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Chapter 1 

Introduction 

1.1. Background:  

The most emerging branch in pharmaceutical sciences known as ―Pharmaceutical 

nanotechnology‖ presents new tools, opportunities and scope, which are expected to 

have significant applications in disease diagnostics and therapeutics. Recently nano-

pharamceuticals reveal enormous potential in drug delivery as carrier for spatial and 

temporal delivery of bioactive and diagnostics. Additionally it also provides smart 

materials for tissue engineering. This discipline is now well-established for drug 

delivery, diagnostics, prognostic and treatment of diseases through its Nano 

engineered tools [1]. Some nanotech based products and delivery systems are 

already in market. Pharmaceutical nanotechnology comprised of nano-sized 

products which can be transformed in numerous ways to improve their 

characteristics. Drugs that are transformed into nano range offer some unique 

features which can lead to prolonged circulation, improved drug localization, 

enhanced drug efficacy etc. [2]. Various pharmaceutical nanotechnology based 

systems can be termed nanopharmaceuticals like polymeric nanoparticles, magnetic 

nanoparticles, liposomes, carbon nanotubes, quantum dots, dendrimers, metallic 

nanoparticles, polymeric nanoparticles, etc. have brought about revolutionary 

changes in drug delivery as well as the total medical service system. With the aid of 

nanopharmaceuticals, Pharmaceutical nanotechnology could have a profound 

influence on disease prevention to provide better insights into the molecular basis of 

disease [3]. However, some recently found health risk evidence limits their 

utilization in pharmaceutical industry. Some concerning issues like safety, bioethical 

issues, toxicity hazards, physiological and pharmaceutical challenges get to be 

resolved by the scientists. Current researchers are still lacking sufficient data and 

guidelines regarding safe use of these nanotechnology based devices and materials. 

Therefore pharmaceutical nanotechnology is still in infancy. The present chapter 
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summarizes the types of nanopharmaceuticals with the most important applications 

and nanoparticles associated with health risk information available now. 

1.2. Nanoparticles: 

A nanoparticle or ultrafine particle is usually defined as a particle of matter that is 

between 1 and 100 nanometres (nm) in diameter. The term is sometimes used for 

larger particles, up to 500 nm or fibers and tubes that are less than 100 nm in only 

two directions. At the lowest range, metal particles smaller than 1 nm are usually 

called atom clusters instead. Nanoparticles are usually distinguished 

from microparticles (1-1000 µm), "fine particles" (sized between 100 and 2500 nm), 

and "coarse particles" (ranging from 2500 to 10,000 nm), because their smaller size 

drives very different physical or chemical properties, like colloidal properties and 

ultrafast optical effects or electric properties [1]. Being more subject to the Brownian 

motion, they usually do not sediment, like colloidal particles that conversely are 

usually understood to range from 1 to 1000 nm. Being much smaller than the 

wavelengths of visible light (400-700 nm), nanoparticles cannot be seen with 

ordinary optical microscopes, requiring the use of electron microscopes or 

microscopes with laser. For the same reason, dispersions of nanoparticles in 

transparent media can be transparent, whereas suspensions of larger particles 

usually scatter some or all visible light incident on them. Nanoparticles also easily 

pass through common filters, such as common ceramic candles, so that separation 

from liquids requires special nanofiltration techniques. 

In general, the small size of nanoparticles leads to a lower concentration of point 

defects compared to their bulk counterparts, but they do support a variety 

of dislocations that can be visualized using high-resolution electron 

microscopes. However, nanoparticles exhibit different dislocation mechanics, which, 

together with their unique surface structures, results in mechanical properties that 

are different from the bulk material.  

Non-spherical nanonparticles (e.g., prisms, cubes, rods etc.) exhibit shape-dependent 

and size-dependent (both chemical and physical) properties (anisotropy). Non-

https://en.wikipedia.org/wiki/Matter
https://en.wikipedia.org/wiki/Nanometre
https://en.wikipedia.org/wiki/Diameter
https://en.wikipedia.org/wiki/Atom_cluster
https://en.wikipedia.org/wiki/Microparticles
https://en.wikipedia.org/wiki/Brownian_motion
https://en.wikipedia.org/wiki/Brownian_motion
https://en.wikipedia.org/wiki/Colloid
https://en.wikipedia.org/wiki/Visible_light
https://en.wikipedia.org/wiki/Optical_microscope
https://en.wikipedia.org/wiki/Electron_microscope
https://en.wikipedia.org/wiki/Electron_microscope
https://en.wikipedia.org/wiki/Scattering
https://en.wikipedia.org/wiki/Filtration
https://en.wikipedia.org/wiki/Chamberland_filter
https://en.wikipedia.org/wiki/Nanofiltration
https://en.wikipedia.org/wiki/Point_defect
https://en.wikipedia.org/wiki/Point_defect
https://en.wikipedia.org/wiki/Dislocation
https://en.wikipedia.org/wiki/Electron_microscope
https://en.wikipedia.org/wiki/Electron_microscope
https://en.wikipedia.org/wiki/Anisotropy
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spherical nanoparticles of gold (Au), silver (Ag), and platinum (Pt) due to their 

fascinating optical properties are finding diverse applications. Non-spherical 

geometries of nanoprisms give rise to high effective cross-sections and deeper colors 

of the colloidal solutions. The possibility of shifting the resonance wavelengths by 

tuning the particle geometry allows using them in the fields of molecular labeling, 

biomolecular assays, trace metal detection, or nanotechnical applications. 

Anisotropic nanoparticles display a specific absorption behavior and stochastic 

particle orientation under unpolarized light, showing a distinct resonance mode for 

each excitable axis. This property can be explained by the fact that on a daily basis 

there are new developments being made in the field of synthesis of these 

nanoparticles for preparing them in high yield.  

1.3. Hybrid Materials: A Brief Overview: 

Hybrid materials are composites consisting of two distinct molecular components 

interacting at the microscopic level providing new characteristics or altered 

properties compared to the original constituents. The molecular cross-talking at the 

interface between the two constituents is often responsible to generate novel 

properties and improved activities in the hybrid material.[4] The molecular level 

interaction at the interface can be classified into two segments such as non-covalent 

(electrostatic, van der Waal etc.) interaction and covalent conjugation.[5] The hybrids 

formed through non-covalent and covalent interaction are often termed as class-I 

and II hybrids respectively. However, depending upon the nature and strength of 

interaction, the functionalities of the hybrids get altered. The hybrid materials with 

improved properties often depict superior functionalities.   

The two counterparts of hybrid materials are divided into various sections. The 

classification of hybrid materials is a very subjective thing with different authors 

classifying them in different manners. This reflects the diversity of this field. Most 

commonly they are classified on the basis of the degree and nature of interaction 

between one inorganic and another organic building block assembled at the 

nanoscale. However, sometimes one organic material interacts with another organic 

dye at the nanoscale, imparting alteration in the dye characteristics. Organic 

https://en.wikipedia.org/wiki/Gold
https://en.wikipedia.org/wiki/Silver
https://en.wikipedia.org/wiki/Platinum
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nanoparticles mainly focused on the generally coarse crystalline synthesis product 

into the finest particulate dispersion possible, with greater water stability which is 

essential for pharmaceutical activity [6]. These organic nanomaterials mainly consist 

of sizes between 50 to 500 nm. The other important classification is the inorganic-

organic nanohybrids which mainly interact through covalent conjugation and 

surface attachment and thus can be included as class-II nanohybrids [7]. Hybrid 

organic-inorganic materials have been developed in the past 30 years or so, as 

intimate combinations of these dissimilar materials. The quantum leap in behavior 

often possible with hybrids arises principally from two sources: the reduction of the 

domain size of the inorganic phase to 100 nm or below (often much less), and 

generation of enormous interfacial areas, which enable numerous covalent bonds or 

other compatibilization between the phases. In some hybrid materials, the individual 

component has not been detected as a distinct phase. The realm of quantum effects 

and tunable electronic, optical, and magnetic properties are readily accessible in 

hybrid materials which extends its applicability [8]. 

1.4. Hybrid Materials of NIR Active Medicinally Important Molecules:  

Medicines are most often organic compounds, which are divided into the broad 

classes of small organic molecules. Inorganic and organometallic compounds are 

also useful as drugs (e.g., lithium and platinum-based agents such as lithium 

carbonate and cis-platin as well as gallium) [9]. In case of medicinal activity, the 

drug molecules should have some molecular properties are important for a drug's 

pharmacokinetics in the human body, including their absorption, distribution, 

metabolism and excretion ("ADME") [10]. Hence, formulation of hybrid materials 

consisting of pharmaceutically relevant molecules as one of its primary components 

is very important. The ability to combine a multitude of organic and inorganic 

components in a modular fashion allows for systematic tuning of various properties 

including tuneable size, high drug loading, tailorable surface properties, controllable 

or stimuli responsive drug release kinetics, improved bioavailability, 

pharmacokinetics, and biocompatibility of the resultant hybrid material [11]. In 

general, small organic drug molecules can be entrapped within organic 
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nanoparticles (liposomes, dendrimers etc.) which led to formation of class-I hybrids 

that improve lipophilicity of drug with enhanced permeability and retention (EPR) 

effects [12]. On the other hand, using covalent conjugation strategy, medicines can 

form complexes or attached to the surface of an inorganic nano-dimensional system 

[13]. These class-II hybrids often lead to alteration of redox-modulatory properties 

with precise enhanced drug action. 

For non-invasive photodynamic therapy (PDT) the efficiency of reactive oxygen 

species (ROS) generation by drug molecules has been taken under consideration. 

The photosensitizer (organic molecules or drug) absorbs light and generates ROS 

(such as singlet oxygen, hydroxyl radical, superoxide etc.) from neighbouring water 

and oxygen molecules. Amongst all, NIR (near infrared region) active 

photosensitizers are more potent for therapeutic applications. NIR light is less 

absorbed and scattered by human tissue and hence it has more penetration depth 

than visible light. In last few decades, some NIR medicinally relevant 

photosensitizers have been used in photodynamic therapy, bio imaging and others 

bio-medical applications. NIR cyanine dyes are the most promising in terms of bio-

compatibility ability of ROS generation. They have also been utilized in 

photothermal therapy because of their photo thermal effect. But they have some 

limitation such as short circulation time, poor solubility in water and poor 

photostability. Hence, formulation of nanohybrid could achieve a huge impact for   

1.5. Scope of the Spectroscopic Investigation on Hybrid:  

The redox potential of electron transfer and trans-cellular bioavailability are the key 

parameters of redox active drug for biological activity. Both the parameters are 

expected to be influenced upon hybrid formation. Hybrid materials 1often offer 

modulated physico-chemical properties than the individual counterparts due to 

presence of interfacial junction [14]. Research on the transformed physicochemical 

properties of drug upon generation of hybrids has attracted attention of the scientific 

community as they have wide therapeutic applications to combat various life-

threatening diseases. When multiple drug molecules bind to a single organic 
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nanoparticle (class I nanohybrid) bioavailability of the drug in the cells is increased. 

Thus, the localization and structure integrity of a drug essentially dictates the 

efficacy of the vehicle and the medicinal activity of the drug [15]. Hence it is 

important to study the interfacial dynamic. The class-II hybrids have stronger 

conjugation than class I hybrids. Besides, the proximity of the drug molecule to the 

inorganic counterparts would change the electron electronic properties (electron 

transfer process) of the drug [16]. The organic-inorganic interfacial charge transfer 

dynamics impose the overall activity of the composites. The photoelectron transfer 

process occurs from the LUMO of dye to the vacant molecular orbital of inorganic 

systems. The excited state photoelectron transfer process depicts the conjugation in 

the hybrid and the nature of hybridization [17]. In case of photosensitive drugs 

loaded nano-dimensional system, the photoinduced electron transfer process from 

dye to the inorganic counterpart results in production of reactive oxygen species 

(ROS). Hence, the formulation of these kinds of hybrids is superior to conventional 

medicine with respect to control release of drug, disease site-specific delivery and 

therapeutic effect. In this respect, synthesis and mechanism of different hybrid 

material formation is within the purview of our studies. 

