerful method, now a days fluorescence is being widely used in 

medical diagnostics, genetic analysis, biotechnology, forensics and other analytical 

fields. In biophysics and biochemistry, fluorescence spectroscopy, time-resolved 

fluorescence and fluorescence imaging are considered as primary research tools. 

Fluorescence is a highly sensitive method where it can work at single molecule scale for 

localization and measurement of intracellular substances [12].  

Typically aromatic molecules are fluorescent. In 1845, Sir Jhon Frederick William 

Herschel was the first to report the phenomenon of quinine fluorescence in sunlight. 

Quinine is a widely encountered fluorophore, present in tonic water. The fluorescence 

of quinine is seen as a faint blue glow at the surface when observed from a right angle 

to the incident sunlight. Upon the addition of a less polar solvent, the dielectric constant 

of the solution increases, hence the quinine fluorescence becomes more apparent [13].  



3 

 

In the 1950’s, the Department of Defence developed the first 

spectrophotometer due to their interest in utilizing quinine as an antimalaria drug [14]. 

In addition to phosphorescence, fluorescence is a type of luminescence: emission of 

light from a substance at its electronically excited states. Based on the nature of the 

excited state one of the two phenomena can be reported: 

 Phosphorescence (spin forbidden): when the transition is from a triplet 

excited state to the ground state. 

 Fluorescence: when the transition from singlet excited state to the ground 

state occurs [12].  

 

1. Principles of fluorescence: 

In general, the principles of luminescence can be described by the Jablonski’s 

diagram shown in Figure1.1 [15]. 

 

           

                Figure 1.1.  Jablonski diagram 
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 Following light absorption, a fluorophore is usually excited to higher 

vibrational singlet states of S1 and S2. However, molecules in condensed phases rapidly 

relax to the lowest vibrational level S1, in approximately 10
-12

s, through a radiationless 

process called internal conversion. After this process is completed, fluorescence 

emission takes place from a thermally equilibrated singlet state, where the electrons in 

the ground and the excited state orbitals have opposite spin orientations to the ground 

state. This phenomenon is very short and occurs approximately in 10 nanoseconds [12]. 

Intersystem crossing may also occur, where molecules in the S1 state can undergo a spin 

conversion to the first triplet state T1. The excited electron and the ground state electron 

have the same spin orientation, hence the transition from the triplet excited state to the 

ground state is forbidden. However, it can happen and in this case the emission of light 

is known as phosphorescence.  

Phosphorescence is a slow process, where its duration ranges from few 

milliseconds to seconds. Molecules containing heavy atoms are more likely to be 

phosphorescent, where intersystem crossing in heavy atoms is much easier than that in 

lighter atoms [12]. 

 

2. Characteristics of fluorescence: 

a. Stokes’ Shift: 

As revealed by Jablonski’s diagram, the emission energy is typically less than 

that of absorption. This phenomenon known as Stokes’ shift corresponds to a red shift 

in the emission spectrum relative to the excitation or absorption spectrum. Internal 

conversion is one of the common causes of the Stokes’ shift. Furthermore, the decay of 

the fluorophores to higher vibrational levels of S0 results in further dissipation of 
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excitation energy. In addition, further Stokes’ shift may be due to excited-state 

reactions, energy transfer, solvent effects, and complex formation. As a result, the 

interaction between the fluorophore and its environment is expressed by the Stokes' 

shift [12]. 

 

b. Kasha’s Rule: 

In 1950, Michael Kasha proposed that irrespective of the excitation 

wavelength, the same emission spectrum is generally observed. Fluorescence is the 

emission of light from the lowest vibrational states of S1 to the higher vibrational states 

of S0. Hence, upon excitation the excess of energy absorbed is lost via internal 

conversion leaving all fluorescent transitions similar [16]. 

 

c. Quantum Yields: 

The quantum yield of a fluorophore is defined as the ratio of the number of 

photons emitted over the number of photons absorbed. Substances displaying the 

brightest emission have the highest quantum yield where it approaches unity. The 

quantum yield, Q, is given by: 

  

  
 

     
 

where Ƭ is the rate of radiative decay, and knr is the rate of the non-radiative decay. 

The intensities of fluorescence are directly proportional to quantum yields. Based on 

quantum yields one can reveal the position of an intrinsic probe on a macromolecule. 

For instance, the fluorescence intensity of a weakly fluorescing probe in water is 

increased when this probe is buried inside a hydrophobic molecule [12].  
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d. Fluorescence Lifetime 

The average time the molecule spends in the excited state prior to return to the 

ground state is defined as the fluorescence lifetime (τ); it is given by: 

  

  
 

     
 

 The study of life time is important where it determines the available time for the 

fluorophore to interact with or diffuse in its environment. 

Factors which affect either of the rate constants (Ƭ or knr) can modify the quantum yield 

and the lifetime. For instance, slow rate of emission or fast rate of internal conversion 

may render a substance non fluorescent [12].  

 

e. Fluorescence Quenching: 

Quenching is referred as the decrease in the fluorescence intensity. Two types 

of quenching are described: the collisional quenching and the static quenching. 

Collisional quenching is due to the deactivation of the excited-state fluorophore upon its 

contact with other molecule in solution, known as the quencher. Various molecules can 

act as quenchers including halogens, amines, oxygen and electron-deficient molecules 

like acrylamide. Static quenching is due to the formation of non fluorescent 

fluorophore-quencher complexes in the ground state. 

Quenching is described by the Stern- Volmer equation: 
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where F0 and F are the intensities in the absence and presence of the quencher 

respectively, Ksv is the Stern- Volmer quenching constant, kq is the biomolecular 

quenching constant, τ0 is the unquenched lifetime and [Q] is the quencher concentration. 

Ksv is large when the fluorophore is free in solution and very accessible to the quencher. 

However, if the latter is away from the fluorophore Ksv is low.  

Fluorescence quenching is important where it is used to determine the position of a 

probe on a molecule [12].  

 

3. Steady- State and Time- Resolved Fluorescence: 

 Broadly, there are two types of fluorescence measurements, steady-state and 

time-resolved. In steady state measurement, the sample is continuously illuminated, and 

the intensity versus wavelength is recorded. While for the second type of measurement, 

the sample is exposed to a light pulse, shorter than its decay time and the intensity decay 

versus time is recorded. It is worth to note that these two measurements are correlated. 

For a fluorophore displaying a single decay time (τ), the intensity I is given by 

        
     

 where I0 is the intensity at t = 0 immediately after the pulse. 

The steady state intensity ISS and the decay time are related by  

        

 

 

            

A time-resolved measurement  shows two decay times for a probe on a molecule 

existing in two conformations, while steady-state measurements only reveals average 

intensities, thus the significance of doing both measurements [12].  
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4. Fluorescence Sensing and Nanotechnology: 

Fluorescence based detection is the most dominant method in the field of 

biosensing due to its simplicity, the convenience of optical signal transduction, the vast 

growth achieved in imaging and the availability of organic dyes with diverse spectral 

properties. However, in fluorescence detection, quantum yields or extinction 

coefficients of organic dyes and the low dye-to-reporter molecules labelling ratio, 

makes it difficult to obtain low detection limits [17]. The recent advances in 

nanotechnology, yielding to the production of submicron-sized materials with unique 

optical properties, have opened up new perspectives for fluorescence detection. 

Nanomaterials can be synthesized from organic and inorganic materials. Such materials 

are of small size scale, less than 100 nm in length along at least one dimension, hence 

owing a large surface area. Nowadays, nanomaterials are used as detection labels 

instead of traditional organic dyes due to their superior optical properties including 

higher photosatability, brighter fluorescence, wider selections of excitation and 

emission wavelengths, etc [17]. In addition the selection of various probes for higher 

assay throughput is facilitated by their shape or size-controllable optical properties. 

These nanostructures are used as solid supports for sensing assays where multiple probe 

molecules can be attached to each nanostructure leading to simplified design of assay 

and increased ratio of labelling for higher sensitivity. Nanomaterials applied in the 

fluorescence based sensing field include quantum dots, silica nanoparticles, gold 

nanoparticles, carbon dots and carbon nanotubes [17]. 

 

a. Quantum Dots (QDs): 
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In biosensing and imaging fields, quantum dots are considered to be important 

fluorescence labels [17, 18].  QDs are semiconductor nanocrystals consisting of atoms 

of elements from groups II to VI (e.g. Zn, Cd, Te, Se) or III – V (e.g. P, As, In) in the 

Periodic Table [18,19]. Quantum confinement effect is due to their very small size (< 10 

nm) resulting in narrow emission bands, wide UV- visible absorption spectra, and size, 

composition and shape-related optical properties [17,20]. They are excellent labels for 

high throughput screening due to the high flexibility in excitation wavelength selection 

with minimal overlap in the emission spectra from multiple QDs.  

In comparison with organic dyes, QDs owe similar quantum yields but 10-50 times 

larger extinction coefficients, and much less rates of photobleaching. The net effect is 

that QDs have ~ 100-200 times better photostability and 10-20 times brighter 

fluorescence [21]. 

QDs are intrinsically fluorescent; hence they serve as reporter molecules for 

biochemical detection. For instance, Western blot detection kits based on QD can lead 

to detection limits as low as 20 pg protein per lane [22,23], where as colorimetric or 

chemiluminescent detection is only able to detect around hundreds of pico grams of 

protein per lane [24]. Genin et al. developed a smart protein targeting strategy that 

involves the linkage of QDs to an organic dye of CrAsH. By using this probe Cystine-

tagged proteins were traced for more than 150 seconds [25].  

Furthermore, QDs can be used in fluorescence in situ hybridization (FISH) offering 

higher detection limits than organic dyes. For example, the mRNA expression in 

neurons of a mouse located within the midbrain region was detected by QD FISH at × 4 

magnification, whereas it could only be done at × 20 magnification when using Alexa 

Fluor[26].  
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QDs are very promising substituent for traditional organic dyes in biochemical 

labelling. However, their surface properties need to be enhanced for better functionality 

and aqueous solubility, their stability needs to be improved, their nonspecific binding to 

biomolecules should be minimized and there in vivo toxicity needs to be solved [17].  

 

b. Fluorescent Silica Nanoparticles: 

Silica nanoparticles doped with organic dyes have been widely tested as 

labelling reagent in proteins, pathogens and nucleic acid detection [27,28]. Such type of 

nanomaterials offer the following advantages in biosensing: (i) silicon is nontoxic and 

widely abundant; (ii) the nanoparticles can bind easily to biomolecules due to their high 

surface-to-volume ratio; (iii) the ability to embed a large number of fluorescent dye 

molecules within each particle increases the dye-to-biomolecule labelling ratio yielding 

to elevated factors of signal amplification; (iv) In chemical reactions, silica is relatively 

inert, however its surface can still be modified with well-established chemistries 

[27,29]. 

In comparison to quantum dots, fluorescent silica nanoparticles, owe a wider 

range of size, ranging from a few to hundreds of nanometers; they have better solubility 

and need less strict size control [27,29]. But, limitations concerning particle aggregation 

and nonspecific binding on the surface of silica have been reported and needs to be 

solved [27]. 

  

c. Gold Nanoparticles: 

Gold (Au) nanoparticles are considered as important FRET-based quenchers, 

where their Plasmon resonance in the visible region makes them strong scatterers and 
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absorbers of high extinction coefficient ~10
5 

cm
-1

M
-1

 [17]. Gold nanoparticles are 

gaining more interest in bioassays due to their controllable particle size, and the ability 

to attach biomolecules containing exposed thiol groups to the surface of gold via gold-

sulfur bonds. Furthermore, this gold-sulfur bond facilitates the linkage of other 

functional groups such as amine and carboxyl groups through sulfur containing ligand 

[17]. The most known application of Au NPs in FRET-based assays is the labelling of 

molecular beacons [30]. 

Bridge molecules can be used to increase the proximity between the 

fluorophores and Au NPs. For instance, fluorescein molecules form inclusion 

complexes with β-cyclodextrin (CD) attached to Au NPs; fluorescein was then 

quenched [17]. This system has been employed for cholesterol detection where 

fluorescein was freed from the NP through its replacement by cholesterol at the binding 

site. Here, the system’s fluorescence intensity increases with cholesterol concentration 

[17]. As well, Au NPs are excellent in vivo imaging reagents because of their small 

particle size. For example, Au NP modified with FAM-labelled single-stranded DNA 

has been employed to image intracellular hydroxyl radicals [31].  

 

d. Carbon Nanotubes: 

Another type of unique nanomaterial used in fluorescence-based bioassays is 

the carbon nanotubes (CNTs). The application of CNTs in sensing is based on its ability 

to quench organic dyes or QDs [32,33]. In this course, it was shown that multiwall 

CNTs suppress the photoluminescence (PL) of CdSe QDs via both dynamic and energy 

transfer quenching mechanisms [33]. In addition, the self-assembly of oligonucleotide-

modified QDs and CNTs enable the detection of antigen and DNA down to 0.01 nM 
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and 0.2 pM levels respectively. Similarly, CNTs can quench organic dyes via an energy 

transfer mechanism [34]. This concept has been adapted to synthesize a non covalent 

assembly between ssDNA and CNT for sensing of biomolecule interactions [35]. 

    

C. Capsules:  

Capsules are tiny sphere-like containers composed of two distinct regions, the 

core and shell region [36,37]. The core stores and protects the encapsulated material. 

The shell serves also for encapsulating aims, but its main role is to act as a physical 

barrier to control the diffusive release of the encapsulated active material [38].  

Capsules are classified according to their size into 3 categories, microcapsules, 

nanocapsules and mesocapsules [39]. Microcapsules are those having diameters greater 

than 1µm, nanocapsules are those having diameters less than 100 nm, whereas capsules 

in 100 nm-1 µm size range are termed as mesocapsules [39].  

Liposome or vesicle is one of the earliest capsule structures. It is similar to a 

living cell without its internal contents, where it is prepared by the self-assembly of 

phospholipid molecules into bilayered spherical membrane structure [40,41]. In this 

course, amphiphilic block copolymers that can self-assemble into vesicles have been 

reported recently [42,43]. These assemblies are known as polymersomes, and owe an 

increased stability compared to their lipid counter parts. More recently, it has been 

reported that dendrimersomes, capsular structures, are being formed from the assembly 

of Janus (two-faced) amphiphilic dendrimers [44]. Dendrimers are of low polydispersity 

index, hence allowing greater control over the structure and sizes with a structural 

stability comparable to that of polymersomes [38]. 
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1.  Capsule Synthesis: 

Capsule synthesis approaches can be widely categorized into two main routes: 

hard and soft template routes. A more recent route, tandem self assembly, has been 

developed for capsules synthesis.     