Microscopic characterization using electron microscopy such as scanning electron 

microscopy (SEM) [18], transmission electron microscopy (TEM) [19], scanning 

tunnelling microscopy (STM) [20] provide the information about the inorganic parts 

of the hybrid. High resolution transmission electron microscopy (HRTEM) could 

determine the lattice fringes and the crystal inter-planar distance. X-ray diffraction 

(XRD) is used for determining the crystal plane diffraction pattern of the inorganic 

parts. Atomic force microscopy (AFM) could provide the surface topology of the 

hybrid materials. However, Fourier-transform infrared spectroscopy (FTIR) and 

nuclear paramagnetic resonance spectroscopy (NMR) could determine the 

perturbation of the organic part during attachment with inorganic part. The change 

in signals of the drug molecules within the hybrids compared to the free drug 

molecules detects the nature of covalent conjugation. However, all those methods 

are only capable to study the nano-bio interface in an indirect manner, the nature of 
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organic bonds or the crystal structure of inorganic part. The study on interfacial 

dynamics in the hybrids could be sufficient to completely understand the interfacial 

properties. In order to study the interfacial dynamics, electronic spectroscopy 

including steady-state and excited state spectroscopy could be considered as one of 

the best available tools. Ultrashort pulsed lasers are the key for ultrafast laser 

spectroscopy to study the dynamics on extremely short fast scales (attoseconds to 

nanoseconds) [21]. There are several methods which have been used to examine 

dynamics of charge carriers, atoms and molecules. Time-correlated single photon 

counting (TCSPC) measures relaxation of molecules from an excited state to a lower 

energy state. Since various molecules in a sample will emit photons at different times 

depending their simultaneous excitation, the decay should have a certain rate rather 

than occurring at a specific time after excitation. By observing the time at which 

individual molecules take to emit their photons, and then combining all these data 

points, intensity vs. time graph can be generated that displays the exponential decay 

curve typical to these processes.  

The key focus of this thesis is the investigation of excited-state dynamical processes 

at the heterogeneous interface of the hybrid materials. This is very important for 

both fundamental and application basis study. In one of our studies, we have 

explored the improvement of photostability of a well-known NIR cyanine dye 

(IR820) upon formulation of nanohybrid with semiconductor (ZnO NPs) 

nanoparticles. The study reveals the excited state photoelectron transfer process 

from the LUMO (lowest unoccupied molecular orbital) IR820 to the CB (conduction 

band) ZnO in the IR820-ZnO nanohybrid that alters its increment of photostability 

and overall activity for‘ potential biological applications. In another study, we have 

functionalized ZnO NPs with another well-known cyanine dye indocyanine green 

(ICG) and formulated ICG-ZnO nanohybrid. The excited state photoelectron transfer 

process in the nanohybrid enhances the overall production of reactive oxygen 

species (ROS) because free electrons and holes generate a huge amount of ROS from 

neighbouring water and oxygen molecule. Also, the attachment on the ZnO surface 

protects ICG from higher order H aggregation. In a recent study, we have utilized 



 

8 
 

the effect of duel sensitization for antibacterial photodynamic therapy (aPDT). At 

first, we have synthesized Au dopped ZnO NPs (Au-ZnO) and then functionalized 

by a well-known vitamin (riboflavin). The combined effect of dipolar coupling and 

excited state photoelectron transfer causes a huge charge separation in the Rf-Au-

ZnO tri-hybrid which influences the efficient production of ROS under blue light 

excitation. We have demonstrated that the Rf-Au-ZnO nanohybrid exhibits 

enhanced aPDT activity compared to that of Rf-ZnO nanohybrid and other controls. 

We report the development of a sustained Zn micronutrient delivery system to 

engineer the surface of ZnO NPs in a facile route at room temperature. The 

overarching goal was to understand how the formation of the nanoheterojunctions 

and resultant change in the NP dissolution patterns could favour the Zn 

micronutrient management. In another study, we have synthesized MnS 

nanoparticles and functionalized by citrate. The surface modification by citrate 

makes it soluble in water. The citrate capped MnS NPs exhibit strong 

photoluminescence. UV-Vis absorption spectra explore the d-d and ligand to metal 

charge transfer (LMCT) band of MnS. It generates a huge amount of ROS in dark at 

acidic pH. The greater efficiency in ROS at pH 5 and pH 7 demonstrates bilirubin 

degradation and remarkable antimicrobial activity. The results obtained by all these 

studies of hybrid materials from synthesis to spectroscopic characterization to 

prevailing health benefits, could be incorporated in designing new-age hybrids for 

benefit of human health. We have successfully shown that the nanohybrid exhibits 

enhanced PDT activity compared to that of only drug. The hybrids are shown to be 

highly effective in destruction of drug resistance bacterial infection and their biofilm. 

1.6. Objective: 

The use of hybrid materials for their beneficial biological applications has attracted 

immense attention in recent time in order to address the healthcare challenges 

worldwide. Among them, metal-drug complexes, organic nanoparticles 

encapsulating drug molecules and semiconductor inorganic nanoparticles attached 

to drugs need to be evaluated in detail to understand the interfacial properties that 

are responsible for betterment in medicinal activity which could give rise to design 
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of heterostructures with efficient charge separation useful for various diseased 

conditions. The objective of this thesis is to fabricate various types of hybrid 

materials, unravel the ultrafast dynamical processes across the interface of 

heterostructures to enhance the medicinal efficiency. The special emphasis has been 

given to the correlation between the ultrafast processes at the interface and their 

implications in terms of improved biological applications. 

Depending upon the nature and strength of interaction, the functionalities of the 

hybrids get altered. Thus, there is necessity to study the interfacial processes using 

experimental tools and to fully understand the interfacial dynamics at the nano-

junction. The hybrid materials with improved properties often depict superior 

functionalities. The current generation of hybrids formed using commercially 

available drug molecules with some inorganic counterparts often enhance 

bioavailability and activity of the drug with an enhanced permeability and retention 

(EPR) effect at the target site [22]. Besides, the fabricated hybrid materials can 

incorporate ‗sense and act‘ like stimuli responsive drug action and thus lowers the 

side effects of treatment [23-25]. The precise knowledge of interfacial charge transfer 

properties is important to fully understand the mechanism of drug action and their 

alteration upon hybrid formation within the scope of our studies. Besides, light-

mediated treatment methodologies such as photodynamic therapy (PDT) involve 

photosensitizer molecules, which could be activated by specific photon energy 

followed by production of reactive oxygen species (ROS) for therapeutic use [26]. 

Therapeutic efficacy of photoactive drugs using near-infrared light can provide new 

avenues by using biological window of optical transparency [27]. This often suggests 

implication of a NIR-absorbing dye molecule or nanomaterials as a photosensitizer 

in PDT, which in turn improves the penetration potency of the light used. Recently, 

several NIR dyes have found application in PDT because of their better light 

absorptivity and ability in generating singlet oxygen [27-29]. Among them, ICG 

(Indocyanine green) and IR820 possess considerably low toxicity and very good 

biocompatibility compared to the other NIR dyes. One of the disabilities of these 

NIR dyes is poor photostability under NIR radiation [30, 31]. Basically, the 
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production of efficient singlet oxygen by cyanine dyes leads to oxidation of the dye 

(1O2, being low lying LUMO is a very strong oxidising agent) [32] that is responsible 

for its photo-degradation [33]. To control the problem of low photostability of these 

cyanine dyes, few methods have been reported [33, 34]. However, for all these 

methods complicated costly synthetic strategies are required. The present research 

includes studies on the photostability of a very well-known cyanine dye IR820. We 

have chosen semiconductor zinc oxide nanoparticles (ZnO NPs) and developed 

IR820 functionalized nanohybrid IR820-ZnO. We specifically select ZnO NPs due to 

their biocompatibility, low cost and ease of synthesis [35]. The excited state 

interaction between the ZnO and IR820 is thoroughly characterized using ultrafast 

spectroscopic tools. The photo-induced reactive oxygen species (ROS) such as super 

oxide, singlet were detected using appropriate molecular probes. The photostability 

of IR820 dye on ZnO surface is increased with a significant extent as compared to 

free IR820. A singlet oxygen quencher (NaN3) was used to analyze the singlet 

oxygen mediated photodegradation of IR820 dye and its improvement of 

photostability on the surface of ZnO.  Moreover, the hybrids show pH responsive 

drug delivery. The developed strategy could be applied for other NIR cyanine dyes 

that will improve their potential applications in light-harvesting fields. In this 

direction, we have fabricated a nanohybrid of ZnO nanoparticles (NP) and ICG 

which which provides lesser H-aggregation between ICG molecules on its surface 

and yield significantly greater amount of ROS relative to ICG upon photoexcitation, 

due to excited state electron transfer from ICG to ZnO. Classical MD simulation 

shows the dimeric structure of ICG breakes down on ZnO surface which 

corroborates results from the aggregation study in water. Density functional theory 

(DFT) along with time-dependent DFT studies elucidate that upon photoexcitation 

electron transfer takes place from the higher energy orbital of ICG to the conduction 

band of ZnO which is also explored from time resolved study. The greater efficiency 

in ROS generation by the ICG-ZnO nanohybrid than ICG or ZnO demonstrates 

remarkable antimicrobial activity against gram-negative bacteria E. coli. 

Utilization of duel sensitization can be very useful in order to get more efficiency in 

photodynamic therapy. This novel approach is based on the fluorescence resonance 
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energy transfer (FRET) between covalently linked donor molecules to the acceptor, 

attached to the surface of semiconductor which has been previously used to enhance 

the efficiency in dye sensitized solar cell [36]. However, the implementation of this 

kind of system in PDT is not highlighted in the contemporary literatures. In this 

regard, development of organic/inorganic nanohybrid system using plasmonic NPs 

could be a better solution for the enhanced efficacy in PDT. In this direction, we have 

selected riboflavin (Rf) as a model photosensitizer, attached with Au decorated ZnO. 

Picosecond-resolved fluorescence study explores the excited-state photoelectron 

transfer process from Rf to ZnO and FRET from Rf to Au in Rf-ZnO-Au nanohybrids 

which has been confirmed by fluorescence transient of Rf-Al2O3-Au nanohybrid. The 

presence of Au influences huge charge separation in the Rf-ZnO-Au nanohybrid 

upon blue light irradiation which leads to greater production of ROS upon blue light 

irradiation. It provides promising aspect for the improvement of Visible/NIR light 

driven photodynamic therapy which could be translated into another suitable 

photosensitizer. 

Nanoscale science and nanotechnology are expected to bring about revolutionary 

advances in agrochemical industry. Zinc (Zn) is a plant micronutrient required only 

in small quantities for optimum plant yield [37]. Zinc deficiency in crop (eg., wheat) 

plants poses a formidable challenge to global public health which has led to the 

development of biofortification [38] and ferti-forticitaion [39] methods of grain Zn 

enrichment. The solubility and dissolution (release) kinetics of ZnO NPs have been 

utilized as a source of Zn in Zn-deficient environments [40]. We have investigated 

Surface functionalized ZnO-based nanoformulations for the controlled release of Zn 

micronutrient in soil, which is a desirable feature for micronutrient delivery systems. 

In reflecting on the final outcome, this study reveals a promising strategy to reduce 

resource loss and environmental burden by judicious selection of nutrient forms, 

which signals the advent of need-based micronutrient delivery systems. 