 

a. Hard-Template Routes: 

Templating against hard colloids is the most commonly used approach for the 

synthesis of capsules. Colloidal particles serving as templates include micro- or nano 

scale polymer, gold, silica and silver etc. Typically, to generate core-shell composites a 

thin coating of the desired material is formed on the template; subsequently the latter 

can be left or removed to produce filled and hollow spheres respectively [45]. The 

template removal can be achieved by calcination at elevated temperatures or selective 

etching in an appropriate solution. For coating the template with a thin shell of the 

desired material, a wide variety of techniques have been developed [45]. 

  

i. Layer by Layer Assembly (LbL): 

In 1966, Iler was the first who described the alternate deposition of oppositely 

charged particles to generate a film of multiple layers [46]. Twenty five years later, 

Decher and his colleagues adopted this concept for the synthesis of thin films of 

oppositely charged polymers [47,48]. As a highly versatile method, LbL assembly can 

be performed on both planar and colloidal substrate of almost any surface chemistry 

with various polymers and other components, such as, nanoparticles, proteins, DNA, 

and viruses [49,50,51,52].  
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This technique involves the immersion of a charged substrate (e.g. negative) 

into a solution of oppositely charged polymer. The substrate is rinsed and immersed into 

a negatively charged polyelectrolyte solution once the adsorption of the positively 

charged polymer reaches equilibrium. This process can be repeated several times to 

generate multilayered films [53] (see Figure1.2). 

As well, layer by layer assembly can be performed on colloidal substrates (see 

Figure1.3). The polymer adsorbs on the colloidal substrates in the same manner as on 

planner surfaces. A cycle of centrifugation and resuspension is the required to remove 

the polymer solution. Altering the number of deposited layers controls the shell 

thickness. The formed particles can be in the core-shell state, or the core can be 

dissolved to get hollow polymeric capsules [53]. 

LbL assembly technique has been successfully utilized to generate porous capsules of a 

variety of composite or inorganic materials, such as Plasmon resonance Au [54], 

photocatalytic TiO2 [55], ultrathin SnO2 and MnO2 [56], magnetic Fe3O4 [57] and Mg-

Al layered double hydroxide [58]. 
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Figure 1.2.  Schematic of Layer-by-Layer (LbL) assembly on planar substrates. (1) 

Immersion in a positively charged polyelectrolyte solution; (2) rinse; (3) immersion in a 

negatively charged polyelectrolyte solution; (4) rinse; (5) repeat steps 1–4 until desired 

number of layers has been deposited; (6) core–shell particles can be the end of the 

process, or the template is dissolved away to leave a hollow  polyelectrolyte capsule. 

 

 

 

Figure 1.3. Schematic of Layer-by-Layer ( LbL) assembly on colloidal substrates. 

Steps: (1) treat with positively charged electrolyte; (2) centrifugation/rinse for removal 

of excess polyelectrolyte; (3) treat with negatively charged polyelectrolyte; (4) 

centrifugation/rise; (5) repeat steps (1) through (4) to deposit additional layers; (6) 

template with desired number of layers; (7) polyelectrolyte capsules are formed by 

removal of colloidal template. 
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ii. Direct Chemical Deposition or Adsorption:   

Although LbL has shown great success in capsule fabrication, it still has some 

limitations. For instance, the formed capsules are usually of large diameters and the 

procedure is long and time demanding. To overcome these drawbacks, direct chemical 

deposition or adsorption method, where special surface modification is not required, has 

been extensively developed [45]. This technique is widely applied in the preparation of 

hollow SiO2 capsules [59,60,61] Hyeon et al. [61] adopted this approach for the 

synthesis of mono-dispersed and discrete core-shell and hollow meso-porous silica 

nanocapsules where Fe3O4 nanocrystal colloid served as a template. Furthermore, this 

technique is used to generate a variety of capsules with controllable surface 

morphologies including double shelled SnO2 [62], hierarchical Pt [63, 64] and nano 

cup-shaped Fe2O3 [65,66]. 

 

iii. Sacrificial Template Routes:  

The above hard-template routes are considered as simple and easy ways for 

capsules preparation. But these routes require the use of acid or base medium or high 

temperature for template removal; hence increasing the cost and risk of large scale-

industry. A new synthetic strategy has been developed recently, where micro/nano rods 

or spheres are first produced and serve as self-sacrificing template for the growth of 

capsules. The template acts as simple shape-defining molds as well as chemical reagents 

for the generation of porous capsules [45]. For instance, Zhu and co-workers have 

synthesized hydroxyapatite (HAp) nanostructured porous hollow ellipsoidal capsules, 

where these capsules have been formed by a nanoplate network using inorganic CaCO3 

as a template [67]. 
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b. Soft-Template Routes: 

Hard-template routes are highly effective and common method for capsule 

preparation, but the removal of the template usually degrades the integrality and 

structural robustness of target products. Synthetic approaches based on soft template 

have been invested to overcome these limitations. Micelles, liquid crystals, vesicles, 

reverse micelles, etc are organized systems formed via a self-assembling process. Such 

systems serve as nano-reactors and are used as soft templates for capsule preparation 

[45].  

 

i. Emulsion/Phase Separation Procedures:  

Surfactant molecules, which contain a hydrophobic head and hydrophobic 

chain, can self-assemble in solution into a wide variety of organized structures, such as 

micro-emulsions, normal and reverse micelles, lyotropic liquid crystals and vesicles 

[68]. Such systems have been successfully utilized in capsules templating. For instance, 

Feldmann and co-workers have produced AlO(OH) hollow capsules through a water-in 

oil microemulsion , where the liquid-to-liquid- phase boundary of the micellar system 

has been applied as a template [69]. Recently, Li and co-researchers have adopted this 

micellar aggregate templating technique to fabricate hollow meso-porous SiO2 

nanocapsules of tunable size [70]. 

 

c. Tandem Self Assembly or Polyamine-salt aggregate ‘PSA’:  

At the present, material chemists widely use the hard and soft-templating 

synthesis methods for capsule structures preparation. However, drawbacks related to 

long synthetic steps and high cost, have limited their use in practical applications [71]. 
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To solve these difficulties, a relatively new concept of capsule formation via polyamine-

salt aggregate or ‘PSA’ has been developed [6, 72].This technique is originally termed 

as ‘tandem self-assembly’ (see Figure 1.4 )  

It involves the combination of a cationic polyamine with a multivalent anionic 

salt, resulting in the spontaneous generation of ionically crosslinked PSAs [73, 74]. The 

capsule is formed through further addition of negatively charged shell material on PSAs 

that serves as the capsule template [75, 76]. For further use, the polyamine-salt template 

can remain in the capsule’s core; however, after shell formation it can spontaneously 

disassemble, based on polymer and salt types, leaving a capsule with water filled core. 

As the polymer part participates in shell formation and is a main shell constituent, the 

PSA is not strictly a soft or hard template method [38]. 

 

 

Figure 1.4. Schematic of Polymer-Salt Aggregate (PSA) assembly. Steps: (1) 

polyamine chains are ionically crosslinked with multivalent anionic salt to form 

polyamine-salt aggregates (PSAs); (2) PSAs act as a template for the shell material 

deposition in a second mixing step to generate capsules with thick multilayered shells.  
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This approach has numerous benefits: (і) the template is formed in situ by the 

ionic crosslinking of the salt and polyamine; hence a performed template is not needed 

[6], (іі) the template is of tunable size, where it can be changed by altering the 

processing parameters (e.g. aging time [6], polyamine concentration [77], polyamine-

salt ratio [6, 73] ) to produce capsules of different sizes, (ііі) contrary to LbL assembly, 

there is no need for several centrifugation steps for shell deposition [5], (іv) 

encapsulation is achieved by adding the cargo prior to the PSAs capping with a shell-

forming material [73, 78], (v) the procedure requires mild processing conditions (room 

temperature and near-neutral pH) and simple mixing [38] and, (vі) the constituents of 

the capsules including the polyamine and salt as well as the shell forming material can 

be altered for specific application/cargo [38].  

The concept of tandem self-assembly of polymer molecules and charged 

nanoparticles is broadly applied. For instance, metal oxides nanoparticles, like tin and 

zinc oxide, can be used to synthesize capsular structures. To generate such capsules, the 

particle surface must be negatively charged under the conditions of synthesis. 

Microcapsules formed of citrate-stabilized CdSe and carboxytated polystyrene beads are 

also being reported. Interestingly, the aggregates of citrate-bridged PAH adsorbed onto 

a mica surface can yield to dome-like shells. In addition, negatively charged linear 

polyelectolytes, such as poly (styrene sulfonic acid) and poly (acrylic acid), can also 

produce microcapsular structures [2].  

 

i. Cargo Encapsulation: 

The encapsulation of a molecular compound is usually achieved by adding it 

prior to shell material deposition [6, 73, 78]. Similar to the shell materials, the cargo can 
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be zwitterionic; however, to ensure efficient encapsulation, it needs to have a net 

negative charge. For small molecules (e.g. dyes, drugs), it is controlled by their pKa’s; 

whereas for larger cargo (e.g. enzymes) it is controlled by their isoelectric point (IEP). 

Efficient encapsulation is ensured by greater number of net negative groups; hence, 

highly negative cargo, like siRNA and oligonucleotides, show better encapsulation 

efficiencies [79]. In addition to electrostatic, hydrogen bonding and hydrophobic effects 

may have a role in the chemistry of encapsulation; where the effect of the latter is 

clearly proved in the NIR dye indocyanin green (ICG) encapsulation in PAH phosphate 

PSA’s [77, 79]. Knowing that ICG has only one net negative charge (two negative and 

one positive), extremely high encapsulation efficiency- up to 26% of the capsule 

weight- has been reported [77]. This corresponds to the strong hydrophobic interaction 

of ICG with PAH backbone. Furthermore, encapsulation can occur if the cargo has 

multiple negative groups. These cargo materials can themselves replace the salts (e.g. 

phosphate and citrate) to assemble the polyamine. Recently, this has been applied with 

DOTP
5-

, a gadolinium MRI contrast agent [80], whose high encapsulation efficiency is 

due to its ionic-crosslinking with polyamines (PAH and PLL) [38].  

 

D. Nanotecnology and Drug Delivery: 

Nanobiotechnology is an interdisciplinary field that combines biology, 

chemistry, medicine and engineering. The revolution in this field leads to vast 

development of drug-delivery systems and devices. Novel formulations and materials 

are being used for site-specific targeting and controlled release of recombinant proteins, 

traditional pharmaceuticals, nucleic acids and vaccines [81].  
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Nano-scale drug-delivery devices are employed to regulate biodistribution to 

tune the kinetics of release and decrease the toxic side effects of a given drug; hence 

improving its therapeutic index [82]. More investigations are done to achieve “smart” 

drug delivery by the generation of delivery systems that include biosensing 

functionalities with in vivo feedback [83, 84].  

The aims of drug delivery are (1) to solve the problems associated with 

biomolecular therapeutics, including short plasma half-life, potential immunogenicity 

and low stability, and (2) to increase the drug’s therapeutic activity while minimizing its 

toxic side effects [85]. Currently, drug-delivery systems are efficient at controlled drug 

release to generate a high local concentration; but the problem is that release is limited 

to targeting tissues rather than individual cells [81].  

In drug delivery, the nano-meter size range offers a variety of advantages 

including the ability of drug delivery carriers to pass through cell membranes, reduction 

of the undesired clearance from the body via spleen or liver and minimization of the 

drugs absorption by the reticuloendothelial system [85, 86]. As well, smaller particles 

have higher surface area-to-volume ratios; this elevates the dissolution rate of the 

particle and helps to overcome their solubility-limited bioavailability [87]. The size 

variation extremely affects the blood circulation time and bioavailability of a drug 

carrier [88, 89]; where the most suitable size range for a nanoparticle drug delivery 

carrier is 10 to 100 nm [90]. 

Nano-scale drug delivery systems can be manufactured for various 

applications, including oral, implantable, injectable, inhalable, transdermal and topical 

drug delivery [81]. Electrostatic binding, physical adsorption, complementary 

recognition and covalent coupling are techniques used to functionalize nanoparticles 
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with biomolecules [91]. The linkage of targeting moieties improves receptor-mediated 

delivery [92]. Furthermore, effective intracellular targeting to specific organelles can be 

achieved by nanoparticle modification. For example, changing the surface area can 

control their position in the cell; where cationic particles are found in cytoplasm and 

within the mitochondria, while anionic particles remain in the lysosomes [93].  

For simple drug delivery aims, spherical nanoparticles are the simplest to 

create, whereas for more complicated applications supra-molecular systems including 

nanocapsules, nanotubes, dendrimers and nanogels are needed [81].  

 

1. Nanocapsules and Drug-Delivery: 

Polymeric and lipid nanocapsules are drug-delivery systems of nano-scale size. 

These capsules offer efficient targeting and controlled drug release [94, 95]. Their 

dispersion stability and primary physiological response particularly depend on their 

outer coating composition. Important factors must be considered during their synthesis 

including capsule size and thickness, membrane decomposition, radius distribution and 

surfactant type [94]. To alter their permeability, lipid based nanocapsules can be 

modified through channel insertion. In addition, antibodies are attached to these 

capsules to target specific cells or tissues. Lipid based nano-capsules have stable cargo. 

For instance, Cisplatin nanocapsules show enhanced cytotoxicity against tumour cells in 

vitro as compared to free drugs [81]. However, the lipid’s instability in biological media 

and sensitivity to external parameters, like osmotic pressure and temperature, limits the 

lipid nanocapsules’ use in drug delivery [81]. 

Lipid-polymer conjugate nanocapsules have been developed to improve the 

lipid-based nanocapsule’s stability. Such approaches include, the addition of surface-
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active polymer creating mixed vascular structures, the coating of the liposome with a 

polyelectrolyte shell and the polymerization of a two-dimensional network in the 

hydrophobic core of the membrane [81]. 

Polyelectrolyte capsules exhibit numerous advantages, such as controlled 

membrane thickness, release kinetics and surface properties [96]. In response to 

environmental conditions, like pH and temperature, these capsules can be in both 

opened and closed states; hence, various materials can be encapsulated and released 

[97] such as, enzymes, nucleic acids, drugs and dyes [98, 99]. 

The “vault”, named for its morphology, is a naturally occurring cellular 

nanoparticle that serves as a biocompatible nanocapsule. The vault is a 13-MDa 

ribonucleoprotein particle, where hundreds of protein molecules can be sequestered in 

its internal cavity by the attachment of a vault-targeting peptide to the protein [100]. 

Interestingly, disulfide cross-linked polymer nanocapsules have been innovated [101]. 

At physiological pH, disulfide bond provides increased stability to hydrogen bonded 

multilayer thin films. Moreover, in the presence of thiol-disulfide exchange reagents it 

makes the system susceptible to disassembly. Consequently, these nanocapsules can be 

utilized as “biodeconsructible” nano-scale drug-delivery system [97, 102].  

 

E. Capsules and Sensing Applications: 

The design of structurally well-defined architectures with stimulus and 

dynamic responsive properties is one of the main challenges in material chemistry. 

Interests has been growing in nanomaterials which are responsive to the surrounding 

environments to transform biochemical and chemical signals into electrical, thermal, 

mechanical and optical signals, and vice versa [103]. Such materials are important for 
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sensing applications. Here in, pH sensitive microcapsules structures are being 

synthesized by the self-assembly of silica NPs with poly (L-lysine) and HPTS (8-

hydroxy pyrene-1, 3, 6-trisulfonic acid) aggregates; where the latter is a pH sensitive 

probe [103]. PAH-phosphate nanocapsules highly loaded with ICG are used as 

protease-sensitive NIR probes. These polyamine-salt assembly probes owe special and 

unique features: (1) the NIR dye encapsulation would happen via non-covalent 

interactions and (2) more efficient quenching is achieved due to homogenous 

distribution of dye throughout the particle volume [38]. Moreover, hemoglobin gold 

nanoparticle-assembled capsules (Hb-GNACs) are constructed for biosensing aims. 

These biosensors have displayed good catalytic performance to hydrogen peroxide 

(H2O2) with detection limit of 0.93 µM and a linear range of 1-140 µM [77]. Recently, 

microcapsules are formed by cross-linking poly (L-lysine) with citrate triggered by 

silica NPs and acridine orange. These capsules serve as DNA sensors where DNA 

estimation is in ng ml
-1

 concentration range [104]. 

   

F. Aims:  

In the present thesis we present, in Chapter II, the preparation method of 

poly(allyl amine hydrochloride) (PAH) /curcumin (CU) based nanocapsules, including 

the materials and techniques used. We discuss the effect of dipotassium phosphate on 

the size of the nanocapsules. We also study their morphology, and propose the location 

of silica nanoparticles and CU in the capsule. As well we determine the form and 

percentage by weight of the latter. In addition, we measure the surface charge of the 

capsule and determine the binding constant of CU and PAH. Besides, we study the 

release of CU from capsules having different sizes in different environments (acidic, 
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basic and neutral) for each. We also propose a model for the release profile of curcumin. 

Finally, we study the 2,2-diphenyl-1-picrylhydrazyl (DDPH) scavenging activity of CU 

within the capsule and investigate the effect of capsule’s size on this activity.  

In Chapter III, we focus on the photophysical properties of CU, specifically we 

highlight the excited state intramolecular hydrogen transfer (ESIHT) phenomena in CU. 

We study the effect of encapsulation on the latter phenomena; as well we investigate all 

the possible interactions between the components of the capsule.  

In Chapter IV, we explain the synthesis method of Poly Adenine                                    

[Poly(9-(2-ddiallylaminoethyl)adenine.HCl-co-sulfur dioxide) ]/ CU based 

nanocapsules.  We determine their morphology and size. Moreover, we study their 

sensing abilities towards different nucleobases, including guanine, cytosine, adenine, 

thymine and uracil. We calculate the binding constant of Poly A capsule and guanine. In 

the last part of this chapter we study the stability of the capsule in neutral conditions (at 

pH= 7.5). 

In Chapter V, we explain the method of preparation of PAH/ zinc oxide (ZnO) 

nanoparticles based capsule. We determine its morphology and size. We investigate the 

effect of encapsulation on the luminescence properties of ZnO nanoparticles, and study 

the effect of pH on its fluorescence.  
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CHAPTER II 

RELEASE OF CURCUMIN 

 

A. Introduction: 

1. Curcumin (CU) and Its Medical Significance: 

Curcumin, bis (4- hydroxy -3- methoxyphenyl) -1, 6- diene- 3, 5- dione [105], 

is a natural diphenolic yellow orange pigment extracted from the dried rhizome of 

turmeric Curcuma longa, a perennial herb that is widely cultivated in southeast and 

south tropical Asia [106]. CU is a β- diketone that tautomerizes between its enol and 

keto structures (see Figure 2.1).The diketo form is favoured in solid phase of CU while 

enol form in solution [8]. CU is a major component of curry spice, and it is extensively 

used in traditional Arabic and Indian cooking [105]. For industrial applications, CU is 

used as a dye for the conservation and colouring of food, as well in cosmetics [107, 

108].  

 

 

                                   Figure 2.1.  Chemical structures of curcumin tautomers.  
 

Concerning its therapeutic efficiency, CU has been applied as a house hold 

drug since the ancient times [109, 110], where its anti- inflammatory and healing 

properties are even reported in the scared books of ayurveda [105]. 
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In the last 20 years, a large number of publications have shown that CU depicts 

effective therapeutic properties not only as an anti-inflammatory drug [109, 111], but 

also as a chemo-preventive [112, 113], chemotherapeutic [114, 115], anti-oxidant [112, 

116], antiamyloid [117], antiarthritic [118], anti- HIV [8], hepatoprotective [117], 

antimicrobial [119, 120] and thrombosuppressive [121] agent. In addition, CU is being 

used in the treatment of cystic fibrosis [122] and Alzheimer disease [123]. Research 

over the last few decades has proven that CU owes a strong therapeutic potential against 

numerous types of cancer. CU has been shown to inhibit the proliferation, metastasis 

and transformation of tumours; where it has been demonstrated that it arrests the cancer 

cells in various phases of the cell cycle and induces apoptosis (programmed cell death) 

[106] .  

 

2. Limitations of CU Delivery and its Available Delivery Systems: 

Although CU has numerous medicinal benefits with high safety profiles, even 

at doses as high as 8 g day
-1

, the administration of CU to patients has a serious practical 

limitation [8]. Wahlstrom et al. [124] reported that when rats were administrated CU at 

a dose 1 g/Kg, about ¾th
 
of CU was excreted in the feces, whereas negligible amounts 

of CU were present in the urine. Blood plasma levels and biliary excretions 

measurements showed that CU is poorly absorbed in the gut; moreover, the CU’s 

quantity that reaches tissues outside the gut is pharmacologically insignificant. Hence, 

to reach the therapeutic effects of CU in the human body, a person must ingest between 

12 to 20 g of CU daily [125]. 

The low bioavailability and poor water solubility (i.e 0.0004 mg ml
-1

 at pH 7.3) 

of CU can be solved by applying nanotechnological delivery approaches [126]. CU has 
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been encapsulated in bovine serum albumin, chitosan, liposomes [125], polymeric 

nanoparticles and silica particles [8]. Also it has been complexed with phospholipids 

and cyclodextrin [127]. 

The synthesis of curcumin- encapsulated polymeric nanoparticles of N- 

isopropylacrylamide with N- vinyl-2- pyrrolidone and ploy 

(ethyleneglycol)monoacryalte recently has been reported [125]. As well, CU has been 

encapsulated in poly (L-lysine) based microcapsules termed as Micro-curcumin. The 

later approach is based on polymer blocks self-assembly on surfaces of nanoparticle. 

The formed microcapsules are spherical with core/shell structure [8].  

 

3. Aims: 

In the present thesis, we aim to encapsulate CU in poly (allylamine 

hydrochloride) (PAH) (see Figure 2.2) based  nanocapsules; where CU associated PAH 

crosslink with dipotassium phosphate and consequently congregates ~ 24 nm SiO2 

nanoparticles to form hierarchically ordered nanocapsule structures of 100-1000nm size 

depending on the concentration of dipotassium phosphate. We applied these capsules as 

a vehicle for CU delivery.  

The advantages of the present method are: (i) the ease of preparation and 

purification of the nanocapsules; (ii) unlike earlier delivery systems with silica particles, 

the formation of template is in situ, hence no need for a performed template and 

polymerization/ hydrolysis under acidic condition [8]; (iii) finally, it is fast and doesn’t 

require long hours of preparation steps.  
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Figure2.2. Chemical structure of poly (allylamine hydrochloride) (PAH) 

 

B. Materials:  

Curcumin was obtained from Acros Organics and directly used without further 

purification. CU is poorly soluble in water and degrades in aqueous medium, so the 

stock solution of CU was prepared in 10 % acetone/ de-ionized water. Poly(allylamine 

hydrochloride) and Silica LUDOX
® 

 HS-40 Colloidal Silica, 40 wt% suspension in 

water, were obtained from Sigma- Aldrich; where the silica particle size was ~24 nm 

(Sigma-Aldrich). PAH stock solution was prepared in de-ionized water of pH 4.4 to 

ensure the formation of PAH/dipotassium phosphate aggregates. Dipotassium phosphate 

used was obtained from SOLAR LABORATORIES and its stock solution was prepared 

in de-ionized water.   

 

C. Methods:  

1. Preparation of Nanocapsules (NCs): 

Nanocapsules were prepared by mixing 1.3 ml of 3 mg ml
-1

 poly (allylamine 

hydrochloride), PAH (pKa=8.6), with 0.5 ml of 1 mg ml
-1

 of CU. The interaction of CU 

with PAH was found to be strong due to electrostatic as well as hydrophobic interaction 

between them; it has been reported that such interactions play a crucial role in the 
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encapsulation chemistry [6]. Then self-assembly of the mixture solution was achieved 

by cross-linking the CU-PAH chains with 7.8 ml of 2.5 mM dipotassium phosphate in 

aqueous media at pH 4.4 and aged for 30 minutes. It is worth to mention that the ionic-

crosslinking of polyamines by anionic salts occurs when both have their respective 

charge, where the latter depends on the pKa values of the salt and polymer 

[6].Therefore, a pH of 4.4 maintains the positive and negative charge of PAH(pKa=8.6) 

and dipotassium phosphate (pKa1=2.15, pKa2=6.82 and pKa3=12.38) respectively. After 

wards, 7.8 ml of 40 wt. % suspension of silica nanoparticles (SiO2 NPs) at pH ~ 9.8 was 

added to this aggregated solution. It should be noted that the pH of the colloidal solution 

increased to 9.5 while adding silica solution. In this course, it has been reported that the 

capsule shell formation depends on the isoelectric point (IEP) of the nanoparticle (NP) 

material, where it determines if the NPs will be negatively charged at the pH of the final 

solution of the polyamine/salt-NP mixture [6]. Before depositing within the shell region, 

the shell material diffuses through the outer portion of the polyamine/salt aggregate via 

charge interaction with the positively charged polyamine. Herein, the final pH (9.5) of 

our capsule mixture insures the diffusion and deposition of silica NPs (IEP~3.5) on the 

surface of PAH/dipotassium phosphate aggregates. The cloudy solution was kept for 2 

hours, and then centrifuged at a speed of 4450 rpm for 20 minutes. The NCs formed 

were washed 3 times in de-ionized water. Due to their overall net positive charge these 

aggregates of CU–PAH–dipotassium phosphate could assist the assembly of negatively 

charged silica nanoparticles, which then shape into hierarchically ordered nanocapsule 

structures [128] as illustrated in Figure2.3. Similar PAH/silica capsules has been 

successfully synthesized [6].   
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Figure 2.3. Illustration of CU interacting with PAH, dipotassium phosphate and SiO2 

NPs to form NCs. 
 

2. Morphological Characterization: 

Scanning electron microscopy (SEM) analysis was done using Tescan, Vega 3 

LMU with Oxford Edx detector (Inca XmaW20) SEM, where 3 mg of the NC were 

dissolved in 5 ml of de-ionized water, and few drops of the nanocapsule suspension 

were mounted on an aluminium stub, coated with carbon adhesive. After being dried the 

sample was ready for the SEM analyses. Transmission electron microscopy (TEM) 

measurement was carried out with a JEOL 2200FS double aberration corrected FEG 

microscope, operating at 200 kV.TEM samples were prepared by casting a drop of the 

nanoparticle suspension onto copper grids covered with holey carbon films. The 

fluorescence image was recorded using a high sensitive STED confocal set up consisted 

of confocal microscope (Leica TCS SP5 STED, Leica Microsystem), an Argon laser 

with 430 nm excitation wavelength and APD detector. CU was excited by a wavelength 
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of 430 nm and emission was collected using a band filter in the range of 460 –600 nm. 

The particle size distribution was analyzed using DLS (Brookhaven Instruments Corps) 

technique; with a laser source of 658 nm and a PMT detector (HAMAMATSU, HC120-

30). The software used was 90Plus Particle Sizing Software Ver. 5.23 and the dust was 

set at 40. 

 

2. Spectroscopic Measurements: 

The absorption spectra were recorded using a JASCOV-570 UV-VIS-NIR 

Spectrophotometer at room temperature. The steady-state fluorescence spectra 

(excitation and emission) were recorded at room temperature using Jobin-Yvon-Horiba 

Fluorolog III fluorometer and the FluorEssence program where the excitation and 

emission slits width were 5 nm. The source of excitation was a 100 W Xenon lamp, and 

the used detector was R-928 operating at a voltage of 950 V. 

FT-IR-Raman spectrometer (Thermo-Nicolet, Nexus 870) was used to record the 

Raman spectra in the range of 4000 to 400 cm
-1

. 

   

3. Other Measurements: 

The apparent zeta potential was measured using a Malvern Zetasizer Nano ZS 

(M3-PALS) using the Non-Invasive Back Scatter technique. The instrument was 

equipped with a monochromatic red laser operating at 632.8 nm and the data were 

analyzed with the Malvern Dispersion technology software. Z-average values for three 

measurements were recorded. The Thermogravimetric Analysis (TGA) and Differential 

Scanning Calorimetry (DSC) measurements were done using a Netzsch TGA 209 in the 
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temperature range 0 to 800 
o
C with an increment of 30 K/ 10 minutes in a N2 

atmosphere.  

 

C. Results:  

1. Characterization of NCs: 

The SEM images depicted in Figure 2.4 (A-B), show that the NCs are 

spherical. The SEM image of the CU–PAH–dipotassium phosphate mixture, before 

silica nanoparticles were added, is shown in the inset of Figure 2.4 (A), which suggests 

that smaller size spherical aggregates are formed before the silica nanoparticles are 

added.  