In the past few years, transition metal sulphide (MxSy) nanoparticles have attracted 

increasing attention from biomedical researchers across the globe, because of their 

exciting properties which have been mainly explored for energy- and catalysis-



 

12 
 

related applications [41]. Whereas, it‘s biological applications are barely reported. 

Also, there are no reports of any synthesis and surface modification techniques for 

achieving MnS NPs having intrinsic photoluminescence. In this direction, we have 

synthesized MnS nanoparticles and functionalized by citrate. The surface 

modification by citrate makes it soluble in water. The citrate capped MnS NPs 

exhibits strong photoluminescence. UV-Vis absorption spectra explore the d-d and 

ligand to metal charge transfer (LMCT) band of MnS. It generates huge amount of 

ROS in dark at acidic pH. The greater efficiency in ROS at pH 5 and pH 6.5 

demonstrates bilirubin degradation and remarkable antimicrobial activity. The 

results obtained by all these studies of hybrid materials from synthesis to 

spectroscopic characterization to prevailing health benefits, could be incorporated in 

designing new-age hybrids for benefit of human health. 

1.7. Summary of the Work Done: 

1.7.1. Spectroscopic Studies on NIR Active Nanohybrids for Potential 

Enhaced Biological Activity: 

1.7.1.1 Improvement of Photostability and NIR Activity of Cyanine Dye Through 

Nanohybrid Formation: Key Information From Ultrafast Dynamical Studies [42]: 

NIR light harvesting has enormous importance for different potential applications in 

the modern era of research. Some NIR cyanine dyes such as IR820 have achieved 

great success in energy harvesting and cancer therapy. However, their action is 

limited for low photostability, considerable thermal degradation, short circulation 

times and nonspecific bio-distribution. Our present study is an attempt to overcome 

such limitations by attaching a model cyanine dye IR820 with ZnO nanoparticles. 

We have prepared IR820-ZnO nanohybrid and characterized it using microscopic 

and optical spectroscopic tools. Thermogravimetric analysis has shown greater 

thermal stability of IR820-ZnO nanohybrid compared to free dye. We have explored 

the enhancement in photostability of IR820 upon nanohybrid formation. We have 

detected generation of photo-induced reactive oxygen species (ROS) such as super 

oxide, singlet oxygen etc. using appropriate molecular probes. The formation of 
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IR820-ZnO nanohybrid reduces production of photo-induced singlet oxygen. 

However, it depicts an alternate trend in overall ROS formation (increases total ROS) 

under red light illumination. To correlate, enhanced photostability of IR820 on ZnO 

surface, we have explored excited state dynamical processes at the interface in 

nanohybrid. We have illustrated photoinduced excited state electron transfer process 

from LUMO of IR820 to conduction band of ZnO. This photo-electron transfer 

process enhances the production of ROS, decreases the formation of singlet oxygen 

that altogether leads to improvement in photostability and overall activity. A 

quencher of singlet oxygen sodium azide (NaN3) was used to further confirm direct 

association of singlet oxygen generation with photostability issue of IR820. Also, 

ZnO is able to deliver the dye selectively in acidic environment that suggest its 

diseased site specific targeted activity. Our results provide a promising 

improvement for potential use of IR820 through formation of nanohybrid that could 

be translated for other NIR cyanine dyes. 

1.7.2. Synthesis and combined Spectroscopic Computational Studies 

on a NIR-Active Nanohybrid for Potential Biological Application: 

1.7.2.1. Improving Therapeutic Potential of a NIR Photo-Sensitizer via Fabrication 

of Nanohybrids: An Optical Spectroscopic and Computational Study [43]: 

Implementation of near infrared radiation (NIR) active drug in photodynamic 

therapy (PDT) is considered a highly promising alternative to traditional cure. 

Because of strong NIR absorbance, indocyanine green (ICG) has become attractive in 

emerging photo-theranostics. ICG generates single oxygen and shows photothermal 

effect under NIR irradiation. However, ICG is unable to produce sufficient amount 

of other reactive oxygen species (ROS) such as superoxide, hydroxyl radical. But, its 

ability of singlet oxygen generation under NIR irradiation is arrested by its tendency 

to aggregate in aqueous medium. Because of this limitation it shows better 

effectiveness in photothermal therapy than photodynamic agent. Herein, we have 

addressed to overcome this limitation via the fabrication of zinc oxide (ZnO) based 

ICG-ZnO nanohybrid which provides lesser H-aggregation between ICG molecules 

on its surface and yield significantly large amount of ROS relative to ICG upon 
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photoexcitation due to excited state electron transfer from ICG to ZnO. Also, this 

surface functionalization prevents ICG from aggregation in water significantly. 

Classical MD simulation shows the dimeric structure of ICG breakes down on ZnO 

surface which corroborates results from the aggregation study in water. Density 

functional theory (DFT) along with time-dependent DFT studies elucidate that upon 

photoexcitation electron transfer takes place from the lowest unoccupied molecular 

orbital of ICG to the conduction band of ZnO. The greater efficiency in ROS 

generation by the ICG-ZnO nanohybrid than ICG or ZnO demonstrates remarkable 

antimicrobial activity against gram-negative bacteria E. coli. Overall, the present 

study highlights the scope of developing ICG-ZnO nanohybrid as a highly efficient 

NIR agent for use in antibacterial photodynamic therapy as well as PDT. 

1.7.3. Synthesis and Characterization of a Nanohybrid Through 

Surface Sensitization of an Oxide Material With Agriculturally-

Relevant Organic Ligand for Sustained Delivery of Micronutrient: 

1.7.3.1. Surface Engineered ZnO-Humic/Citrate Interfaces: Photoinduced Charge 

Carrier Dynamics and Potential Application for Smart and Sustained Delivery of 

Zn Micronutrient [44]: Nanoscale science and nanotechnology are expected to bring 

about revolutionary advances in the agrochemical industry. Smart delivery of 

micronutrients enabling sustained release is one such innovative approach to combat 

the poor nutrient uptake efficiency of conventional micronutrient sources. Herein, 

we report a bottom-up surface fabrication strategy to modify nanosized ZnO NPs 

surfaces at an atomic scale for sustained release of Zn micronutrients. A large sized 

environmentally relevant macromolecule humic acid (HA) and a comparatively 

smaller biologically pertinent citrate ligand were used to functionalize ZnO NPs (30 

nm), and the resultant nanohybrids were characterized using electron microscopy, 

diffraction, and spectroscopic techniques. Functionalization with citrate ligand turns 

the NP smaller than its original size. The resultant modification in the dissolution 

characteristics of ZnO NPs leads to sustained release of Zn over a broad pH range. 

Functionalization with HA causes minimum alteration of NP sizes. But dissolution 

patterns of NPs examined separately in the presence of HA depicts stabilization of 
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colloidal suspensions. Additionally, picosecond-resolved lifetime measurements 

reveal efficient photoinduced charge transfer at the nanoheterojunction interfaces. 

To evaluate the impact of newly developed Zn delivery system on Zn bioavailability, 

their impacts on the growth of wheat plants (Triticum aestivum) was tested. Results 

reveal considerable growth enhancements of plants treated with functionalized NPs. 

The micronutrient nanoformulation requires no auxiliaries and is applicable to plant 

systems in aqueous dispersions. Our study reinstates the importance of 

―convergence thinking‖ or coming together of technologies as a key to creating a 

fundamental framework toward environmental sustainability. 

1.7.4. Synthesis of Different Types of Metal Oxide Nanoparticles and 

to Study Their Activities for Potential Biological Applications: 

1.7.4.1. Dual-Sensitization via Electron and Energy Harvesting in a Nanohybrid 

for Improvement of Therapeutic Efficacy [45]: We demonstrate experimental 

evidence of the effect of surface plasmon resonance of noble metal nanoparticles 

(NPs) on the activity of a well-known bio medicinal drug in proximity of a 

semiconductor having wide band gap for enhanced PDT efficacy. We have chosen 

riboflavin (Rf) (or vitamin B2) as a model photosensitizer, attached with ZnO NPs 

and further attached with gold (Au) NPs decorated ZnO to increase the efficiency. 

The synthesized nanohybrids are characterized with the help of different 

microscopic, optical spectroscopic and density functional theory (DFT) based 

techniques. The DFT and time dependent DFT based calculations validate the 

experimental findings. A detailed ultrafast spectroscopic study has been further 

carried out to study the excited state charge dynamics in the interface of the 

nanohybrids. The occurrence of Fo  rster‘s Resonance Energy Transfer (FRET) 

between Rf and Au has been found to be the key reason for the increased efficiency 

in the Rf-ZnO-Au nanohybrid over the Rf-ZnO one. The dipolar coupling between 

Au and Rf in the Rf-ZnO-Au nanohybrid further facilities the generation of ROS in 

comparison to the Rf-ZnO under blue light irradiation. The greater efficiency in ROS 

generation by the Rf-ZnO-Au nanohybrid has been utilized for antimicrobial action 

against methicillin-resistant S. aureus (MRSA). Overall, the present study highlights 
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the duel sensitization for enhanced electron injection efficiency in Rf-ZnO-Au 

nanohybrid in order to use as antibacterial agent that could be translated in 

photodynamic therapy. 

1.7.5. Synthesis of Different Metal Sulphide Nanoparticles for Their 

Light Harvesting Activity Including Anticancer Effects: 

1.7.5.1. Implementation of Surface Functionalization of MnS Nanoparticle for 

Achieving of Novel Optical Properties and Improving Therapeutic Potential: In 

the past few years, metal sulfide nanoparticles (NPs) have been achieved enormous 

interest due to their photo and electrochemical properties, which can rival some 

metal oxide NPs. However, there are fewer reports on synthesis and surface 

functionalization to achieve intrinsic optical properties. Here, we demonstrate a 

novel synthesis and surface modification of manganese sulfide (MnS) NPs to achieve 

intrinsic photoluminescence and special electrochemical properties for potential 

therapeutic applications. The MnS NPs were characterized using microscopic and 

optical spectroscopic tools. Fourier-transform infrared spectroscopy (FTIR) 

demonstrates the binding of citrate on the surface of MnS NPs. The surface 

modification of insoluble as-prepared MnS NPs by citrate makes it soluble in water. 

The UV-Vis absorption spectra explore the d-d and ligand to metal charge transfer 

(LMCT) band of citrate-MnS. The citrate-MnS NPs exhibit strong 

photoluminescence. It generates a huge amount of ROS at neutral/acidic pH 

without any photo-activation. The higher efficiency in ROS generation at pH 5 and 

pH 7 demonstrates bilirubin degradation and remarkable antimicrobial activity 

against Staphylococcus hominies (S. homins). The results obtained by our present study 

from synthesis to spectroscopic characterization to prevailing health benefits which 

could be incorporated in designing new-age surface functionalized metal sulfide 

NPs for benefit of human health. 

1.8. Plan of Thesis: 

The plan of the thesis is as follows: 
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Chapter 1: This chapter gives a brief introduction to the scope and motivation 

behind the thesis work. A brief summary of the work done is also included in this 

chapter. 

Chapter 2: This chapter provides a brief overview of the steady-state and dynamical 

tools, the structural aspects of dyes and fluorescent probes used in the experiments. 

Chapter 3: Details of instrumentation, data analysis and experimental procedures 

have been discussed in this chapter. 

Chapter 4: In this chapter, the improvement of photostability and NIR activity of a 

well-known cyanine dye (IR820) has been explained. The photostability and overall 

activity of IR820 is increased upon nanohybrid formation with ZnO NPs. The 

ultrafast excited state photoinduced charge transfer process explains the better 

photostability of IR820 on ZnO surface.  

Chapter 5: In this chapter, we have explored to improve therapeutic potential of ICG 

as a NIR photosensitizer by functionalization with ZnO nanoparticles. The H-

aggregation of ICG is reduced on the ZnO surface whereas the nanohybrid produces 

a huge amount ROS under red light irradiation. The nanohybrid shows strong 

antibacterial activity against well-known gram negative bacteria E. coli. 

Chapter 6: This chapter provides a bottom-up surface functionalization strategy to 

modify nanosized zinc oxide (ZnO NPs) surface at an atomic scale for slow and 

sustained release of Zn micronutrient. The resultant modification in the dissolution 

characteristics of ZnO NPs leads to sustained release of Zn over a broad pH range. 

Chapter 7: This chapter gives the experimental evidence of the effect of surface 

plasmon resonance of noble metal nanoparticles (NPs) on the activity of a well-

known bio medicinal drug in proximity of a semiconductor having wide band gap 

for enhanced Photodynamic therapy (PDT) efficacy. The greater efficiency in ROS 

generation by the Rf-ZnO-Au nanohybrid has been utilized for antimicrobial action 

in dose-dependent manner against MRSA due to photoinduced ROS. 
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Chapter 8: This chapter demonstrate the implementation of MnS nanoparticles for 

potential use in biological application through the surface functionalization by 

citrate. The greater efficiency in ROS generation by the C-MnS in at pH 5 

demonstrates remarkable antimicrobial activity against gram positive bacteria 

Staphylococcus hominis. 
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Chapter 2 

An Overview of Experimental Techniques and 

Systems 

In order to investigate the dynamical processes involved in hybrid materials, 

different steady-state and dynamical tools have been employed. These include 

photoinduced electron transfer (PET), Förster resonance energy transfer (FRET) 

and distance distribution from FRET. In this chapter, we have included a brief 

discussion about the above-mentioned tools. Overviews of the various systems, 

probes and dyes used in the studies have also been provided. 

2.1. Steady-State and Dynamical Tools: 

2.1.1. Photoinduced Electron Transfer (PET): PET can be described as the 

movement of an electron caused by the absorption of light from an electron-rich 

species (D) to an electron deficient species (A), as shown in equation 2.1. 

     
  ADAD      (2.1) 

The first law of photochemistry tells us that a photoinduced process must be 

initiated by the absorption of light. In PET, the absorbing species can either be a 

donor, the acceptor, or a ground-state complex between the donor and acceptor, 

often referred to as a charge transfer complex. These possibilities are shown in 

equations 2.2−2.4. 

     ADADD h *     (2.2) 

     ADDAA h *     (2.3) 

     ADADAD h *)()(      (2.4) 

Transport of charges or excitons are commonly seen as fundamental processes in 

many optoelectronic devices as well as biological systems. The creation, diffusion, 
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and annihilation of excitons and the mobility of charges are some of the key 

processes in many light-responsive assemble structures of biological significance 

[1]. PET is an important process in many biochemical systems, such as those in 

respiration and photosynthesis [2, 3]. To gain a deep understanding for these 

systems, it is important to describe the rates of these processes with a few 

empirically derived parameters [4]. Therefore, it has become increasingly 

important to develop computational techniques that allow us to calculate the rate 

of charge or energy transport. In our systems the apparent rate constants, knr, were 

determined for the nonradiative processes by comparing the lifetimes of donor in 

the absence  and in the presence () of an acceptor, using equation 2.5. 

    0
11 τ/τ/nrk       (2.5) 

The direction of electron transfer in the excited state is determined by the 

oxidation and reduction potential of the ground and excited states. Upon 

excitation the electron donor transfers an electron to the acceptor with a rate knr, 

forming the charge transfer complex. This complex may emit as an exciplex  

or be quenched and return to the ground state. The important part of this process 

is the decrease in total energy of the charge transfer complex. The energy 

decreases because the ability to donate or accept electrons changes when a 

fluorophore is in the excited state. Excitation provides the energy to drive charge 

separation. D and A do not form a complex when both are in the ground state 

because this is energetically unfavorable. The energy released by electron transfer 

can also change if the ions become solvated and/or separated in a solvent with a 

high dielectric constant. This thesis demonstrates several PET processes, 

particularly in hybrid materials and discusses the consequences of various 

interfacial electron transfer processes in dye/semiconductor system including a 

series of charge transfer processes which occur cooperatively. 

2.1.2. Förster Resonance Energy Transfer (FRET): FRET is an electrodynamic 

phenomenon involving the nonradiative transfer of the excited state energy from 
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the donor dipole (D) to an acceptor dipole (A) in the ground state (Figure 2.1.a). 

Basically, FRET is of two types: (i) homo-molecular FRET and (ii) hetero-molecular 

FRET. In the former case the same fluorophore acts both as energy donor and 

acceptor, while in the latter case two different molecules act as donor and acceptor 

[5].Each donor-acceptor (D-A) pair participating in FRET is characterized by a 

distance known as Förster distance (R0) i.e., the D-A separation at which energy 

transfer is 50% efficient. The rate of resonance energy transfer (kT) from donor to 

an acceptor is given by [6], 

                                                                                                                                                                                                                                                                                                                                                                                

6

01
T

D

R
k
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 
  

 
                                                     (2.6) 

where D is the lifetime of the donor in the absence of acceptor and r is the donor 

to acceptor (D-A) distance. The rate of transfer of donor energy depends upon the 

extent of overlap of the emission spectrum of the donor with the absorption 

spectrum of the acceptor (J()), the quantum yield of the donor (QD), the relative 

orientation of the donor and acceptor transition dipoles (2) and the distance 

between the donor and acceptor molecules (r) (Figure 2.1.b). In order to estimate 

FRET efficiency of the donor and hence to determine distances between donor-

acceptor pairs, the methodology described below is followed [7]. R0 is given by, 

  
1 6

2 4

0 0.211  (in  Å)DR n Q J       (2.7) 

where n is the refractive index of the medium, QD is the quantum yield of the 

donor and J() is the overlap integral. 2 is defined as, 

    
2 22 cos 3cos cos sin sin cos 2cos cosT D A D A D A              (2.8) 

where T is the angle between the emission transition dipole of the donor and the 

absorption transition dipole of the acceptor, D and A are the angles between 

these dipoles and the vector joining the donor and acceptor and  is angle between 

the planes of the donor and acceptor (Figure 2.1.b).2 value can vary from 0 to 4. 

For collinear and parallel transition dipoles, 2 = 4; for parallel dipoles, 2 = 1; and 
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for perpendicularly oriented dipoles, 2 = 0. For donor and acceptors that 

randomize by rotational diffusion prior to energy transfer, the magnitude of 2 is 

assumed to be 2/3. 

 

Figure 2.1. (a) Schematic illustration of the FRET process (b) Dependence of the orientation factor 

2 on the directions of the emission and absorption dipoles of the donor and acceptor, respectively. 

However, in systems where there is a definite site of attachment of the donor and 

acceptor molecules, to get physically relevant results, the value of 2 has to be 

estimated from the angle between the donor emission and acceptor absorption 

dipoles. J(), the overlap integral, which expresses the degree of spectral overlap 

between the donor emission and the acceptor absorption, is given by [8], where 

FD() is the fluorescence intensity of the donor in the wavelength range of  to 
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+d and is dimensionless. A() is the extinction coefficient (in M-1cm-1) of the 

acceptor at . If  is in nm, then J() is in units of M-1 cm-1 nm4. 
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Once the value of R0 is known, the efficiency of energy transfer can be calculated. 

The efficiency of energy transfer (E) is the fraction of photons absorbed by the 

donor which are transferred to the acceptor and is defined as, 
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For D-A systems decaying with multiexponential lifetimes, E is calculated from 

the amplitude weighted lifetimes i i

i

    of the donor in absence (D) and 

presence (DA) of the acceptor as, 

 1 DA

D

E



    (2.12) 

The D-A distances can be measured using equations (2.11) and (2.12). 

2.1.3. Data Analysis of Time-Resolved Fluorescence Transients: Curve fitting of 

the time-resolved fluorescence transients was carried out using a nonlinear least 

square fitting procedure to a function (2.13) comprised of convolution of the IRF  

     )t')dt'E(t')R(t(X(t)

t

 
0

   (2.13) 

(E(t)) with a sum of exponentials (2.14) with pre-exponential factors (Bi),  

                                             )eBA(R(t)
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               (2.14) 
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characteristic lifetimes (τi) and a background (A). Relative concentration in a 

multiexponential decay is expressed as (2.15). 

     100
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c                 (2.15) 

The average lifetime (amplitude-weighted) of a multiexponential decay is 

expressed as, 
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iiav τcτ
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                (2.16) 

2.1.4. Distance Distribution between Donor and Acceptor: Distance distribution 

between donor and acceptor was estimated according to the procedure described 

in the literature [8]. The observed fluorescence transients of the donor molecules in 

absence of acceptor were fitted using a nonlinear least-squares fitting procedure 

(software SCIENTIST) to the following function, 

 
0

( ) ( ) ( )

t

DI t E t p t t dt      (2.17) 

which comprises the convolution of the instrument response function (IRF) ((E(t)) 

with exponential ( ( ) exp( / ))Di Di

i

p t t   . The convolution of the distance 

distribution function P(r) in the fluorescence transients of donor in presence of 

acceptor in the system under studies is estimated using the same software 

(SCIENTIST) in the following way. 

The intensity decay of D-A pair, spaced at a distance r, is given by  
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and the intensity decay of the sample considering distance distribution probablity 

function, P(r) is given by, 
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where P(r) consist of the folowing terms: 
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   

  (2.20) 

In this equation r  is the mean of the Gaussian with a standard deviation of σ. 

Usually, distance distributions are described by the full width at half maxima (hw). 

This half width is given by hw = 2.354σ. 

2.2. Molecular Probes: In this section, we will discuss about the different probe 

molecules that have been used in the course of study. 

2.2.1. Indocyanine Green (IR820): IR820 is an indocyanine dye, which has a broad 

absorption band at 820 nm in methanol. It is a near infrared dye (NIR) with a 

molar absorptivity of 72 x 104 dm3mol−1cm−1 in water. It is a cost-effective imaging 

agent with low cytotoxicity. It can be used for image guided photothermal therapy 

for the treatment of cancer. It is also used as a contrasting agent for the detection 

and quantification of infected tissues in animals. 

2.2.2. Indocyanine Green (ICG): ICG is a cyanine dye used in medical diagnostics. 

It is used for determining cardiac output, hepatic function, liver and gastric blood 

flow, and for ophthalmic angiography. It has a peak spectral absorption at about 

800 nm. These infrared frequencies penetrate retinal layers, allowing ICG 

angiography to image deeper patterns of circulation than fluorescein angiography. 

ICG binds tightly to plasma proteins and becomes confined to the vascular 

system. ICG has a half-life of 150 to 180 seconds and is removed from circulation 

exclusively by the liver to bile juice.  

2.2.3. Riboflavin (Rf): Riboflavin is a water-soluble member of the B-vitamin 

family. It is essential to the formation of two major coenzymes, flavin 

mononucleotide and flavin adenine dinucleotide. These coenzymes are involved 

in energy metabolism, cellular respiration, and antibody production, as well as 

normal growth and development. The coenzymes are also required for the 
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metabolism of niacin, vitamin B₆, and folate. Riboflavin is prescribed to treat 

corneal thinning, and taken orally, may reduce the incidence of migraine 

headaches in adults. It is found in food and sold as a dietary supplement.  