 

 

Figure 2.4. (A-B) SEM images of NCs; (A) 10 μm resolution and the inset shows an 

SEM image of the CU–PAH–dipotassium phosphate mixture before the addition of 

SiO2 NPs; (B) 5 μm resolution.   

 

A B 
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Figure 2.5. Plot of the hydrodynamic radius (Rh) vs. the concentration of 

dipotassium phosphate where the concentration of the latter ranges between 0.01 

and 5 mM. The measurements are done in triplicates.   

 

The particle size distribution of the nanocapsules was analyzed by a dynamic 

light scattering (DLS) method and was found to have an effective hydrodynamic radius 

(Rh) of 480 nm for 2.5 mM of dipotassium phosphate. The hydrodynamic diameter size 

distribution was found to be 0.2–1 μm. Increasing the concentration of dipotassium 

phosphate to 5 mM increased the Rh value to 610 nm; similarly decreasing the salt 

concentration to 10 μM produced NCs with an Rh of 133 nm (see Figure 2.5). However, 

the SEM images show that the NCs were found to be much smaller (Rh = ~ 60 nm) at 

the low salt concentration. The high effective hydrodynamic radius is due to the further 

aggregation of smaller size NCs in solution. The initial size of the core depends on the 

number of PAH chains that are ionically crossedlinked by dipotassium phosphate. This 

is dependent on the amount of salt added [6]. At low salt concentrations, fewer counter-

ions are displaced still keeping PAH rigid with fewer sites to crosslink with other 

chains. The increase in the concentration of dipotassium phosphate increases the 



35 

 

negative charges of the salt per positive charge of PAH, which encourages the 

formation of larger aggregates, thus, increasing the size of the core as well as the 

hydrodynamic radius of the NC [6]. Such an aggregation was also noticed when NCs 

were prepared in solution and dried on a carbon adhesive before taking the SEM 

images. 

 

 

 

     Figure 2.6 (A-B) TEM Images of NCs 

 

                  

Figure 2.7. STED confocal fluorescence image of the nanocapsule. The 

excitation wavelength was 430 nm and the emission wavelength was 430 nm 

and the emission was collected using a band filter in the range of 460-600 nm.   

200 nm 50 nm 

A B 
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The TEM image, Figure 2.6 A, of NCs confirms that the silica particles are at 

the surface and the material at the center is thinner. The thickness of silica was about 

100–250 nm (Figure 2.6 B).The fluorescence image, Figure 2.7, indicates that the 

fluorescence is coming from all over the capsules suggesting that CU is present all over 

the capsules.  

PAH has a strong binding affinity with curcumin which was confirmed by the 

high value of their association constant (K=1.44x10
4
 M

-1
).The latter was found by 

measuring the fluorescence emission spectra of CU at constant concentration (3.33*10
-3

 

mg ml
-1

) with various PAH (polymer) concentration from 0 to 3 mg ml
-1

; where the 

excitation wavelength was 350 nm. The association constant was calculated using the 

following equation [129]: 

    
       

  
                     

where K and n are the binding constant and the number of binding sites, respectively.  F 

and F0 are the fluorescence intensity of curcumin at 450 nm in the presence and absence 

of PAH. Based on the later equation the plot of [PAH] vs. (F-F0)/F0 (Figure 2.8) 

demonstrated an excellent linear relationship with linear regression R
2
= 0.99424, n= 

0.91 and K=1.44x10
4
 M

-1
. 
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Figure 2.8. Plot of [PAH] vs. (F-F0)/F0. The concentration of curcumin was 

fixed at 9.0μM whereas the concentration of PAH ranged between 0 and 3 

mg/ml. F and F0 are the fluorescence intensities of CU in presence and absence 

of PAH respectively. The excitation wavelength was 355 nm and the emission 

wavelength was 440 nm. The measurements were done in duplicates. 

 

 
Figure 2.9 a  Apparent zeta potential distribution of curcumin in water 

 

 
Figure 2.9 b Apparent zeta potential distribution of PAH in water 
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Figure 2.9 c Apparent zeta potential distribution of PAH and curcumin mixture in water 

 

 
Figure 2.9 d Apparent zeta potential distribution of PAH and K2HPO4 mixture in water 

 

 
Figure 2.9 e Apparent zeta potential distribution of PAH, curcumin and K2HPO4 

mixture in water 
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Figure 2.9 f Apparent zeta potential distribution of nanocapsules 

 

The apparent zeta potential give information related to surface charge. 

Curcumin is known to be found in enolic form in solution. As depicted in Figure 2.9a 

the zeta potential measurement of curcumin in water showed a value close to –40 mV 

whereas that of silica NPs used in this study was found to be –37 mV in water. Zeta 

potential distribution of PAH in water gave a value of +7 mV in water as depicted in 

Figure 2.9b. When we measure the zeta potential of PAH and curcumin mixture this 

value was found to be +47 mV (Figure 2.9c). This value suggests that interaction of 

PAH and curcumin is electrostatic and association of curcumin with PAH increases the 

positive surface charges. This latter increase in surface charge can be explained by the 

interaction of N
+ 

of PAH and enol oxygen of curcumin as proved by the FT-IR spectra 

in chapter 3. On the other hand when PAH was mixed with K2HPO4 in the same ratio of 

experimental condition for synthesizing nanocapsules, this value was close to zero as 

shown in Figure 2.9d. This value did not change appreciably for the mixture of 

K2HPO4 and PAH in the presence of curcumin with a zeta potential value close to 0 mV 

(Figure 2.9e). However, when silica was added and the nanocapsules were formed, the 

apparent zeta potential value was found to be –38 mV. This means that the surface 

charge of our synthesized nanocapsules is negative, i.e. similar to silica particles. 
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Figure 2.10. Thermogravimatric analysis of curcumin. TG: Theremogravimetric; DSC: 

Differential scanning calorimetry; DDSC: Derivative of differential scanning 

calorimetry. 

 

 
Figure 2.11. Thermogravimetric analysis of nanocapsule. TG: Theremogravimetric; 

DSC: Differential scanning calorimetry; DDSC: Derivative of differential scanning 

calorimetry. 

 

TGA data of raw curcumin shown in Figure 2.10 indicate that the weight-loss 

occurs around 260 °C and continues till 550 °C. DSC curve shows a major peak at 

around 500 °C. However, in the case of nanocapsules, the weight-loss starts much 
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earlier at around 120 °C and continues to 550 °C. The early weight loss is due to 

presence of PAH in the nanocapsules as depicted in Figure 2.11. Similarly, in DSC 

curve a sharp peak appeared at 300 °C and the peak at 500 °C found in raw curcumin 

was found as hump.  

TGA was further used to estimate percentage of curcumin present in these 

capsules as shown in Figure 2.12. It was found that nanocapsules having the largest 

size had the highest percentage of curcumin, about 7 %, whereas rest of the capsules 

had about 4 % during thermal degradation. 

 

 

         Figure 2.12. Thermogravimetric analysis of different nanocapsules. 
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                    Figure 2.13. Raman spectra of curcumin, PAH and nanocapsules 

 

As shown in Figure 2.13, the observed Raman shift of curcumin at around 

3200 cm
-1

 might be due to OH band, which is reported to appear at 3545 cm
-1

 in CCl3 

and this band downshifted strongly to 3374 cm
-1

 in acetonitrile [130]. Since aqueous 

environment heightens the possibilities of hydrogen bonding between curcumin and 

water (solvent) molecules much more than acetonitrile (solvent), the downshift of OH 

band is much more expected, thus our observation of 3200 cm
-1

 in Raman spectra for 

curcumin in water is not surprising. However, we did not find this peak in nanocapsules. 

The obtained Raman spectra at around 3060 and 3010 cm
-1

 for curcumin are assigned to 

aromatic C-Hstretching. These peaks were noticed in nanocapsules. PAH gave a strong 

Raman spectrum at around 2930 cm
-1

 which is assigned to strong aliphatic CH band, 

this band is also found in the nanocapsules.  Absence of peaks in the region of 1650 – 

1800 cm
-1

 in Raman spectra of curucmin further suggest that curcumin largely exists in 

enol form rather than keto form, hence, corroborating earlier findings. The band at 1630 
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cm
-1

 is due to phenolic OH group. These peaks were predominantly present in the 

nanocapsules. However, the Raman shift at 1626 cm
-1

 is due to C=C and C=O of 

curcumin, which is the same as reported experimental value and close to computed 

values 1630 cm
-1

 and 1615 cm
-1

 respectively [130]. The band at 1601 cm
-1

 and 1492 

cm
-1

is due to aromatic vibration C=Cring of curcumin. The CH3 band at 1456 cm
-1

, 

PhCCHOHenol band at 1314 cm
-1

 and the band at 1247 cm
-1

 are due to COHenol of curcumin 

and are present in nanocapsules’ spectrua.  

 

2. CU delivery and its scavenging activity: 

The release of drug from the NCs is very important for their application as drug 

delivery vehicles. Delivery of curcumin in different environments was investigated by 

changing the pH of the solution and CU release from the nanocapsule was estimated by 

absorption spectrophotometry. The nanocapsules were dissolved in 3 ml of the desired 

pH solution (5, 7 or 8) and aged for a given interval of time before centrifugation. The 

samples were centrifuged for 20 minutes at 4450 rpm. The precipitate was left and the 

solution was collected to measure the absorbance of CU for quantification. It was found 

that the CU was released from the nanocapsules in acidic (pH=5.0), basic (pH=8.0) and 

neutral (pH= 7.0) conditions as shown in Figure 2.14. However, release of CU was 

more triggered in basic environment than acidic (~42% relative to basic environment) 

and neutral (~20% relative to basic environment). 

Furthermore, it was found that there is a linear relationship between the 

amounts of CU released vs. time studied. An equation was proposed by Higuchi [131] 

where the rate of drug release is related to physical constants based on simple diffusion 

laws as R=KHt
1/2

 where R is the amount of drug released, KH is the Higuchi dissolution 
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constant and t is the time. Many studies have suggested that cancerous cells are acidic; 

therefore, the release of CU was studied for different nanocapsules in acidic 

environment. We applied the equation for CU release from different NCs (see 

Figure2.15) as well as from NC1 in different pH environments (see Figure2.14). 

Moreover, it was found that the Higuchi dissolution constant (KH) is related to the 

particle size where it increases exponentially with the increase in the NCs 

hydrodynamic radius (Rh) (see Figure 2.16).  
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Figure 2.14. Release of curcumin measured in absorbance scale from NC1 in 

different pH condition. Data were fitted with Higuchi model [130] for drug 

release. The measurements were done in duplicates. 
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Figure 2.15. : Release of curcumin measured in absorbance scale from different 

nanocapsule in pH 5.0. Data were fitted with Higuchi model [130] for drug release. The 

measurements were done in duplicates. 
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                      Figure 2.16. Higuchi dissolution constant (KH ) versus particle size 
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Apart from drug delivery, biological activity of drug molecule within the 

delivery system has immense importance. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

(see Figure 2.17) scavenging activity of curcumin could be simply measured by 

following the change in absorbance of DPPH at 520 nm and biological activity of 

curcumin embedded in the nanocapsules can be understood. Therefore, we adopted a 

similar procedure reported earlier [132] where curcumin samples were mixed with 

DPPH in the double distilled de-ionized water. The changes of absorption of DPPH at 

520 nm were recorded at room temperature. Figure 2.18 gives the values of absorbance 

of DPPH at 520 nm in the presence of 0.5 mg/mL curcumin and for different 

nanocapsules under investigation. The low absorbance change of DPPH in the presence 

of curcumin suggests a strong scavenging ability of curcumin which is attributed to the 

donation of H from the β-diketone group of curcumin to DPPH [133]. DPPH radical 

scavenging mechanism is depicted in Figure 2.19 [134].  However, the change in 

absorbance increases 17 fold for the largest nanocapsules under studies compared to 

same amount of curcumin. This low value is not surprising as curcumin content in these 

microcapsules (NC1) is about 7 %, therefore, a 15 fold decrease in DPPH scavenging 

activity is expected as per percentage of availability of curcumin over total weight of 

the nanocapsules. The further 2 fold decreases could be due to decrease in H-donation 

ability from the β-diketone group of curcumin to DPPH because of interaction between 

PAH/silica nanoparticles and curcumin. When the DPPH scavenging activity was 

compared with other smaller size nanocapsules, the scavenging activity decreased 

exponentially with the size of the capsules as shown in plot of 1/A vs. Rh in Figure 

2.20. Although based on weight percentage it was expected to have similar scavenging 

activity for three other smaller size capsules, which is about 2 fold lower than that of 
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NC1, the exponential reduction indicates that not only the weight percentage of 

curcumin in the nanocapsules plays a role, but also the availability of β-diketone group 

of curcumin for H-donation is important. As the size of the nanocapsules are larger 

more curcumin per surface area of the nanocapsules are exposed outside for scavenging 

activity compared to small size nanocapsules where a substantial percentage of 

curcumin are buried/encapsulated inside the capsules without exposing themselves for 

scavenging activity. 
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            Figure 2.17. Chemical structure of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
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 Figure 2.18. Change in DPPH absorption at 520 nm in the presence of curcumin and 

nanocapsules of different sizes in de-ionized water at room temperature. The 

concentration of curcumin and nanocapsules was fixed at 0.5 mg/ml and that of DPPH 

at 100 μM. The measurements were done in triplicates.  

 

 

Figure 2.19. The proposed 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging 

mechanism of curcumin [134] 
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Figure 2.20. 1/ΔA of DPPH at 520 nm vs. Rh of nanocapsules indicating exponential 

increase in DDPH scavenging activity of CU. 

 

In summary, the interaction of silica nanoparticles with CU/PAH/dipotassium 

phosphate aggregates to produce spherical nanocapsules of size ranging between 100 

and 1000nm. The size of the capsule is controlled by the concentration of dipotassium 

phosphate where the plot of the hydrodynamic radius with different salt concentrations 

has showed an excellent linear relationship. Silica nanoparticles are concentrated at the 

peripheries whereas curcumin is distributed all over the capsule. The high value of the 

binding constant (K=1.44×10
4
 M

-1
) for CU and PAH proves the strong interaction 

between them. The nanocapsules are of negative surface charge. The percentage of CU 

for the largest NCs is 7% while its 4% for smaller capsules. In the capsule, CU is found 

in its enol form. The delivery of CU from the NCs is favoured in basic conditions. 