Sufficient dietary and supplemental Rf intake appears to have a protective effect 

on various medical conditions such as sepsis, ischemia etc., while it also 

contributes to the reduction in the risk of some forms of cancer in humans. These 

biological effects of RF have been widely studied for their anti-oxidant, anti-aging, 

anti-inflammatory, anti-nociceptive and anti-cancer properties. Moreover, the 

combination of Rf and other compounds or drugs can have a wide variety of 

effects and protective properties, and diminish the toxic effect of drugs in several 

treatments.  

2.2.4. Dichlorofluorescin (DCFH): Dichlorofluorescin (DCFH) is a probe that is 

trapped within cells and is easily oxidized to fluorescent dichlorofluorescein 

(DCF) [9]. Dichlorofluorescin (DCFH) is non-fluorescent which convert to 

fluorescent DCF upon oxidation through reacting with reactive oxygen species 

(ROS). This quantifies amount of ROS as well as cellular oxidative stress. 

 

Figure 2.2. Schematic representation of the molecular probes used. 
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2.2.5. Singlet Oxygen Sensor Sensor Green (SOSG): Singlet Oxygen Sensor 

Green is a detection reagent that is highly selective for singlet oxygen Unlike other 

available fluorescent and chemiluminescent singlet oxygen detection reagents 

Singlet Oxygen Sensor Green does not show any appreciable response to hydroxyl 

radical or superoxide This indicator initially exhibits weak blue fluorescence but in 

the presence of singlet oxygen it emits a green fluorescence excitation emission 

maxima. 
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Chapter 3 

           Instrumentation and Sample Preparation 

In this chapter, the details of instrumental setup and sample preparation 

techniques used in the thesis work have been described. 

3.1. Instrumental Setups: 

3.1.1. Steady-State UV-Vis Absorption and Emission Measurement: Steady-state 

UV-Vis absorption and emission spectra were measured with Shimadzu UV-2600 

spectrophotometer and Horiba Fluorolog, respectively. Schematic ray diagrams of 

these two instruments are shown in Figures 3.1 and 3.2. 

 

Figure 3.1. Schematic ray diagram of an absorption spectrophotometer. Tungsten halogen (W1) 
and deuterium lamps (D2) are used as light sources in the visible and UV regions, respectively. M, 
G, L, S, PMT designate mirror, grating, lens, shutter and photomultiplier tube, respectively. CPU, 
A/D converter and HV/amp indicate central processing unit, analog to digital converter and high-
voltage/amplifier circuit, respectively. 
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Figure 3.2. Schematic ray diagram of an emission spectrofluorometer. M, G, L, S, PMT and PD 
represent mirror, grating, lens, shutter, and photomultiplier tube and reference photodiode, 
respectively. 

3.1.2. Time-Correlated Single Photon Counting (TCSPC) Technique: All the 

picosecond-resolved fluorescence transients were recorded using TCSPC 

technique. The schematic block diagram of a TCSPC system is shown in Figure 3.3. 

TCSPC setup from Edinburgh instruments, U.K., was used during fluorescence 

decay acquisitions. The instrument response functions (IRFs) of the laser sources 

at different excitation wavelengths varied between 70 ps to 80 ps. The fluorescence 

from the sample was detected by a photomultiplier after dispersion through a 

grating monochromator [1].    
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Figure 3.3. Schematic ray diagram of a time correlated single photon counting (TCSPC) 
spectrophotometer. A signal from microchannel plate photomultiplier tube (MCP-PMT) is 
amplified (Amp) and connected to start channel of time to amplitude converter (TAC) via constant 
fraction discriminator (CFD) and delay. The stop channel of the TAC is connected to the laser 
driver via a delay line. L, M, G and HV represent lens, mirror, grating and high voltage source, 
respectively. 

3.1.3. Femtosecond Resolved Fluorescence Upconversion Technique: The 

femtosecond-resolved fluorescence spectroscopy was carried out using a 

femtosecond upconversion setup (FOG 100, CDP, Figure 3.4) in which the sample 

was excited at 400 nm, using the second harmonic of a mode-locked Ti-sapphire 

laser with 80 MHz repetition rate (Tsunami, Spectra Physics), pumped by 10 W 

Millennia (Spectra Physics). The fundamental beam was passed through a 

periscopic arrangement (P) (Figure 3.4) before getting frequency doubled in a 

nonlinear crystal, NC1 (1 mm BBO,  = 25°,  = 90°). This beam was then sent into 

a rotating circular cell of 1 mm thickness containing the sample via a dichroic 

mirror (DM), a polarizer and a mirror (M6). The resulting fluorescence emission 

was collected, refocused with a pair of lenses (L4 and L5) and mixed with the 

fundamental beam (770 nm) coming through a delay line to yield an upconverted 

photon signal in a nonlinear crystal, NC2 (0.5 mm BBO (-barium borate),  = 10°, 

 = 90°). The upconverted light was dispersed in a double monochromator and 
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detected using photon counting electronics. A cross-correlation function obtained 

using the Raman scattering from water displayed a full width at half maximum 

(FWHM) of 195 fs. The femtosecond fluorescence decays were fitted using a 

Gaussian shape for the exciting pulse. 

 

Figure 3.4. Schematic diagram of a femtosecond fluorescence upconversion experimental setup. A 
BBO crystal (NC1) is used for second harmonic generation, which provides a pump beam in the 
UV region. Another BBO crystal (NC2) generates the upconversion signal of pump and probe 
beams. L and M indicate lenses and mirrors, respectively. M1, M2, M3, M4, M5, and M7 are IR 
mirrors whereas M6 is a UV mirror. DM is dichroic mirror, and P is periscope. 

3.1.4. Transmission Electron Microscopy (TEM): A FEI TecnaiTF-20 field-

emission high-resolution TEM (Figure 3.5) equipped with energy dispersive X-ray 

(EDAX) spectrometer was used to characterize the microscopic structures of 

samples and to analyze their elemental composition. The sizes of the 

nanostructures were determined from the TEM images obtained at 200 kV 

acceleration voltage of the microscope. Samples for TEM were prepared by 

placing a drop of the colloidal solution on a carbon-coated copper grid and 
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allowing the film to evaporate overnight at room-temperature. 

 

 

Figure 3.5. Schematic diagram of a typical transmission electron microscope (TEM). After the 
transmission of electron beam through a specimen, the magnified image is formed either in the 
fluorescent screen or can be detected by a CCD camera. 

3.1.5. Scanning Electron Microscopy (SEM): Surface characterization of 

nanomaterials were done by scanning electron microscope FE (field emission)-

SEM; JEOL. Ltd., JSM-6500F. An electron-gun is attached to SEM and the electrons 

from filament triggered by 0 KV to 30 KV voltages. These electrons go first 

through a condenser lens and then through an objective lens, then through an 

aperture and finally reach to the specimen. The high energy electrons go a bit in 

the sample and back again give secondary electrons. The signal from secondary 

electrons are detected by detector and amplified. The ray diagram of the SEM 

setup is shown in Figure 3.6. 

3.1.6. Dynamic Light Scattering (DLS): Dynamic light scattering (DLS), also 

known as Photon Correlation Spectroscopy (PCS) or Quasi-Elastic Light Scattering 

(QELS), is one of the most popular techniques used to determine the 

hydrodynamic size of the particle. DLS measurements were performed on a Nano 

S Malvern instruments, U.K. employing a 4 mW He-Ne laser (λ= 632.8 nm) and 

equipped with a thermostatic sample chamber. The instrument allows DLS 
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measurements in which all the scattered photons are collected at 173˚ scattering 

angle (Figure 3.7). The instrument measures the time-dependent fluctuation in 

intensity of light scattered from the particles in solution at a fixed scattering angle. 

The ray diagram of the DLS setup is shown in Figure 3.7. 

 

 

 

 

 

 

 

            Figure 3.6. Schematic diagram of typical scanning electron microscope (SEM). 

It has been seen that particles in dispersion are in a constant, random Brownian 

motion and this causes the intensity of scattered light to fluctuate as a function of 

time. The correlator used in a DLS instrument constructs the intensity 

autocorrelation function G(τ) of the scattered intensity, 

         τtItIτG             

(3.1)where τ is the time difference (the sample time) of the correlator. For a large 

number of monodisperse particles in Brownian motion, the correlation function 
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(given the symbol G) is an exponential decay function of the correlator time delay 

τ,  

                                              Γτ2-Bexp1AτG                       (3.2) 

 

Figure 3.7. Schematic ray diagram of dynamic light scattering (DLS) instrument. The avalanche 
photo diode (APD) is connected to preamplifier/amplifier assembly and finally to correlator. It has 
to be noted that lens and translational assembly, laser power monitor, size attenuator, laser are 
controlled by the computer.    

where A is the baseline of the correlation function, B is the intercept of the 

correlation function. Γ is the first cumulant and is related to the translational 

diffusion coefficient as, Γ= Dq2, where q is the scattering vector and its magnitude 

is defined as, 
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where n is the refractive index of dispersant, λ0 is the wavelength of the laser and 

θ, the scattering angle. For polydisperse samples, the equation can be written as, 

         




 

2
1 τgB1AτG           (3.4) 

where the correlation function g(1)(τ) is no longer a single exponential decay and 

can be written as the Laplace transform of a continuous distribution G(Γ) of decay 

times, 

       dΓτexpGτg
0

1  


          (3.5) 

The scattering intensity data in DLS are processed using the instrumental software 

to obtain the hydrodynamic diameter (dH) and the size distribution of the scatterer 

in each sample. In a typical size distribution graph from the DLS measurement, X-

axis shows a distribution of size classes in nm, while the Y-axis shows the relative 

intensity of the scattered light. The diffusion coefficient (D) can be calculated using 

the hydrodynamic diameter (dH) of the particle by using the Stoke-Einstein 

relation, 

     
H

B

d3

Tk
D


            (3.6) 

where kB, T, dH, η are Boltzmann constant, temperature in Kelvin, hydrodynamic 

diameter and viscosity, respectively. 

3.1.7. X-Ray Diffraction (XRD) Measurement: XRD is a popular and a powerful 

technique for determining crystal structure of crystalline materials. By examining 

the diffraction pattern, one can identify the crystalline phase of the material. Small 

angle scattering is useful for evaluating the average interparticle distance while 

wide-angle diffraction is useful for refining the atomic structure of nanoclusters. 
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The widths of the diffraction lines are closely related to strain and defect size and 

distribution in nanocrystals. As the size of the nanocrystals decreases, the line 

width is broadened due to loss of long-range order relative to the bulk. This XRD 

line width can be used to estimate the size of the particle by using the Debye-

Scherrer formula, 

  




cos

9.0
D            (3.7) 

where, D is the nanocrystal diameter, λ is the wavelength of light,   is the full-

width half-maximum (FWHM) of the peak in radians, and θ is the Bragg angle. 

XRD measurements were performed on a PANalytical XPERT-PRO diffractometer 

(Figure 3.8) equipped with CuKα radiation (λ = 1.5418 Å at 40 mA, 40 kV). XRD 

patterns were obtained by employing a scanning rate of 0.02° s−1 in the 2θ range 

from 15° to 75°. 

 

Figure 3.8. Schematic diagram of X-ray Diffraction (XRD) instrument. By varying the angle θ, 
the Bragg's Law conditions, nλ=2dsinθ are satisfied by different d-spacings in polycrystalline 
materials. Plotting the angular positions and intensities of the resultant diffracted peaks of 
radiation produces a pattern, which is characteristic of the sample. 

3.1.8. Thermogravimetric-Differential Thermal Analyzer (TG-DTA) Setup: The 

thermogravimetric (TG) analysis was carried out using Diamond 

thermogravimetric (TG)-differential thermal analyzer (DTA) from Perkin Elmer. 
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The TG determines the weight change of a sample whereas the DTA measures the 

change in temperature between a sample and the reference as a function of 

temperature and/or time. The schematic of the TG-DTA setup is shown in Figure 

3.9. When a weight change occurs on the sample side, the beam holding the 

platinum pans is displaced. This movement is detected optically and the driving 

coil current is changed to return the displacement to zero. The detected driving 

coil current change is proportional to the sample weight change and the output is 

the TG signal. The DTA detects the temperature difference between the sample 

holder and the reference holder using the electromotive force of thermocouples, 

which are attached to the holders. This difference is measured as the DTA signal. 

 

         Figure 3.9. The schematic representation of TG-DTA setup. 

3.1.9. Fourier Transform Infrared (FTIR) Measurement: FTIR spectroscopy is a 

technique that can provide very useful information about functional groups in a 

sample. An infrared spectrum represents the fingerprint of a sample with 

absorption peaks which correspond to the frequencies of vibrations between the 

bonds of the atoms making up the material. Because each different material is a 

unique combination of atoms, no two compounds produce the exact same infrared 
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spectrum. Therefore, infrared spectroscopy can result in a positive identification 

(qualitative analysis) of every different kind of material. In addition, the size of the 

peaks in the spectrum is a direct indication of the amount of material present. The 

two-beam Michelson interferometer is the heart of FTIR spectrometer. It consists 

of a fixed mirror (M4), a moving mirror (M5) and a beam-splitter (BS1), as 

illustrated in Figure 3.10. The beam-splitter is a laminate material that reflects and 

transmits light equally. The collimated IR beam from the source is partially 

transmitted to the moving mirror and partially reflected to the fixed mirror by the 

beam-splitter. The two IR beams are then reflected back to the beam-splitter by the 

mirrors. The detector then sees the transmitted beam from the fixed mirror and 

reflected beam from the moving mirror, simultaneously. The two combined beams 

interfere constructively or destructively depending on the wavelength of the light 

(or frequency in wavenumbers) and the optical path difference introduced by the 

moving mirror. The resulting signal is called an interferogram which has the 

unique property that every data point (a function of the moving mirror position) 

which makes up the signal has information about every infrared frequency which 

comes from the source. Because the analyst requires a frequency spectrum (a plot 

of the intensity at each individual frequency) in order to make identification, the 

measured interferogram signal cannot be interpreted directly. A means of 

“decoding” the individual frequencies is required. This can be accomplished via a 

well-known mathematical technique called the Fourier transformation. This 

transformation is performed by the computer which then presents the user with 

the desired spectral information for analysis. FTIR measurements were performed 

on a JASCO FTIR-6300 spectrometer (transmission mode). For the FTIR 

measurements, powdered samples were mixed with KBr powder and pelletized. 

The background correction was made using a reference blank of KBr pellet. 

3.1.10. Fluorescence Microscope: Commercially available fluorescence microscope 

(Leica digital inverted microscopes DMI8.) was used in our study. The light source 
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is usually a mercury-vapor lamp. For bright field, Tungsten-halogen lamp was 

used. In particular, an inverted setup with a mercury-vapor lamp as light source is 

shown in Figure 3.11. 

 

Figure 3.10. Schematic of Fourier Transform Infrared (FTIR) spectrometer. It is basically a 

Michelson interferometer in which one of the two fully-reflecting mirrors is movable, allowing a 

variable delay (in the travel-time of the light) to be included in one of the beams. M, FM and BS1 

represent the mirror, focussing mirror and beam splitter, respectively. M5 is a moving mirror. 

 

Figure 3.11. Schematic presentation of the fluorescence microscope. 
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The dichroic mirror, excitation and emission filter are joined together within the 

filter cube (Figure 3.11). Due to the Stokes shift, it is possible to separate excitation 

and emission light in the same light path optically via a dichroic mirror. This way, 

only the emission light is collected by the objective. An emission filter helps to 

suppress unwanted background light. 

3.1.11. Light Source Used for Irradiation: For red light activated experiments, a 

red light-emitting diode (LED) source (λmax = 640 nm, 409 nm and power = 3 

mW/cm2) was used. A UV light source (LED) of 390 nm – 400 nm was used to 

irradiate samples under UV-blue light source. 

3.2. Sample Preparation: In this section the different sample preparation 

methods have been discussed. 

3.2.1. Chemicals Used: The chemicals and spectroscopic probes were procured 

from the following sources. Analytical-grade chemicals were used for synthesis 

without further purification. Deionized (DI) water, obtained from Millipore, was 

used to prepare all aqueous solutions. The probes dichloro-fuorescin diacetate 

(Calbiochem), singlet oxygen sensor green (Sigma Aldrich) and the dyes IR820 

(Sigma Aldrich), ICG (Sigma Aldrich), Riboflavin (Sigma Aldrich), were used 

without any further purification. ZnO NPs (~ 30 nm) was purchased from Sigma 

Aldrich. Manganese acetate (C4H6MnO4), hydrazine (H4N2), ammonium chloride 

(NH4Cl), thioacetamide (C2H5NS) and ethylenediaminetetraaceticacid (EDTA) 

were purchased from Sigma Aldrich. Chloroauric acid [HAuCl4. H2O]were 

purchased from Sigma. Dimethyl sulfoxide (DMSO) was purchased from Merck. 

Sodium azide (NaN3) and t-butyl alcohol (TBA) were obtained from Sigma-

Aldrich.    

3.2.2.Synthesis of IR820-ZnO Nanohybrid: The surface of ZnO NPs were 

functionalised by IR820 dye by adding 12 mg of ZnO NPs into 10 ml of IR820 

solution (1 µM solution in DMSO) with continuous stirring at room temperature, 
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for 12 h. After 12 h, the solution was centrifuged for 25 min and the clear 

supernatants containing the free dyes were discarded. Then, the nanohybrids were 

washed with DMSO for three times to remove free dyes. After washing, the 

nanohybrid was dried in the oven for 5 hr under 150 ºC. 

3.2.3. Synthesis of ICG-ZnO Nanohybrid: ICG-ZnO nanohybrid was synthesized 

by adding 12 mg of ZnO NPs into 10 ml of ICG solution (1 µM solution in DMSO) 

followed by continuous stirring at room temperature, for 12 h. After 12 h, the 

solution was centrifuged for 25 min and washed with DMSO three times to 

remove any free dyes. The nanohybrid was then dried in the oven for 4 hr at 150 

ºC. 

3.2.4. Synthesis of Rf-ZnO Nanohybrids: Rf-ZnO nanohybrid was synthesized by 

addition of ZnO NPs (10 mg) into 10 ml of Rf solution (0.5 mM solution in ethanol) 

under magnetic stirrer at room temperature, for 12 h. After that, the solution was 

centrifuged for 30 min and washed with ethanol four times to wash out free dyes. 

The nanohybrid was then dried in the oven for 4 hr at 70 ºC. 

3.2.5. Synthesis of Au-ZnO Nanohybrid: 12 mg of ZnO NPs was slowly added to 

the 5 ml of 1 mM aqueous solution of chloroauric acid [HAuCl4. H2O] under 

continuous stirring for 15 minutes at room temperature. Then aqueous solution of 

5 mM of sodium borohydride (NaBH4) was added drop-wise to the solution for 

the reduction of the gold chloride to Au NPs. Immediately the solution turns red 

from pale yellow colour indicating the decoration of the Au NPs on the surface of 

ZnO NPs. 

3.2.6. Synthesis of Rf-ZnO-Au Nanohybrid: The Rf-ZnO-Au nanohybrid was 

synthesized upon addition of 10 mg of Au-ZnO nanohybrid into 10 ml of Rf 

solution (0.5 mM solution in ethanol) at room temperature under continuous 

stirring for 14 h. The solution was then centrifuged for 20 min and washed with 
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ethanol four times to remove any free Rf. The synthesized Rf-ZnO-Au nanohybrid 

was then dried in the oven for 4 hr at 70 ºC. 

3.2.7. Synthesis Rf-Al2O3-Au Nanohybrid: Rf-Al2O3-Au nanohybrid was 

synthesized by adding 10 mg of synthesized Al2O3-Rf nanohybrid (simler with Rf-

ZnO) to the Rf solution in ethanol (0.5 mM) followed by continuous stirring at 

room temperature for 14 h. The solution was then centrifuged for 30 min and the 

prepared Rf-Al2O3-Au nanohybrid was dried in the oven for 4 hr at 70 ºC. 

3.2.8. Synthesis of Bulk MnS NPs: For the synthesis of MnS NPs, manganese 

acetate (C4H6MnO4) is the source for manganese (Mn2+) ions, thioacetamide 

(C2H5NS) was used as a source for sulfide (S-2) ions, 

ethylenediaminetetraaceticacid (EDTA) was used as a capping agent, ammonium 

chloride (NH4Cl) was utilized to maintain the pH of the solution and hydrazine 

(H4N2) was used as a reducing agent. At first, 5 ml of 2 M 

ethylenediaminetetraaceticacid (EDTA) solution was added to 10 ml of 1 M 

manganese acetate (C4H6MnO4) solution in a 100 ml glass beaker and then the 

mixture was stirred for 5 minutes. After that, 10 ml of 1.4 M NH4Cl was added and 

stirred the mixture for 10 minutes. Then, 0.2 ml of hydrazine (H4N2) was added 

into the solution in the beaker and stirring was continued for 10 minutes. Finally 

10 ml of 1 M thioacetamide (C2H5NS) solution was added to the solution and 

stirred for 15 minutes. Immediately, the solution turns pink because of 

formulation of pink particles. The pink particles were separated through filtration. 

The filtered particles were washed in multiple times with absolute methanol and 

double distilled water. The particles were then dried in oven at 70 ºC for 3 hrs. 

3.2.9. Functionalization of As-Prepared MnS NPs by Citrate Ligand: At first, we 

have prepared 10 ml of 0.5 M sodium citrate solutions in Millipore water. After 

that, we have added 152 mg of as-prepared MnS NPs under magnetic stirring for 

12 hours. Finally, a syringe filter of 0.22 µm diameter was used to filtered out the 
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non-functionalized NPs and the resulting filtered solutions is pure citrate capped 

MnS NPs. 

3.2.9. Functionalization of ZnO NPs by Citrate and Humic acid (HA): 100 mg 

ZnO and 1.5 g sodium citrate were mixed with 10 ml DI water and the mixture 

was vortexed overnight. The resultant opaque solution was centrifuged and 

washed several times using DI water. The excess citrate was removed by dialysis 

method using the buffered media as the bulk solution for diffusion of citrate. Two 

different buffer solutions were used, namely, acetate (pH 5), phosphate (pH 7.4) 

and alkaline glycine buffer (pH 12). Specifically, 10 mg HA was added in 10 ml 

water and stirred for 24 hours in dark condition. The solution was centrifuged to 

separate the particulate matter and pH was adjusted to 6.5 using diluted HCl. 

Surface functionalization with HA was achieved by mixing 50 mg ZnO with 10 ml 

0.1 gL-1 HA solutions and shaking for 48 hours in dark condition. The 

nanoparticles were centrifuged (3500 rpm), washed 5 times using Milli-Q water, 

re-suspended in 10 ml water and stored in refrigerator until further use. 

3.2.10. Preparation of Dichlorofluorescein and ROS Measurements: DCFH was 

prepared from DCFH-DA (dichlorofluorescin diacetate obtained from 

Calbiochem) by mixing 0.5 mL of 1.0 mM DCFH-DA in methanol with 2.0 mL of 

0.01 N NaOH. This deesterification of DCFH-DA proceeded at room temperature 

for 30 min and the mixture was then neutralized with 10 mL of 25 mM NaH2PO4, 

pH 7.4. This solution was kept on ice in the dark until use. All the measurements 

were performed in a total volume of 2.0 mL water that contained 10 μL of DCFH 

solution, dye, ZnO dye-ZnO and dye-ZnO-Au (individual concentrations of dye 

and ZnO in the nanohybrid are same). 