Moreover, the drug release profile fits Higuchi model. The DPPH scavenging activity of 

CU is decreased in the capsule. The reduction in the scavenging activity is related to the 

percentage by weight of CU in the capsule and the availability of the β-diketone group 

for H-donation. 
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CHAPTER III 

PHOTOPHYSICAL STUDY OF CURCUMIN IN NANO-

CAPSULE 

 

A. Introduction:  

1. Excited State Intramolecular Hydrogen Transfer (ESIHT): 

ESIHT occurs in molecules containing both, a hydrogen donor (-OH, -NH2) 

group and a hydrogen acceptor (-N, carbonyl), knowing that in the ground state the two 

groups are connected via intramolecular hydrogen bonding. When exposed to light, 

such molecules undergo ESIHT; where the hydrogen covalently bonded to hydroxyl 

oxygen in the ground state migrates to the carbonyl oxygen in the excited state (see 

Figure 3.1). 

 

 

       Figure 3.1. Excited State Intramolecular Hydrogen Transfer (ESIHT) process. 

 

In 1955, large Stokes’ shifts have been reported in the fluorescence spectra of 

salicylic acid and its methyl ester; where both compounds posses an intramolecular 

hydrogen bond between the carbonyl and the phenolic hydroxyl groups. This unusual 

spectral shift has been attributed to the intramolecular hydrogen transfer in the first 
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excited singlet state. In 1957, Cohen, Schmidt and Hirschberg have showed that 

salicylidene anilines photochromic behaviour (reversible colour change) is also a result 

of excited state proton transfer. In the 1950’s, the photochemical stability of 2-hydroxy 

benzophenone derivatives has been related to intramolecular hydrogen transfer followed 

by a very fast radiationless deactivation. Following these discoveries, many papers have 

showed that a wide range of molecules undergo excited state intramolecular proton 

transfer [135].  

Excited state hydrogen transfer has crafted phenomenal inquisitiveness to the 

understanding of intrinsic mechanisms in the chemical and biological processes [136, 

137]. Excited State Intramolecular Hydrogen Transfer (ESIHT) occurs in a 

unimolecular basis and is used as a model to mimic catalytic reactivity [138]. As well it 

has been associated with medicinal properties [139]. In material research, fluorescence 

switching of chromophores has drawn huge interest in order to achieve desirable 

physicochemical behaviour for imaging and sensing applications [140].  

 

2. Photophysical Properties of Curcumin: 

 Curcumin (CU) is proven to have anti-oxidant properties. It is considered as a 

superb H-atom donor; it is even better than thiols [139]. It has been shown that the H-

atom transfer plays a significant role in the anti-oxidant action of curcumin [139]. CU is 

found to exist in its enolic form and undergoes ESIHT during deactivation process [141, 

142]. Thus understanding ESIHT of CU adds to its medicinal values. 

Although normal (N*) and ESIHT (E*) forms can be simultaneously observed for many 

organic molecules in steady state-spectra, no steady state emission spectrum from the 

normal form of CU (N*) in solution or solid has been simultaneously detected, despite 
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that ESIHT phenomenon in CU has been proved by ultra-fast time-resolved spectra and 

fluorescence up-conversion data [143, 144], and further supported by theoretical 

calculations [142, 145]. 

 

2. Objectives:  

With the objective of revoking ESIHT deactivation process of a model 

molecule, CU, we apply nanotechnology [128, 146] to synthesize new materials with 

unique optical properties that can be controlled depending on the size of nanocapsules 

(NCs). As such, designing of structurally well-defined architectures with stimulus and 

dynamic responsive properties has been among important trails [147, 148]. CU was 

identified because of its (i) growing pharmaceutical relevance, (ii) use as popular food 

spice and, (iii) interesting photophysical properties. Moreover, CU meets our present 

goal as the emission form (E*) is only detected and the emission form (N*) is 

completely masked in solution in steady state fluorescence spectra.  

 

B. Materials and Methods:  

The materials, preparation of the NCs and spectroscopic measurements 

(including UV-VIS and Steady- State Fluorescence) are the same as mentioned in 

chapter II. In addition, the chemical structures of CU, PAH and NCs were characterized 

by FTIR spectroscopy. For this purpose, a Thermo Nicolet 4700 Fourier Transform 

Infrared Spectrometer equipped with a Class 1 Laser is used.  The transmission 

experiments were performed in the range between 4000 and 400 cm
-1

 using the KBr 

pellet technique. The fluorescence lifetime measurements were collected using a Jobin- 

Yvon- Horiba Fluorolog III fluorometer, with pulsed diode laser of (460 nm). Data 
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Analysis Software was used to analyze the decay data. The peak preset was of 10,000 

counts. The used detector was R- 928 operating at a voltage of 950V. The instrumental 

response function was recorded using colloidal silica.  

 

C. Results and Discussion:  

Our study was done on a sample set consisting of four nanocapsules (NC1, 

NC2, NC3, NC4) of different hydrodynamic radii (500, 217, 164 and 133 nm 

respectively).The absorption spectra of NCs and CU were found to be similar (see 

Figure 3.2), however, the S0 → S2 transition of CU at ~266 nm was not well resolved in 

NC. The β- diketone moiety of CU exists entirely in enol form with a trans- geometry in 

both solid state [149] and solution [150] making the two feruloyl chromophores to 

interact with each other through a central sp
2
- hybridized carbon atom in common 

conjugated π- system [151, 152]. The strong π (HOMO) → π (LUMO) transition of CU 

was found to be at 426 nm in buffer solution that masked the weak electronic dipole 

forbidden   n → π band. This band agrees with the theoretically predicted value for CU 

in enol form [141, 145].  
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Figure 3.2. UV-Visible absorption spectra of curcumin and nanocapsules of 

different sizes. 

 

Interestingly, excitation spectrum of CU in buffer solution shows two 

excitation wavelength bands at ~368 nm and ~445 nm (Figure 3.3) unlike absorption 

spectrum, which clearly suggests the absorbing and emiting species for CU are 

different. The first excited state of CU is highly polar due to intramolecular charge 

transfer from the phenyl ring towards the carbonyl moiety [141, 151, 152] and ESIHT is 

a major photophysical process in the deactivation of the excited state of CU [141, 153]. 

The absorption shoulder at ~370 nm is due to the weakly allowed π (HOMO-1)   π 

(LUMO) transition and/or virtually forbidden n π (LUMO) transition [152]. The 

emission spectra obtained for CU in water while exciting at 355 nm, 427 nm and 450 

nm gave a similar emission spectra with a maximum at ~ 552 nm (for λex = 355 nm) and 

maximum at 555 nm (for λex = 427 and 450 nm) without any emitting band at ~ 450 nm 

for N*, thus, the variation in excitation spectrum of CU is due to ESIHT since unusual 

longer wavelength emission of CU in solution has been found to be due to ESIHT
 
[141, 

142].   
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Figure 3.3. Fluorescence excitation spectra at λem = 520 nm for CU in buffer 

and NCs in de-ionized water. 

 

However, the excitation spectrum of NCs showed completely different 

behaviour compared to CU in water, despite the fact that both CU and NCs have similar 

strong π (HOMO) π (LUMO) transition absorption (Figure 3.1) at 427 nm. In the 

NCs, the excitation maximum was ~50 nm blue shifted compared to strong π 

(HOMO)  π (LUMO) transition absorption band, thus, weakly allowed  π (HOMO-1) 

  π (LUMO) transition and virtually forbidden n π (LUMO) transition play vital role 

during fluorescence process in NCs.  

The emission spectra for nanocapsules at λex= 427 nm (Figure 3.4) and 450 

nm(Figure 3.5) were similar with a maximum centered at ~ 540 nm, the ~15 blue shift 

of emission maximum of NCs compared to CU in water at these excitation wavelengths 

is due to change in local environment and solvent [141, 155,156], however, the 

emission spectrum for NCs obtained at λex= 355 nm (Figure 3.6) is largely different 

with a maximum at ~536 nm and an additional new peak at lower wavelength, after 

deconvolution of this spectrum gave two separate emission spectra centered at ~ 456 nm 
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and ~ 535 nm respectively (see Figure 3.7). A similar observation has been reported for 

CU in niosomes [157].The additional peak observed is not due to the change in solvent 

of NC because of the fact that even at λex= 427 nm, CU alone gives a much larger blue 

shift (~80 nm) in non-polar solvent environment [155], however, in the present case at 

λex= 427 nm the blue shift in emission spectrum was only 15 nm in NC (Figure 3.4) 

instead of ~ 80 nm expected for non-polar solvent environment. Therefore, 15 nm shift 

(from 550 nm in water to 540 nm in NC) at λex= 355 nm is due to change in solvent for 

NC whereas the additional peak at ~456 nm is due to other phenomena as explained 

subsequently.   
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Figure 3.4. Fluorescence emission spectra at λex = 427 nm for CU in buffer and 

NCs in de-ionized water. 
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Figure 3.5. Fluorescence emission spectra at λex = 450 nm for CU in buffer and 

NCs in de-ionized water. 
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Figure 3.6. Fluorescence emission spectra at λex = 355 nm for CU in buffer and 

NCs in de-ionized water. 

 

 

 

 

 



58 

 

         

400 450 500 550 600 650
0.0

5.0x10
5

1.0x10
6

Cumulative

Fit Peak 

NC

Fit Peak 3

Fit Peak 2

F
lu

o
re

s
c

e
n

c
e

 i
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

Scattering

Fit Peak 1

 
Figure 3.7. Fluorescence emission spectrum of NC at λex = 355 nm along with 

deconvoluted spectra, the peak at ~400 nm is due to scattering. 

 

In the steady state fluorescence spectrum in water or alcohol the band at ~456 

nm was never resolved. However, using ultrafast time resolved spectroscopic method 

the normal emission spectrum (N*) of CU in methanol at 0 picosecond time scale has 

been resolved with a maximum at ~460 nm whereas the emission spectrum of ESIHT 

(E*) form at more than 20 ps is centered at ~555 nm that resembles the steady state 

fluorescence spectrum [143]. It should be noted that there is no remarkable emission 

band at ~465 nm for CU in methanol at λex= 355 nm [141] indicating that weakly 

allowed  π(HOMO-1)   π(LUMO) transition and virtually forbidden n π(LUMO) 

transition play insignificant role during steady state fluorescence process of CU in 

solution. Thus, the observed emission at ~456 nm in NCs is because of molecular 

deactivation without undergoing ESIHT. We further propose that the six membered ring 

path for ESIHT deactivation process (see Figure 3.8) is hindered due to interaction of 

N
+
 of PAH with the O-atoms of enol form of CU. 
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Figure 3.8. Absorption and excited state deactivation processes of CU in water and 

NCs. 

 

FT-IR spectral data (see Figures 3.9, 3.10 and 3.11) further supports our 

hypothesis. The phenolic O-H vibration of CU was observed at ~ 3509 cm
-1

 and 3400 

cm
-1

 whereas the peaks found in the range 3392 - 3033 cm
-1 

in PAH is associated with 

the N-H stretch. All these prominent peaks in the control samples were not visible in 

NCs instead of a major peak found at 3448 cm
-1

. Similarly the peak at 2972 cm
-1

 due to 

enolic O-H vibration could be detected in CU, but was not clear in NCs. Further, the 

control peaks at 1627 cm
-1

 and 1603 cm
-1

 for CU are associated with the C=O and C=C 

vibrations. C=O vibration has another peak at 1510 cm
-1

. On the other hand for PAH, 

the peaks at 1608 cm
-1

 and 1457 cm
-1

 are associated with the N-H asymmetric bending 

and C-H bending. In NCs in these regions only a prominent peak was obtained at 1636 

cm
-1

 confirming a strong involvement –NH2 of PAH and enol form of CU inside the 

NCs.  
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    Figure 3.9. FT-IR spectrum of PAH  

 

               
    Figure 3.10. FT-IR spectrum of CU 
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     Figure 3.11. FT-IR spectrum of NC  

 

The ratio of N*/E* was evaluated by measuring fluorescence ratio at 460 nm 

(normal emission) and at 540 nm (ESIHT emission). N*/E* was found to be 0.25 for 

CU in water, which increased 3 fold in NCs. Further N*/E* enhanced with increase in 

NCs size as correlated in Figure 3.12. The maximum value was found for the NCs 

having largest size and N*/E* could be linearly correlated with the hydrodynamic 

radius of the NCs.  
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Figure 3.12. Plot of N*/E* vs. Rh of NCs. The ratio of N*/E* is evaluated by measuring 

fluorescence ratio at 460 nm (normal emission) and 540 nm (ESIHT emission). The 

measurements were done in triplicates.  

 

The fluorescence lifetime at λex= 460 nm and λem= 560 nm for CU in buffer 

could be best fitted with a biexponential decay giving a short component lifetime (τ1) of 

~62 ps (99%) and long component lifetime (τ2) of 3.1 ns (1%). The biexponential decay 

for NCs in this excitation and emission wavelengths provided τ1 = ~242 ps (80%) and τ2 

= 1.90 ns (20%) when Rh = 133 nm.  The decay profiles are shown in Figure 3.13. 

Increase in the size of NCs decreased τ1 to 178 ps (85%) but increased τ2 to 3.00 ns 

(15%) when Rh = 610 nm. The decrease in τ2 correlated with the increase in the size of 

NCs, thus, could be rationalised with decrease in ESIHT process in NC. However, while 

exciting at 373 nm the biexponential decay of CU in buffer at emission 460 nm (for N*) 

gave τ1 = 0.35 ns (90%) and τ2 = 3.9 ns (10%) whereas emission at 560 nm (for E*) 

gave τ1 = 0.33 ns (90%) and τ2 = ~1.0 ns (10%). This emission wavelength dependency 

of CU is not surprising as similar dependency in ethanol is known [158].  At λex= 373 

nm and λem= 460 nm, τ1 value dramatically improved to 0.40 ns in NCs and later on 0.6 
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ns with increase in Rh of NCs, therefore, the increase in τ1 could be logically related to 

emission from N*. 
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Figure 3.13. Fluorescence lifetime decay profiles for CU and NCs at λex = 460 nm and 

λem = 560 nm, IRF is the instrument response function. The data were fitted with 

biexponential decay with a χ
2
 between 1 and 3.  