3.2.11. Bacterial Strain and Culture Conditions: The strain of E. coli was used for 

the bacteriological assays for the treatment of ICG-ZnO nanohybrid. The cells 

were incubated with 0.3 mg/ml nanohybrids (concentration of ICG is used on the 



 

50 

 

basis of ICG loading on ZnO surface) for 3 hrs and the red-light illumination (λmax 

= 640 nm) time was 30 min. Luria−Bertani (LB) agar-based colony formation assay 

was used to measure photodynamic action. The strain of methicillin-resistant S. 

aureus (MRSA) was used for the another bacteriological assay. The MRSA cells 

were incubated with 0.20 mg/ml Rf-ZnO-Au nanohybrid, Rf-ZnO nanohybrid 

and others control (the concentration of Rf was used on the basis of Rf loading on 

ZnO surface and the concentration of ZnO and Au-ZnO were equivalent with the 

concentration presence in the Rf-ZnO-Au nanohybrid) for 3 hrs. The experiments 

were performed in absence as well as presence of blue-light (λmax = 409 nm) for 30 

min. The colony forming unit (CFU) of S. aureus were counted to quantify the 

antibacterial activity. The antimicrobial activity of citrate-MnS was checked 

against S. hominis bacteria. S. hominis were cultured in Luria−Bertani (LB) medium 

under an incubator shaker of temperature at 37 °C for 24 h. The experiments were 

performed by the colony forming unit (CFU) assays method. The cells were 

incubated with 10 µL as-prepared citrate-MnS NPs at pH 5 and pH 8 separately 

for 3 hrs without any photo-activation. Then cultures were uniformly spread on 

LB agar plates and the plates were incubated at 37 °C for 24 h to get the CFU. 

3.2.12. Hemolysis Assay: The hemolysis assay was performed on human RBCs. 

Ethylenediaminetetraacetate stabilized human whole blood was centrifuged five 

times and redispersed in 10 mL of phosphate-buffered saline (PBS) buffer. Then, 

0.1 mL of RBC solution was mixed with variable concentrations of nanohybrids 

[16]. The samples were incubated at 37 °C and 100 rpm for 30 min, and then the 

mixture was centrifuged at 5000 rpm for 5 min. The absorption of the supernatant 

solution was measured at 570 nm. RBCs incubated with PBS and 1% Triton X-100 

were used as negative and positive controls, respectively. All sets were prepared 

in triplicate. The hemolysis percentage was calculated following the reported 

equation. 
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                                     Chapter 4 

Spectroscopic Studies on NIR Active Nanohybrids for 

Potential Enhaced Biological Activity 

4.1. Introduction: Light harvesting materials that capture solar photons and 

convert them for light mediated applications are considered to be one of the ground 

breaking research topics of the present day. Light harvesting assemblies provide 

wide range of applications as in dye sensitized solar cells, photodynamic therapy 

(PDT), photocatalysis, bio-imaging, hydrogen evolution, toxic elements sensing etc. 

[1]. Moreover, near infrared (NIR) light harvesting from solar spectrum is 

particularly significant for photocatalysis, bio-imaging and photodynamic therapy 

[2, 3]. NIR (range from 650 to 1350 nm) radiation is more promising for 

photodynamic therapy because of its large penetration depth in tissue [4]. Light 

harvesting systems can be classified into organic dyes, metal-ligand complexes, 

inorganic semiconductors, quantum dots, organic-inorganic nanohybrids, bio-

molecular assemblies etc. [5, 6]. TiO2 and ZnO are the most promising 

semiconductors which have been used in different way of light harvesting for many 

years [7, 8]. Among the long list of light harvesting materials, dyes are the most 

widely used system to date. Basically, dyes are less toxic than inorganic materials 

and they are capable of efficient light harvesting as they have very high molar 

extinction co-efficient.  Many NIR dyes have been used as therapeutics because of 

their photodynamic action, photo thermal effect and suitable efficiency of singlet 

oxygen generation that can kill infected cells [9, 10]. Recently, in case of dye 

sensitized solar cells (DSSC) also, there is a growing interest in NIR sensitization [11, 

12]. Also, some dyes have been used in photocatalytic hydrogen evolution and 

organic pollutant degradation [13]. 

In the last few years, cyanine dyes have been one of the most important NIR dye for 

DSSC and PDT applications [14, 15]. Some reports on their photocatalytic activity are 

also present [16]. They show different photo-physical properties depending on their 
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various structures [17]. One of the disabilities of these NIR dyes is poor 

photostability under NIR radiation [18, 19]. The photostability of cyanine dyes is not 

suitable for their potential use. The photobleaching pathway of cyanine dyes is 

initiated by their first triplet excited (T1) state. Upon photon absorption, electrons 

transit from ground state (S0) to first singlet excited (S1) state. Besides fluorescence 

mediated relaxation, electrons can shift to T1 state through intersystem crossing 

(ISC). This long lived T1 state is quenched by molecular oxygen to generate singlet 

oxygen [20]. Basically, production of efficient singlet oxygen [21, 22] by cyanine dyes 

leads to oxidation of  the dye (1O2, being low lying LUMO is a very strong oxidising 

agent [23-25]) that is responsible for its photo-degradation [20, 26]. Moreover, 

cyanine dyes contains exo-cyclic C-C double bonds. The singlet oxygen causes 1, 4-

addition reaction to cis-diene or 1, 2-addition reaction to alkene to form a dioxene 

structure or 1, 2-dioxitane structure respectively [27]. Therefore, improvement of 

photostability is required for potential application of cyanine dyes. Besides low 

photostability, thermal degradation of cyanine dyes has been considered an issue for 

its real applications [28]. 

To solve the problem of low photostability of these cyanine dyes, few methods have 

been reported including encapsulation in the negatively charged copolymer [19], 

non-covalent encapsulation inside silica nanoparticles [29] or doping with silica 

nanoparticles [30] and cucurbituril encapsulation [31]. Another efficient strategy to 

improve the photostability of cyanine dye is the introduction of some electron 

deficient substituent, which can reduce the reactivity of dye towards singlet oxygen 

[20, 26, 32]. The most general way for the enhancement of photostability is 

conjugation with triplet state quencher such as cyclooctatetraene (COT) [33]. 

However, to employ all these methods complicated expensive synthetic strategies 

are required. 

In our present study, we report a new approach that focuses on the photostability of 

a very well-known cyanine dye IR820. IR820 has been widely used in photodynamic 

therapy because of its ability of singlet oxygen generation [21] under NIR radiation. 

It has been used in near infrared room temperature photovoltaic photon detectors 



 

55 

 

[34] and to enhance up-conversion luminescence [35, 36]. Also, like other cyanine 

dyes, it has an issue of photobleaching [37]. We have chosen semiconductor zinc 

oxide nanoparticles (ZnO NPs, band gap ~3.3 eV) and developed IR820 

functionalised nanohybrid IR820-ZnO. We specifically select ZnO NPs due to their 

biocompatibility, low cost and ease of synthesis [38]. IR820 dye has been attached on 

ZnO surface, which has been confirmed by optical spectroscopy tools. We have 

explored a significant enhancement of photostability of IR820 dye on ZnO surface as 

compared to free IR820. We have monitored the generation of ROS (reactive oxygen 

species) under red light using DCFH (dichlorofluorescin) indicator. The rate of ROS 

generation is enhanced for IR820-ZnO as compared to that of IR820. To study the 

nature of ROS, we have performed SOSGR (singlet oxygen sensor green reagent) 

assay for singlet oxygen detection and luminol chemiluminescence for superoxide 

detection. We have also explored the photoinduced excited-state electron transfer 

process from dye to ZnO in the nanohybrid under red light excitation, which can 

result from the molecular-level interaction between two moieties. A singlet oxygen 

quencher (NaN3) was used to analyze the singlet oxygen mediated 

photodegradation of IR820 dye and its improvement of photostability on the surface 

of ZnO. In order to check the thermal stability of IR820-ZnO nanohybrid, we have 

done thermogravimetric analysis (TGA) of IR820-ZnO, IR820 and ZnO. 

Furthermore, we have checked pH responsive dissolution and precipitation of 

nanohybrid to verify the capability of potential biological application. Overall, our 

present study is an attempt for the improvement of photostability and activity of 

NIR cyanine dye. 

4.2. Results and Discussion: 

4.2.1. Improvement of Photostability and NIR Activity of Cyanine Dye Through 

Nanohybrid Formation: Key Information From Ultrafast Dynamical Studies [39]: 

High-resolution transmission electron microscopic image of ZnO nanoparticles is 

depicted in Figure 4.1.a. An interplanar distance of 0.28 nm has been observed from 

the lattice fringes of ZnO nanoparticles, which corresponds to the (100) crystal 

planes [40]. The average diameter of ZnO nanoparticles is ~20 nm. Figure 4.1.b 
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represents the chemical structure of IR820 dye. Figure 4.1.c schematically represents 

the formation of the IR820-ZnO nanohybrid. The conjugation between IR820 dye and 

defect sites of ZnO crystal leads to formation of nanohybrid. To check the crystal 

structural stability of the nanohybrid, we have performed the XRD analysis. Figure 

4.1.d delineates the characteristic X-ray diffraction of ZnO nanoparticles (pink) and 

IR820-ZnO nanohybrid (blue). The diffraction pattern of ZnO depicts wurtzite [41] 

crystal structure that remains unaltered after conjugation with IR820 dye. Thus, we 

infer that the crystal structure of ZnO remains intact upon functionalization with 

IR820. Figure 4.2.a represents the absorption spectra of IR820 dye and IR820-ZnO 

nanohybrids in methanol.   

 

Figure 4.1. (a) HRTEM image of ZnO nanoparticles. (b) Structure of IR820. (c) Scheme of formation 
of IR820-ZnO nanohybrid. (d) Powder XRD pattern of ZnO and IR820-ZnO nanohybrid. 

The characteristic peak of IR820 is observed at 820 nm with a shoulder at 752 nm. 

The main peak at 820 nm corresponds to the 0→0 transition with a shoulder at 752 

nm due to the 0→1 vibronic sub-band [42, 43]. In case of IR820-ZnO nanohybrids, 
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the characteristic peaks of both IR820 and ZnO are observed. However, no 

significant shift of absorption maxima of IR820 is observed in the nanohybrid. To 

check the solvent dependent absorption characteristics of IR820 dye, we have 

checked absorbance of IR820 in water in a concentration dependent manner.  

 Figure 4.2. (a) UV-VIS absorption spectra of IR820 and IR820-ZnO nanohybrid in methanol. (b) 
The absorption spectra of IR820 in H2O at different concentration. (c) The absorption spectra of 
IR820-ZnO in H2O at different concentration. (d) Room temperature emission spectra of IR820 and 
IR820-ZnO in methanol. Inset shows photographs of ZnO and IR820-ZnO. 

As shown in Figure 4.2.b, an extra peak at 686 nm is observed in the presence of 

water and it enhances upon increase in concentration of IR820 in H2O. This peak 

inversion indicates H-aggregation and the peak at 686 nm represents the higher 

order H-aggregation form of IR820 [44]. The H-aggregation of IR820 in water is 

restricted on ZnO surface when concentration is increased. The extra peak at 686 nm 

(which designates the H-aggregation of the dye) of IR820 in water is not clearly 

observed in the nanohybrid at the same concentration of IR820 (Figure 4.2.c). The 
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attachment of dye on ZnO surface enhances the rigidity of IR820 dye, which might 

be responsible to protect the dye structure from H-aggregation [45]. There is a 

visible colour change after functionalization of ZnO, as shown in the inset of 

Figure 4.2.d that depicts the colour of ZnO nanoparticles changes from white to 

grey upon dye attachment. In steady state emission spectra (Figure 4.2.d), the peak 

near 834 nm is clearly observed for both dye and nanohybrid (ex = 800 nm) in 

methanol. The significant quenching in emission intensity for IR820-ZnO 

nanohybrid indicates the presence of excited state non-radiative process. 