 

In summary, PAH-based NCs change the optical behaviour of CU. When 

exciting at 355 nm a new peak has been seen at 460nm. This peak attributed to the 

fluorescence of N* of CU rather than E*. The FT-IR spectra proved the interaction of 

N
+
 of PAH with the enolic O of CU, thus inhibiting ESIHT process. Furthermore, N* 

emission is proved by the increase in τ1 at λex=373nm and λem= 460nm.  
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CHAPTER IV 

SELECTIVE FLUORESCENCE SENSING OF GUANINE 

AMONG NUCLEOBASES USING NANOCAPSULES 

  

A. Introduction: 

Nanotechnologies and nanomaterials have been utilized in chemical sensor 

designing for the recent ten years. Since 2003-2004, this field has witnessed fast 

development and advancement. The importance of nanomaterials is not only referred to 

their geometric size. However, a change from macro and micro to nano scale 

qualitatively changes the physicochemical characteristics (magnetism, optical 

refraction, electric conductivity, thermal stability and strength, light absorption and 

emission) and produces new materials of same chemical nature, but having properties 

and reactivity that are lacking in macro- and microscopic materials. All types of 

nanoparticles can be incorporated into different inorganic and organic materials; and 

such nanosensors are applied in both gas and liquid media analysis [159].    

During the past years, nucleic acid-based tests have attracted more interest. The 

vast development of systems with fast, cheap and specific detection of nucleic acids is 

induced by their numerous applications in various fields including, forensic 

applications, rapid detection of biological warfare agents, gene analysis and clinical 

disease and treatment [160]. Accurate diagnosis minimizes the humanitarian and 

economic costs of infectious diseases; hence enabling efficient disease treatment. In 

clinical practice, detection of genetic mutations at the molecular level opens up the 

ability of reliable disease diagnosis prior to the appearance of disease symptoms [161]. 
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Based on the hybridization between a target and its complementary probe, 

various electrochemical and optical methods have been successfully used [162]. The 

introduction of nucleic acids’ fluorescent labelling method has opened up the ability of 

utilizing such systems for further research and development.  

The recent years have witnessed rapid growth of fluorescent probes as well as 

wide development of homogenous fluorescence assays, including those based on 

fluorescence resonance energy transfer (FRET) or quenching mechanisms, for nucleic 

acid detection [163]. These probes (e.g. molecular beacons) are labelled with both a 

quencher dye and a fluorescent reporter, where the reporter fluoresces when the two 

dyes are physically separated after the hybridization [161].  

 Recently, there have been tremendous demands for utilizing nano materials as 

biosensing probes. Among such nanostructured materials, nanoparticles have gained 

more attention [164]. Up to date, nanoparticles consisting of metals (e.g. Au, Pt, Ag and 

Pd) and inorganic semiconductors (e.g. PbS, TiO2, Ag2S...) have been extensively used 

in DNA biosensing.  

In biosensing, DNA detection by nanoparticles is a promising and interesting 

aspect [165, 166]. To understand more the role of nanoparticles in DNA sensing, the 

interaction of nanoparticles and nucleobases, that are the most active and major 

constituents of DNA, is an essential research field [164]. The interaction of gold (Au) 

nanoparticles and nucleobases have been reported, where experiments showed that 

adenine (A), guanine (G), cytosine (C) and thymine (T) specifically interact in a 

sequence based manner with the surfaces of Au [167]. Moreover, the interaction of 

organic nanoparticles with nucleobases has been investigated; where 6,7-dicyano-2,3-

di-[4-(2,3,4,5-tetraphenylphenyl)phenyl]quinoxaline(CPQ) nanoparticles are proved to 

http://www.chemspider.com/Chemical-Structure.21430053.html
http://www.chemspider.com/Chemical-Structure.21430053.html
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be highly sensitive to the various nucleobases. CPQ nanoparticles have shown different 

fluorescence responses to the four nucleobases in the following order: G > A> T ≥ C. 

Each of the nucleobases has remarkably quenched the fluorescence of CPQ 

nanoparticles where the maximum of the fluorescence intensity of CPQ nanoparticles 

decreased to 45% of its initial intensity; the concentration of the nucleobases was fixed 

at 1.6*10
-4

 M [164].  

The determination and separation of nucleobases is an important and 

challenging task due to the significance of these compounds in numerous biological 

processes. Adenine, cytosine, guanine, thymine and uracil are the building blocks of 

both RNA and DNA that play an important role in the storage of genetic information 

and protein biosynthesis [168]. The identification and estimation of individual 

nucleobases are crucial to understand the sequence of nucleic acids [169]. To do this, a 

variety of methods are available, including electrochemical detection, capillary 

electrophoresis followed by UV and high performance liquid chromatography [170]. 

DNA sequencing has been of great interest for human genomics, forensic sciences, 

genetic engineering and medicinal applications. Selective estimation of individual 

nucleobases has tremendous potential application during DNA sequencing [171]. In this 

course, fluorescence markers are widely used in electrophoresis where a fluorescent 

marker specific to particular nucleobase may ease the analytical procedure during 

nucleic acid sequencing [172].  

In the present thesis, we have applied the method of self assembly to synthesize 

Poly(9-(2-diallylaminoethyl)adenine.HCl-co-sulfur dioxide)Poly A/ silica nanoparticles 

based nanocapsules to which curcumin was incorporated as a fluorescence probe for the 

detection of nucleobases; in specific guanine. Poly A is a polymer of adenine alone with 
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a ploy amine backbone. The capsules are of various sizes ranging from 200 to 600 nm. 

The detection mode is based on the change in the fluorescence intensity of curcumin. 

The advantages of such technique: (i) easy and does not require long hours of capsule 

preparation, (ii) stable and robust (28% degradation of capsule after 50 hours), (iii) 

selective for guanine.    

 

B. Materials and Methods: 

1. Materials: 

Curcumin was obtained from Acros Organics and the stock solution was 

prepared as mentioned previously in chapter two. Poly A and the nucleobases including, 

adenine (A), guanine (G), cytosine (C), thymine (T) and uracil (U) were obtained from 

Sigma- Aldrich and their stock solutions were prepared in de-ionized water. As well, 

Silica LUDOX
® 

HS-40 Colloidal Silica was obtained from Sigma- Aldrich (same as in 

Chapter II). 

 

2. Preparation of Poly A Capsule: 

Encapsulation of curcumin inside the nanocapsules was made using Poly-A as 

the structure directing agent. In this process 1.3 ml of Poly-A (2mg ml
-1

) was gently 

vortex mixed for 20 s with 7.8 ml of negatively charged silica nanoparticles. The 

obtained cloudy suspension was aged for 2 hours; then it was centrifuged for 20 min at 

a speed of 4450 rpm. Poly-A/ SiO2 aggregates were collected. To the latter precipitate 

0.5 ml of CU (1mg ml
-1

 prepared in 10% acetone/ de-ionized water solution) and 2.5 ml 

of de-ionized water were added. The mixture was allowed to age for 30 min, and again 

centrifuged for 20 min at a speed of 4450 rpm. The precipitate of nanocapsules formed 
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was washed with de-ionized water for 3 times to remove the excess of CU. The 

preparation method is depicted in Figure 4.1.    Finally it was dispersed in 3 ml of de-

ionized water for further characterization and investigation.  

 

 

Figure 4.1.  Illustration of Poly A interacting with SiO2 NPs, and CU to form 

NCs. 

 

3. Morphological  Characterization:  

The SEM and DLS analysis were done using the same methods given chapter2.  

 

4. Spectroscopic Measurements:  

The steady-state fluorescence spectra (excitation and emission), fluorescence 

lifetime measurements and FT IR spectra were recorded using the same techniques 

mention in chapter 2.  

 

C. Results and Discussion: 
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The fluorescence spectra of curcumin in the presence of different nucleobases 

are shown in Figure 4.2.  The concentrations of curcumin and nucleobases were fixed 

at around 5 M and 1 mg/mL respectively. There is no appreciable change in the 

emission maximum of curcumin in the absence or presence of different nucleobases. 

The relative fluorescence intensity of curcumin in the presence of different nucleobases 

as shown in Figure 4.3 has been compared with that of curcumin alone (normalized to 

unity at emission wavelength 550 nm). As seen in Figure 4.2B, there is not much 

changing in fluorescence intensity except that a slight 4-5 % quenching of intensity for 

adenine, guanine and thymine whereas 8 to 9 % quenching of fluorescence in the 

presence of uracil and cytosine. This change is not sufficient to develop an analytical 

method for selective sensing of nucleobases. 
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Figure 4.2. (A) Fluorescence spectra of curcumin in the presence of various 

nucleobases excited at 425 nm. The concentrations of the curcumin and 

nucleobases were fixed at 5μM and 1 mg/ml respectively; (B) Relative change in 

fluorescence intensity of curcumin in the presence of nucleobases when the 

fluorescence intensity of curcumin without nucleobase was normalized to 1. The 

excitation wavelength was 425 nm and the emission wavelength was 550 nm. 

The measurements were done in duplicates.  
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Figure 4.3. The nucleobases used and their corresponding chemical structures. 

 

When curcumin was mixed with silica nanoparticles of about 24 nm size, the 

fluorescence emission spectrum showed a large blue shift from about 550 nm in water 

to around 495 nm (Figure 4.4A). This large shift might not be due to change in local 

environment [173], unlike the case observed for curcumin embedded in the 

phospholipid membranes [174], because the bulk solvent environment of silica particles 

is still an aqueous medium, therefore, such shift could only be explained based on the 

strong association of curcumin with silica particles. Interaction of curcumin-silica NPs 

complex very slightly shifted the maximum towards the lower wavelength range. 

However, when the fluorescence intensity of curcumin-silica NPs complex was 

compared in the presence of different bases (fixing the concentration at 1 mg/mL), the 

fluctuation of fluorescence intensity showed a different behavior unlike the case found 

for curcumin alone. Figure 4.4B depicts that the fluorescence intensity of curcumin-

silica NPs complex marginally was quenched in the presence of most of the bases (3 % 

for uracil, 5 % for thymine, 9 % for adenine and 15 % for cytosine) except guanine for 
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which a remarkable 20 % enhancement of fluorescence intensity was observed. 

Although this trend is different than the one observed earlier for curcumin alone, the 

change is not significant to get a conclusive selectivity for guanine for fluorescence 

sensing.    

 

 

 

 

 

 

          



73 

 

450 500 550 600 650
0.0

5.0x10
5

1.0x10
6

1.5x10
6

2.0x10
6

2.5x10
6

3.0x10
6 A

F
lu

o
re

s
c

e
n

c
e

 i
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

 Cur+SiO
2
NP + T

 Cur+SiO
2
NP + U

 Cur+SiO
2
NP + G

 Cur+SiO
2
NP + C

 Cur+SiO
2
NP + A

 Cur+SiO
2
NP

Curcumin plus Silica NPs

          

CURSiO2 A G C T U
0.0

0.5

1.0

1.5

B

C
h

a
n

g
e
 i
n

 F
lu

o
re

s
c
e
n

c
e

Nucleobases

 
Figure 4.4. (A) Fluorescence spectra of curcumin with silica NPs in the 

presence of various nucleobases excited at 425 nm where the concentrations of 

CU and nucleobases were fixed at 5 μM and 1mg/ml respectively; (B) Relative 

change in fluorescence intensity of curcumin with silica NPs in the presence of 

nucleobases when the fluorescence intensity of curcumin with silica NPs 

without nucleobase was normalized to 1. The excitation wavelength was 425 nm 

and the emission wavelength was 495 nm. The measurements were done in 

duplicates.  
 

When we further modified the curcumin-silica NPs complex with poly 

(allylamine hydrochloride) (PAH), in this case silica nanoparticles were mixed with 
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PAH and then curcumin was added to form large aggregates. The fluorescence emission 

spectrum centered at around 547 nm  of such PAH aggregates as presented in Figure 

4.5A  were not surprising and similar with a slight red shift compared to the emission 

spectrum centered at around 540 nm obtained earlier for curcumin based nanocapasule 

discussed in chapter 3. Note that in earlier case (chapter 3), capsules were prepared 

using salt (dipotassium hydrogen phosphate); whereas in the present case it is rather a 

deposition of PAH on the surface of silica nanoparticles. This variation of spectral shift 

is due to the variation in the local environment of curcumin in these two different 

preparation modes. Such local environment is expected (as in chapter 3) where silica 

nanoparticles were put over PAH and curcumin. On contrary, in the present case silica 

NPs and PAH initially form a complex over which curcumin was deposited, thus, a 

strong silica-curcumin association is expected in the first case (chapter 3). Interestingly, 

the addition of base did not change the emission maximum of these aggregates 

appreciably except for guanine. Herein, when guanine was added a further blue shift of 

10 nm was observed, indicating a remarkable interaction between guanine and 

curcumin-silica-PAH based aggregates. The fluorescence intensity, however, increased 

marginally 20 – 35 % for most of the bases and the enhancement was even significantly 

high about 265 % in the presence of guanine (Figure 4.5B).   

To improve the effectiveness towards selective sensing for guanine further, we 

tested a synthesized polymer, Poly A, which contains adenine alone with poly amine 

backbone. The structure is given in Figure 4.6. This polymer (Poly A) was used instead 

of PAH without changing much in experimental conditions. The fluorescence emission 

spectrum of Poly A based aggregates (Figure 4.7A) were similar to PAH based 

aggregates with a slight shift in maximum due to variation in the local environment of 
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the polymer, however, the trend in change in emission maximum in the presence of 

nucleobases were similar to as observed for PAH based aggregates. Nevertheless, the 

change in selectivity towards guanine for fluorescence assessment was highly 

remarkable; the fluorescence increase in the presence of most of the bases was nominal 

20-40 % while in the presence of guanine the fluorescence enhancement was 500 % 

(see Figure 4.7B). 

 

 

Figure 4.6. Chemical structure of Poly (9-(2-diallylaminoethyl)adenine.HCl-co-

sulfur dioxide) (Poly A) 

 

We further characterized these aggregates using SEM and DLS method. The 

particle size distribution was analyzed by a dynamic light scattering (DLS) technique 

and was found to have an effective hydrodynamic radius (Rh) of 700 nm. However, the 

SEM images of Poly A aggregates (Figure 4.8) show that the aggregates were found to 

be of various sizes from 200 to 600 nm, most of them were less than 500 nm. This high 

effective diameter is due to the further aggregation of smaller size aggregates in 

solution. These aggregates were found to be spherical. This can be explained by the fact 

that negative charge of silica nanoparticles encouraging Poly A,  having positive charge, 

N

N

N

NH2

N

N

Cl
N

S

N

N

NH2

N

N

H

O

O

(a) SO2, V-50, MeOH, 70 °C

(b) aq. HCl



76 

 

to get adsorbed on its surfaces, which further facilitates the self-assembly of Poly A into 

spherical capsules. Curcumin does not play a major role during the capsules’ formation 

since when Poly A was mixed with curcumin and then silica nanoparticles were added 

to the latter mixture, no capsules were observed. It should be noted that during the 

preparation of Poly A capsules, the unreacted polymer, silica and curcumin were 

washed out by centrifugation after the formation of the capsules as explained in the 

experimental section. The self-assembly of poly A polymer is evident from the change 

in FT IR spectrum. The FT IR spectra of Poly A polymer and Poly A based capsules are 

shown in Figures 4.9 and 4.10, respectively. There is a remarkable difference between 

the FT IR spectra of the two cases. The prominent peak at around 3422 cm
-1

 of Poly A 

polymer was not detected for the Poly A capsules.  
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Figure 4.5.  (A) Fluorescence spectra of aggregates containing silica NPs, 

curcumin and PAH in the presence of various nucleobases excited at 425 nm 

where the concentrations of CU, PAH and nucleobases were fixed at 5μM, 3 

mg/ml and 1mg/ml respectively; (B) Relative change in fluorescence intensity of 

aggregates containing silica NPs, curcumin and PAH in the presence of 

nucleobases when the fluorescence intensity of aggregates containing silica NPs, 

curcumin and PAH without nucleobase was normalized to 1. The excitation 

wavelength was 425 nm and the emission wavelength was 548 nm. The 

measurements were done in duplicates. 
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Figure 4.7: (A) Fluorescence spectra of capsules containing silica NPs, 

curcumin and Poly adenine (Poly A) in the presence of various nucleobases 

excited at 425 nm. The concentration of the capsule and nucleobases was fixed 

at 1mg/ml; (B) Relative change in fluorescence intensity of Poly A capsules in 

the presence of nucleobases when the fluorescence intensity of Poly A capsules 

without nucleobase was normalized to 1. The excitation wavelength was 425 nm 

and the emission wavelength was 543 nm. The measurements were done in 

triplicates. 
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Figure 4.8. (A-B-C) SEM images of capsules containing silica NPs, curcumin 

and Poly adenine (Poly A). (A) 5 μm resolution whereas (B) 500 nm resolution 

and (C) 200 nm resolution. 
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Figure 4.9. FT-IR spectrum of Poly A polymer. 

 

Figure 4.10. FT-IR spectrum of Poly A and curcumin based capsules 
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Figure 4.11. Fluorescence lifetime decay profiles for Poly A capsules in the absence 

and present of different nucleobases at ex = 405 nm and em = 540 nm. The data was 

fitted with biexponential decay.  

 

Table 4.1. Fluorescence lifetime values for Poly A capsules in the absence and presence 

of different nucleobases at 
ex

 = 405 nm and 
em

 = 540 nm. The data was fitted with 

biexponential decay. 

 Short Lifetime (τ1 )(ps)  Long Lifetime (τ2 ) (ns)   

Poly A capsule  533 (83%)  4.33 ns (17%)   

Cap + C  558 (84%) 4.48 (16%)  

Cap + T  569 (85%) 4.22 (15%) 

Cap + A  598 (77%) 4.79 (23%)  

Cap + U  480 (80%) 3.8 (20%) 

Cap + G  643 (81%) 4.73 (19%) 

 

 

This peak could be due to amino group present in Poly A, and its absence in 

the capsule could be explained by the expected strong interaction between silica 
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particles and positive charge of amino group. The strong band around 2360 and 2340 

cm
-1

in the capsules could be due to CO2 present in the surrounding environment. 

The fluorescence lifetime decay profile at ex= 405 nm and em= 540 nm for 

poly A capsule in the absence and presence of nucleobases in water is shown in Figure 

4.11. The data (see Table 4.1) could be best fitted with a biexponential decay giving a 

short component lifetime (1) of ~533 ps (83%) and long component lifetime (2) of 

4.33 ns (17%). However, in ultrafast femtosecond time-resolved measurement other 

smaller lifetime components for curcumin have been reported [143, 175], which are not 

resolved in our present experimental conditions. Nevertheless, the biexponential decay 

and such values are not surprising where similar lifetime values of curcumin in different 

solvents have been reported in literature during this time scale [141]. The fluorescence 

lifetime values of Poly A capsules marginally increased in the presence of cytosine, 1 = 

558 ps (84 %) and 2 = 4.48 ns (16 %), thymine, 1 = 569 ps (85 %) and 2 = 4.22 ns (15 

%), and adenine 1 = 598 ps (77 %) and 2 = 4.79 ns (23 %). A decrease was observed 

for uracil, 1 = 480 ps (80 %) and 2 = 3.5 ns (20 %). Though, the value for long 

component was found to be 4.73 ns (19%) in the presence of guanine, the short 

component species increased appreciably in the presence of guanine. These variations 

of fluorescence lifetime of poly A capsules in the presence of nucleobases could be 

explained considering two cases: (i) interaction of the capsules with the nucleobases due 

to hydrophobic and other electrostatic interactions and, (ii) association of the capsules 

with the nucleobases because of specific base pairings. The improvement in short 

component as well as long component lifetime of the Poly A capsules in the presence of 

adenine, cytosine, and guanine could be due to hydrophobic interaction between the 

nucleobase and Poly A capsules, whereas the decrease in long component lifetime in the 
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presence of thymine and uracil is caused by specific base pair interaction between 

adenine group present in Poly A capsule and thymine/uracil. The decrease in short 

component lifetime in the presence of uracil could also be referred to  the same reason 

whereas the increase in short component lifetime of Poly A capsules in the presence of 

thymine does not rule out hydrophobic interaction along with specific base pair 

interaction between thymine and Poly A capsule. To establish this fact we measured the 

FT-IR spectrum of different nucleobases and compared them with that of mixture of 

poly A capsules and nucleobases as presented in Figure 4.12-4.21. 

 

 
 Figure 4.12. FT-IR spectrum of guanine 
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 Figure 4.13.  FT- IR spectrum of guanine and poly A capsules 

 

 
Figure 4.14.  FT-IR spectrum of adenine 
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Figure 4.15.  FT-IR spectrum of adenine and poly A capsules 

 

 
Figure 4.16.  FT-IR spectrum of cytosine 
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Figure 4.17.  FT-IR spectrum of cytosine and poly A capsules 

 
 

 
     Figure 4.18. FT-IR spectrum of uracil 
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Figure 4.19. FT-IR spectrum of uracil and poly A capsules 

 

 
Figure 4.20. FT-IR spectrum of thymine 
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Figure 4.21.  FT-IR spectrum of thymine and poly A capsule 

 

As can be seen in FT IR spectra, there is no remarkable difference between the 

spectra of adenine or cytosine compared to that of Poly A capsules along with adenine 

or cytosine, especially in the spectral region 3500 – 3100 cm
-1

 for –NH stretching. On 

the other hand Poly A capsules showed a broad prominent peak around 3400 cm
-1

 or 

3413 cm
-1

in the presence of thymine or uracil which were absent in either thymine or 

uracil. Similarly, the peak at around 3200 cm
-1

 for free thymine and 3111 cm
-1

 for free 

uracil were absent in poly A capules mixture with thymine or uracil. This suggests there 

is a strong base pair interaction of adenine present in Poly A capsule and that of uracil 

or thymine, which is as expected and validates our hypothesis on change in fluorescence 

lifetime. However, gunanine did not show in specific interaction with Poly A capsules 

in the FT IR spectrum; and we suspect the interaction is largely due to hydrophobic 

interaction. This is further supported by the relatively poor solubility of guanine 

compared to other nucleobases in water.    
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Realizing the importance of this Poly A based capsules for selective sensing of 

guanine, the calibration curve for estimation of guanine by Poly A capsules as 

fluorescence sensing material was tested. The fluorescence spectra of Poly A capsules 

in the presence of different concentration of guanine is shown in Figure 4.22A and the 

corresponding fluorescence alteration with guanine concentration is plotted in Figure 

4.22B. As can be seen in the plot, in a wide range of concentration from 0 – 7 mM, the 

curve showed a linear fit. Most of the available methods for guanine estimation work in 

lower concentration range as given in Table 4.2. W. Wanget et.al have reported ,with 

higher concentration range, a linear dynamic range of 340 -6600 μM using micellar 

electrokinetic chromatography with indirect laser-induced fluorescence detection 

method [170].However, the present method showed a wider range than the reported one. 

The association constant of guanine with poly A capsules was estimated using the 

following equation [129]: 
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Table 4.2. Analytical methods for guanine estimation and their linear ranges.  

Method/reagent Linear 

range 

(μM)  

Reference  

Chemiluminescence method using phenylglyoxal   0-100  [176] 

HPLC with post column fluorescence derivatization 

using phenylglyoxal reagent 

1-25  [177] 

Liquid chromatography with fluorometric detection using 

3,4-dimethoxyphenylglyoxal (DMPG) 

0-0.4  [178] 

Electrochemical method based on graphene-ionic liquid-

chitosan composite film modified glassy carbon electrode 

2.5-150  [179] 

Flow injection Chemiluminescence method using 

hydrogen peroxide  

2-600 [180] 

Electrochemical approach based on electrodeposition of a 

nanostructured platinum thin film on a glassy carbon 

electrode  

0.1-500 [181] 

Micellar electrokinetic chromatography with indirect 

laser-induced fluorescence detection 

340-

6600 

[170] 

Our method 300-

7000 
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Figure 4.22. (A) Fluorescence spectra of Poly A capsules in various 

concentration of guanine excited at 425 nm where the concentration of Poly A 

capsule was fixed at 1mg/ml whereas guanine concentration varied between 0 

and 7 mM ; (B) Linear change in fluorescence intensity of Poly A capsules with 

guanine concentration. The excitation wavelength was 425 nm and the emission 

wavelength was 526 nm for B. The measurements were done in triplicates.  

 

where K and n are the binding constant and the number of binding sites, respectively.  F 

and F0 are the fluorescence intensity of Poly A capsules at excitation wavelength 425 
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nm and emission wavelength 526 nm in the presence and absence of Poly A capsules. 

The association constant of guanine with Poly A capsules was estimated as K = 

5.50x10
2
 M

-1
 and number of binding sites n = 0.93, which is close to 1 as obtained from 

the graph in Figure 4.23. Since poly A capsules are much bigger in size (micrometer 

range) compared to size of guanine (less than nm), the possibility of more than one 

guanine molecule binding to Poly A capsule could not be ruled out. It is also important 

to note that one Poly A capsule has multiple numbers of curcumin units and the present 

n values might be because of binding between guanine and curcumin.     
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Figure 4.23. Plot of concentration of (F-F0)/F0 vs. guanine concentration for 

estimation of binding constant. The concentration of guanine ranged between 0 

and 7 mM and the fluorescence of the capsule was taken at 526 nm. The 

measurements were done in triplicates.   

 

One of the serious concerns about curcumin has been its stability. Studies have 

shown that the degradation of curcumin in aqueous solution is linked to hydrolysis that 

occurs rapidly at a pH above neutrality. HPLC data has proven that curcumin degrades 

to form trans-6-(4’-hydroxy-3’-methoxyphenyl)-2,4-dioxo-5-hexanal as the main 
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product, which further decomposes to vanilin, ferulic acid, and feruloyl methane [182]. . 

In UV-visible spectral region curcumin exhibited an intense absorption peak around 400 

- 425 nm in neutral aqueous environment. In aqueous solution, there are three pKa 

values at 8.38, 9.88 and 10.51 corresponding to deprotonation of the three hydroxyl 

groups of curcumin [183]. It has been established that the contribution of condensation 

products to the total absorption signal of curcumin are relatively minor, thus, decrease 

in the visible absorbance over time can be used as a measurement of degradation of 

curcumin [184]. Therefore, to understand the stability of the present sensing material, 

the absorbance change of curcumin and Poly A capsule was monitored at 427 nm with 

time in buffer solution as depicted in Figure 4.24. The absorption maximum of 

curcumin in buffer (7 % methanol) at pH 7.5 decayed relatively quickly in the first 5 

hours (30 % degradation) and approximately 62 % of the original value in 50 hours. On 

the other hand, the degradation of poly A capsules in buffer at pH 7.5 was just 10 % in 

the first 5 hours. Further with time the degradation was even slower with 28 % 

degradation after 50 hours which confirmed that degradation of curcumin could be 

overcome inside the Poly A capsules for better analytical applicability and validates 

robustness of present method. 
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Figure 4.24. Stability of Poly A capsules compared to curcumin in buffer solution pH 

7.5. The curcumin solution contained about 8 % methanol. 

 

All in all, the Poly A/silica nanoparticles/CU nanocapsules are synthesized 

using self assembly approach. The capsules are spherical and their size range is between 

200 and 600 nm. These capsules are applied for guanine sensing where in the presence 

of guanine their fluorescence intensity has been enhanced by 500%. FT-IR spectra 

along with lifetime measurements suggest that this sensitivity is due to hydrophobic 

interactions; assisted by the low water solubility of guanine as compared to the other 

nucleobases. The association constant of Poly A capsule and guanine is K=5.50×10
2
 M

-

1
 and the number of binding constant (n) is equal to 0.93. The present method shows a 

wider linear dynamic range in higher concentration range as compared to the reported 

methods. Finally, the degradation study proves that CU stability is improved in Poly A 

capsule.  
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CHAPTER V 

TUNING ZnO NANOPARTICLES BASED ON POLY 

(ALLYLAMINE HYDROCHLORIDE) MEDIATED 

NANOCAPSULES FOR VISIBLE EMISSION 
 

A. Introduction: 

Zinc oxide (ZnO) is an important technological material. The large 

electromechanical coupling, combined with the lack of symmetry center in wurtzite, 

leads to strong pyroelectric and piezoelectric properties and the consequent application 

of ZnO in piezoelectric sensors and mechanical actuators. Moreover, ZnO is a 

semiconductor with a wide band-gap (3.37 eV); so it is suitable for optoelectronic 

applications of short wavelength [185]. In addition, ZnO crystal has high exciton 

binding energy (60 meV) that allows efficient excitonic emission at room temperature 

[186]. Ultraviolet (UV) luminescence at room temperature has been reported in thin 

films and disordered nanoparticles [185]. ZnO is transparent in the visible region of 

light [185] and can be doped with transition metals for spintronic applications [187]. 

Furthermore, ZnO exhibits sensitivity to numerous gas species, mainly carbon 

monoxide (CO), ethanol (C2H5OH), and acetylene (C2H2), that makes it adequate for 

sensing applications [186].  

The optical properties of ZnO can be tuned. It has been reported that the 

dispersion of nickel oxide nanoparticles (NiO NPs) on ZnO surface modifies the optical 

properties of the latter through a solid state electrochemical reaction at NiO- ZnO 

interface induced by surface OH groups. This reaction introduced some structural 

disorder and produced a stress relaxation to the ZnO surface [188]. Such modifications 

have been translated to changes in the emission spectra of ZnO; where a important in 
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the visible bands (3 bands centered at 465, 515, 550 nm respectively) has been detected 

in the presence of NiO NPs. This enhancement has been attributed to the increase in the 

number of oxygen and zinc vacancies after the addition of NiO NPs [188].  

ZnO is environmentally friendly and chemically stable material. As a result, there is a 

remarkable interest in studying ZnO in the form of single crystals, powders, 

nanostructures, or thin films [186]. A wide variety of ZnO nanostructures have been 

reported, including nanowires [189], nanorods and tetrapods [190]. Moreover, core/shell 

ZnO/SiO2 nanoparticles have been successfully synthesized; where these structures 

have showed improved stability and photo-catalytic activity in acidic or alkaline 

solutions as compared to uncoated ZnO nanoparticles [191].  

In the present thesis, PAH based nanocapsules have been prepared to tune the 

optical properties of 14 nm sized ZnO nanoparticles, specifically for visible emission of 

ZnO.  

 

B. Materials and Methods: 

1. Materials: 

Zinc oxide nanoparticles were obtained from PlasmaChem with >99% purity, 

14 nm particle size and 30+ 5 m
2
/g. The stock solution of ZnO was prepared in de-

ionized water of pH 9 and of 0.1mg/ml concentration. PAH and K2HPO4 were used 

(same as explained before in chapter 2). Uric acid and ascorbic acid were obtained from 

Fluka Analytical. 

 

2. Preparation of ZnO/PAH Nanocapsules: 

_ 
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In this process 1.3 ml of PAH (3mg/ml) was gently vortex mixed for 10 s with 

7.8 ml of 2.5 mM K2HPO4 and aged for 30 min. After wards, 7.8 ml of ZnO 

nanoparticles (0.1mg/ml) of pH 9 was added to PAH/ K2HPO4 aggregates. The pH of 

ZnO solution was monitored at 9; in such basic conditions ZnO is in the form of 

Zn(OH)3
-
 , consequently, this ensures its interaction with the positively charged PAH/ 

K2HPO4 aggregates. The final solution was left to age for 2 hours, then it was 

centrifuged at a speed of 4450 rpm for 20 min. The capsules were washed for 3 times 

with de-ionized water and dispersed in 3 ml of de-ionized water for further 

characterization and investigation. 

  

2. Morphological and Spectroscopic Analysis: 

SEM, DLS, FT IR and steady-state fluorescence measurements were done as 

explained in chapters 2 and 3. 

     

C. Results and Discussion:     

ZnO based microcapsules were synthesized by the poly (allylamine 

hydrochloride) mediated self-assembly method described in chapter 2. In this method, 

the ionic-cross linking of the PAH chains with multivalent counter anions dipotassium 

hydrogen phosphate to form spherical polymer aggregates is the key step for the 

formation of microcapsule structure. However, in this case 14 nm ZnO particles and no 

curcumin were added. Because of their net positive charge these aggregates afterwards 

facilitate the assembly of ZnO nanoparticles to form an ordered microcapsule structure 

in which the shell wall acquires a composite structure consisting of positively charged 

PAH chains entangled with the ZnO nanoparticles (as shown in Figure 5.1). The SEM 
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images illustrating spherical morphology of the microcapsules with sizes of 200 – 500 

nm is shown in Figure 5.2. The particle size distribution was analyzed using DLS and it 

was found that the capsules have an effective hydrodynamic radius of 170 nm.  

 

 
Figure 5.1. Illustration of PAH/dipotassium phosphate aggregated interacting with ZnO 

NPs to form NCs. 

 

The absorption spectrum of ZnO NPs in this study is shown in Figure 5.3. It 

shows a maximum at around 266 nm and another band at around 330 nm. The 

photoluminescence spectra of ZnO NPs at excitation wavelength 280 nm and 320 nm 

are shown in Figure 5.5. It is clear that the photoluminescence spectra of ZnO 

nanoparticles do not change with excitation wavelength, and the emission maximum 

was observed at around 377 nm and a small band around 360 nm. The emission in 360 -

377 nm could be due to exciton emission of ZnO reported in literature [192] because the 

ZnO band gap is 3.37 eV at room temperature. Surface state is the main factor which 

determines ZnO visible luminescence; as ZnO visible emission arises from its defects or 

vacancies that are located mainly on the nanoparticle surface.  
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Figure 5.2. (A-B-C) SEM images of ZnO congregated capsules. (A) 5 μm resolution; 

(B) 2 μm resolution; (C) 1 μm resolution. 

 

                
                    Figure 5.3.  Absorption spectrum of 14 nm ZnO nanoparticles 
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Figure 5.4. Fluorescence (or photoluminescence) excitation and emission spectra of 14 

nm ZnO nanoparticles in ethanol. 

 

In the present case, ZnO NPs are highly crystallized, which means there are 

almost no amorphous phases on the ZnO surfaces, therefore, the photoluminescence is 

only due to exciton emission. The excitation spectrum of ZnO at emission wavelength 

370 nm in solution was found to be similar to absorption spectrum. The normalized 

fluorescence spectra of ZnO capsules have been compared with ZnO in water and 

ethanol at excitation wavelength 280 nm (see Figure 5.5). 
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Figure 5.5. Photoluminescence spectra of ZnO capsules at excitation wavelength 280 

nm. 

 

It was found that the fluorescence intensity of ZnO in double distilled water 

was much weaker than in ethanol which is due to poor solubility of ZnO in aqueous 

environment. A sharp exciton emission of ZnO NPs was observed in ZnO capsules; 

earlier such increase in exciton emission for ZnO nanostructures has been linked with 

physical adsorption [193]. It is known that addition of water causes ZnO precipitation 

and quenches its photoluminescence by destroying luminescence centers [194].  The 

peak at around 310 nm, which is due to exciton emission band of ZnO, was different 

from that observed in ethanol. It is known in the literature that surface defects increases 

the exciton emission, ZnO capsules have higher surface defect compared to ZnO in 

ethanol. The enhancement in exciton emission has also been linked with increase in 

crystallinity, and Chang et al. have found that polyaniline modification could enhance 

the UV emission of ZnO nanostructures [195]. Thus, the present capsules control the 

ZnO crystallization and morphology.  
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Figure 5.6. Photoluminescence spectra of ZnO capsules at excitation wavelength 310 

nm. 

 

Though the main emission maximum at around 377 nm of ZnO NPs did not 

change both in water and ethanol, a large blue shift of about 37 nm was observed for 

ZnO capsules. This shift in emission maximum is explained subsequently because the 

photoluminescence of ZnO in polymer matrix is complex and can be better understood 

at excitation wavelength 310 nm (at the tail of the band [194]). Interestingly, when we 

excited at 310 nm, we observed a different emission pattern for ZnO capsules. It should 

be noted that the emission maximum of ZnO NPs remained the same irrespective of 

excitation wavelengths (280 nm or 310 nm). On the other hand, the emission maximum 

shifted to around 420 nm for ZnO capsules as shown in Figure 5.6. The excitation 

wavelength dependence of the photoluminescence shift of ZnO capsules was about 80 

nm. This kind of excitation wavelength dependence photoluminescence properties 

violates Kasha’s rule of excitation wavelength independence of the emission spectrum. 
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Nevertheless, such excitation dependency of emission behaviour of ZnO colloid for 

different capping agent has been reported. Irimpan et al. have shown and explained this 

phenomenon in terms of existence of a distribution of energetically different molecules 

in the ground state coupled with a low rate of excited state relaxation process [196]. 

Such relaxation process includes solvation and energy transfer for excitation dependent 

photoluminescence behaviour of ZnO capsules. This visible emission is expected for 

ZnO capsules due to the defects or vacancies that are located mainly on the nanoparticle 

surfaces during the interaction between PAH and ZnO in the capsules. The red shift in 

photoluminescence spectra has also been reported for ZnO nanoparticle aggregates 

[197, 198]. In ZnO capsules, obviously, congregation of ZnO NPs is expected (as 

explained in the synthesis procedure).  But it is also known that ZnO nanoparticle 

aggregation decreased the photoluminescence intensity along with a red shift in the 

spectra [197]. To prove that there is a decrease in photoluminescence, the 

photoluminescence of ZnO capsules was compared with that of ZnO in PAH solution 

(without making any capsules) and we found that no major change in spectral position 

was observed. However, the relative photoluminescence intensity of ZnO NPs in the 

visible region (at 420 nm), as compared to UV exciton emission, has increased in PAH 

solution. It is expected that PAH will cause defects or vacancies on the nanoparticle 

surface, so it is normal that ZnO NPs and ZnO capsules could have similar emission 

maximum as depicted in Figure 5.5. However, congregation of ZnO NPs are not 

expected in PAH solution, thus, the relative photoluminescence quenching in ZnO 

capsules could be referred to aggregation of ZnO NPs during capsule formation.  

pH plays a crucial role in fluorescence applications and alters the fluorescence 

properties. The influence of pH on emission properties of ZnO capsules as synthesized 
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was studied in the pH range 5.8 – 8 using phosphate buffer. In this study, we have 

selected the physiological pH range because we are interested in utilizing such capsules 

for biological applications later on. The photoluminescence spectra of ZnO capsules in 

different pH conditions are shown in Figure 5.7. There is no appreciable change in 

spectral position, however, the photoluminescence intensity varied with the pH of the 

solution. The variation was not systematic; therefore, we chose to work in the double 

distilled water, close to neutral pH conditions for further studies.  
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Figure 5.7. (A) Photoluminescence spectra of ZnO capsules in different pH (phosphate 

buffer) solution at excitation wavelength 310 nm. (B) Relative change in fluorescence 

intensity with pH. 

 

In summary, PAH/dipotassium phosphate aggregates assemble silica 

nanoparticles to form spherical NCs. The hydrodynamic radius of the capsules is equal 

to 170nm. The fluorescence emission of ZnO in the capsule is modified where it emits 

A 

B 
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in the visible region (peak at 460 nm). The visible emission of ZnO is explained by the 

modification of its surface.    
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CHAPTER VI 

CONCLUSION 

 

In summary, CU in the presence of PAH and dipotassium phosphate directly 

assembles silica nanoparticles to form NCs in the size range of 100 to 1000 nm. The 

size of the NCs could be tailored by varying the salt concentration as the plot of the 

effective hydrodynamic radius with various salt concentrations has showed an excellent 

linear fit. CU is distributed all over the capsule whereas silica nanoparticles are more 

concentrated at the peripheries. CU and PAH have strong interaction with a binding 

constant K=1.44x10
4
 M

-1
. The synthesized nanocapsules are of negative surface charge 

and the NCs of the largest size have the highest percentage of curcumin ~ 7%, while the 

smaller sized NCs have ~ 4%. CU is in its enol form in the capsule. The delivery of 

curcumin is found to be favoured in basic environment where maximum release has 

been recorded as compared to acidic and neutral conditions. In addition, the drug release 

profile of curcumin follows Higuchi model and depends on the size of the capsule. The 

DPPH scavenging activity of curcumin decreases when it is encapsulated. As well, the 

scavenging activity decreases exponentially with the size of the nanocapsules. This 

reduction in both cases is attributed to the percentage by weight of CU in the capsule as 

well as to the availability of the β-diketone group of CU for H-donation. The 

encapsulation of curcumin in such capsules opens up the ability to use such synthesis 

approach for encapsulating various drug molecules with different formulations and 

materials. Furthermore, its bioavailability and biocompatibility can be tested for the aid 

of in vivo drug delivery.     
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The nanocapsules alter the optical behaviour of CU this is translated as new 

emission peak at 460 nm when exciting at 355 nm. This peak is due to the fluorescence 

of normal form of CU rather than ESIHT form. The ESIHT is inhibited due to the 

interaction of the N
+
 of PAH with the O-atoms of enol form of CU. Revoking the 

ESIHT process of CU inside the NCs opens up a new emitting deactivation path way 

that have never been observed in water. Thus, applying nanotechnology optical 

behaviour could be tuned by tailor made capsules for multiple applications in 

electronics, sensing and biomedical uses. At the same time ESIHT in such system may 

help in understanding key fundamental questions of various-H atom transfer path ways 

of medicinally important and water insoluble drug molecules like CU while using 

various capsules as drug delivery vehicles. 

The self assembly method is applied to synthesize Poly A/ silica 

nanoparticles/CU nanocapsules. The particles are spherical with various sizes ranging 

between 200 and 600 nm. These capsules are selective to guanine, where the 

fluorescence of the capsule is enhanced by 500% when it’s present. Life time 

measurements along with FT IR spectra suggest that the sensitivity of the capsules to 

guanine is referred to hydrophobic interactions rather than specific base pairing. This is 

further supported by the relatively low solubility of guanine in water compared to the 

other nucleobases. The association constant of guanine and Poly A capsule is K= 

5.50×10
2 

M
-1

. The degradation study of the capsule proves its stability (28% 

degradation after 50 hours). Further, we are looking to know more about the 

composition of our capsule using TGA; as well more studies can be done to test its 

sensitivity with other nucleosides.  
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This study opens up a new method, based on steady-state fluorescence, for 

nucleobases sensing. The importance of such method is its simplicity and robustness. In 

addition, it is possible to modify various poly-amines with other nucleobases and 

prepare new capsules formulation for nucleobases and DNA sensing applications.  

The interaction of ZnO nanoparticles with PAH/dipotassium phosphate 

aggregates produces similar spherical nanocapsules of 170 nm effective hydrodynamic 

radius. ZnO is known to be a UV emitter. However the fluorescence emission of ZnO in 

the NC is modified where a new peak at 420 nm has been resolved. The visible 

emission of ZnO is referred to its surface modification, i.e. increase in the number of 

oxygen and zinc vacancies. To understand more the surface modifications and the 

crystalline structure of ZnO within the capsule we are looking forward to characterize 

our sample using X-Ray Diffraction technique. Moreover, to know the position and 

morphology of ZnO in the capsule we are interested in performing TEM.  

This study opens up a new and easy method to modify the optical and surface properties 

of ZnO and other metal oxides for multiple applications in electronics and sensing 

fields.  
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