After optical characterization, we have studied the thermal stability of the 

nanohybrid by TGA. Figure 4.3.a depicts the TG curves of IR820, ZnO and IR820-

ZnO. The weight loss of IR820 dye within 30-700 ºC is approximately 58% and the 

pure ZnO NPs shows negligible degradation within this temperature range. IR820-

ZnO nanohybrid shows negligible weight loss within the range of 30-700 ºC of 

approximately 5%. As, the IR820 dye has melting point greater than 300 ºC, the 

maximum weight loss of IR820 is observed within the range of 300-500 ºC. Hence, 

the mass loss of the nanohybrid as compared to that of ZnO within 375-500 ºC 

implies the presence of IR820 dye. This analysis shows that IR820 retains thermal 

stability at temperature range 30-700 ºC after the formation of the nanohybrid. 

Further, we have checked the photo-stability of the dye upon hybrid formation. 

Figure 4.3.b represents the time dependent photodegradation of IR820 and IR820-

ZnO nanohybrid. The experiment was performed in DMSO under red light and the 

change in absorption peak of IR820 at 834 nm is monitored with variable time 

window. The rate of degradation of IR820 is higher as compared to that of IR820-

ZnO nanohybrid under red light irradiation. We have estimated the degradation 

percentage to be 26.5% in the case of IR820 and 15.8% for nanohybrid after 20 

minutes of experimental time window. 

After evaluating the improvement in the thermal stability and photo stability of 

IR820 dye upon hybrid formation using ZnO NPs, we illustrate in vitro photo-

induced ROS generation using well-known marker DCFH. DCFH is oxidised to 

fluorescent DCF in presence of ROS and exhibits a strong emission near 522 nm 
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upon 488 nm excitation [38]. Thus, the enhancement of emission intensity at 522 nm 

signifies presence of greater ROS level. The experiment was done under dark for 10 

minutes and under irradiation of red light for 30 minutes. In dark, there is no change 

in emission intensity at 522 nm. 

 

Figure 4.3. (a) TGA profile of IR820, IR820-ZnO and ZnO. Inset shows the enlarge graph of IR820-
ZnO and ZnO degradation. (b) Time dependent photodegradation of IR820-ZnO and IR820. 
 

This suggests no activity of the nanohybrid under dark condition. With increase in 

light exposure time, the greater enhancement of emission intensity (@522 nm) was 

observed for IR820-ZnO as compared to that of IR820 and ZnO. Thus, the red light 

triggers the efficient generation of ROS for IR820-ZnO nanohybrid (Figure 4.4.a). The 

trend suggests improved applicability of nanohybrid compared to dye systems. To 

investigate the nature of generated ROS, we have further done SOSGR assay for 
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singlet oxygen detection and luminol chemiluminescence reaction for super oxide 

detection. 

  

 

Figure 4.4. (a) DCFH oxidation (monitored at 522 nm) with time in presence of IR820-ZnO, IR820, 
ZnO and DCFH only under dark (10 min) and red light (30 min). Inset shows the spectra of red 
LED. (b) The kinetics of SOSGR (monitored at 530 nm) oxidation in presence of IR820-ZnO, IR820 
and SOSGR only under dark (9 min) and red light (18 min). (c) Chemiluminescence of luminol after 
red light irradiation for 15 minutes in the presence of IR820-ZnO, IR820 and control luminol only. 
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Singlet oxygen sensor green reagent (SOSGR) is a well-known singlet oxygen marker 

which is selectively oxidised by singlet oxygen and converted to SOSGR 

endoperoxide (SOSGR-EP). SOSGR-EP provides green fluorescence in the range of 

525-536 nm [38]. The enhancement of singlet oxygen during our experiment was 

monitored at 530 nm. After red light illumination for 18 minutes, greater 

enhancement of emission intensity (@530 nm) was observed for IR820 as compared 

to that of IR820-ZnO (Figure 4.4.b). To detect superoxide, we have further done 

luminol chemiluminescence. More specifically, luminol is oxidised by superoxide 

(O2.-) to produce chemiluminescence [46]. The rate of superoxide generation was 

studied by monitoring the emission peak of chemiluminescence at 425 nm [47]. As 

shown in Figure 4.4.c, chemiluminescence is observed for IR820-ZnO nanohybrid 

after red light irradiation for 15 minutes.  For IR820-ZnO, the higher emission 

intensity at 425 nm as compared to that of IR820 indicates the greater generation of 

superoxide generation than IR820. We have observed from Figures 4.4.a, 4.4.b and 

4.4.c that attachment of IR820 dye on ZnO nanoparticles, increases overall ROS 

production with reduction of singlet oxygen formation as compared to bare dye 

system. The fabricated nanohybrid is more photostable and more capable in 

producing overall reactive oxygen species but less in terms of singlet oxygen 

generation. We anticipate some relationship between these two aspects and further 

perform picosecond resolved studies to check excited state charge transfer dynamics. 

Figure 4.5.a represents the fluorescence decay profile of IR820 and IR820-ZnO 

nanohybrid monitored at 842 nm upon excitation 633 nm in DMSO. The excited state 

lifetime of IR820 quenches in nanohybrid as compared to that of free IR820 dye. The 

decay curve of IR820 is fitted with bi-exponential functions with the lifetime of 148 

ps and 533.65 ps respectively. Being a NIR dye, IR820 is able to generate heat when it 

is exposed to NIR light [48]. Besides this, it generates singlet oxygen through energy 

transfer to triplet oxygen from its T1 state [20, 21]. Because of this phenomenon, the 

average lifetime of the singlet excited state of IR820 is quite faster. The average 

lifetime is 456.52 ps. In case of IR820-ZnO nanohybrid, the emission decay curve is 

deviated from bi-exponential to tri-exponential which exhibits one ultrafast decay 

component of 39 ps (have a considerable contribution of 67.3%), which we attribute 
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the electron transfer from LUMO (lowest unoccupied molecular orbital) of IR820 to 

the conduction band of ZnO [49].  

 

Figure 4.5. (a) Picosecond resolved fluorescence transients of IR820 and IR820-ZnO in DMSO. Inset 
shows steady state emission spectra of IR820 and IR820-ZnO in DMSO. (b) Time dependent 
photodegradation of IR820-ZnO and IR820 in presence of NaN3. (c) SOSGR oxidation kinetics in 
presence of IR820-ZnO and IR820 in addition of NaN3. 
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The electron injection process from dye to semiconductor is due to the interaction 

between lower-density of sp orbital of Zn+2 in ZnO with LUMO of IR820 [50]. The 

details of fitting parameters of fluorescence decays are provided in Table 4.1.  

Table 4.1. Lifetime of picosecond time-resolved fluorescence transients of IR820 and IR820-ZnO 

nanohybrid, detected at 842 nm PL maxima upon excitation at 633 nm wavelength 

 
 
 

 

 

This excited state photoelectron transfer from IR820 to ZnO also confirms the 

attachment of IR820 dye on ZnO surface. In principle, during the electron transfer 

process in the nanohybrid, electrons can flow towards the semiconductor either 

from the singlet and triplet excited states of IR820 [51, 52]. In our case, the finding 

of a very fast 39 ps time component strongly suggests that electron transfer 

occurs from the S1 state [47]. To further confirm that this short living 

fluorescence component is connected to the occurrence of photoinduced electron 

transfer, we have repeated the measurement of time dependent fluorescence in 

the absence of oxygen, to restrict the possibility of other non−radiative decay 

processes [53, 54]. We found no significant changes in time scale in inert condition 

(data not shown). This observation firmly indicates that the fast time component 

present in IR820-ZnO is predominantly related to the electron transfer process from 

LUMO of IR820 to conduction band of ZnO. This in turn decreases the rate of ISC 

process and prevents the formation of triplet excited state in the photosensitizer dye 

[55], which reduces the triplet quantum yield [56]. Thus, the process of energy 

transfer from T1 state of IR820 to triplet state of oxygen [57] (the overall dynamics is 

represented in the scheme 4.1) is reduced by electron transfer process. Hence, the 

singlet oxygen generation ability of IR820 on ZnO surface is reduced and the 

photoinduced excited state electron transfer process enhances overall generation of 

ROS (including superoxide) by the nanohybrid. In order to investigate the singlet 

System τ1 (ps) τ2 (ps) τ3 (ps) τavg (ps) 

IR820 148 (20%) 533.65 (80%) 

 

456.52 

IR820-ZnO 39 (67.27%) 530 (22.73%) 1264 (10%) 273.10 
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oxygen mediated photodegradation, a scavenger of singlet oxygen [58] (NaN3) was 

added with IR820 and IR820-ZnO (in this case both IR820 and IR820-ZnO 

nanohybrid was in the mixture of DMSO and water and water and monitoring the 

absorption peak of IR820 at 820 nm) under red light irradiation for 30 min. In 

presence of NaN3, the photodegradation of IR820 decreases from 42% to 27%. This is 

comparable with the IR820 degradation in the IR820-ZnO nanohybrid (the 

photodegradation of IR820-ZnO nanohybrid in DMSO and water mixture after 30 

min is 24%). Whether, the degradation of the nanohybrid does not change 

significantly upon NaN3 addition (Figure 4.5.b). The details of degradation 

percentage are reported in Table 4.2. 

 

 

Scheme 4.1. Schematic representation of electron transfer and ROS generation dynamics. 

We have further performed the singlet oxygen sensor green reagent (SOSGR) assay 

in presence of NaN3 under red light illumination for 20 minutes (Figure 4.5.c). In case 

of IR820, the fluorescence intensity at 530 nm reduces significantly in presence of 

NaN3. For IR820-ZnO nanohybrid, the decrease in intensity at 530 nm is lower than 
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IR820. These results imply that, the greater generation of red-light-induced singlet 

oxygen species by IR820 reduces its photostability as compared to that of IR820-

ZnO. Basically, the singlet oxygen attacks the polymethine chain of IR820 and 

produces fragmentation of the IR820 moiety [59]. 

Table 4.2. Percentage of photodegradation of IR820 and IR820-ZnO in water-DMSO mixture in 

presence and absence of NaN3 

System Photodegradation 

IR820 41.583% 

IR820-ZnO 23.649% 

IR820, NaN3 26.587% 

IR820-ZnO,NaN3 21.955% 

 

 

In case of IR820-ZnO nanohybrid, the electron capture process (from LUMO of IR820 

to CB of ZnO) quenches the electron recombination process from triplet state to 

ground state (S0) in IR820. Thus, it prevents the singlet generation as well as 

photobleaching of IR820. Also, due to excited state electron transfer from IR820 to 

ZnO, the electron deficiency in IR820 protects the dye from the singlet oxygen. 

Finally, we can conclude that we are able to enhance the photostability and activity 

of a NIR cyanine dye upon attachment with ZnO nanoparticles through a very easy 

synthesis pathway. We believe that the enhancement of photostability of IR820 in the 

nanohybrid and the enhancement of overall ROS generation ability by the 

nanohybrid. In view of application in targeted therapy, we have checked the 

dissolution and time dependent precipitation of IR820-ZnO nanohybrids in water at 

different pH values. For precipitation experiment, the decrease of stability of IR820-

ZnO was monitored at 370 nm (the absorption peak for ZnO in nanohybrid). At pH 

5, 40% IR820-ZnO nanohybrids are precipitated after 1 hr, whereas, 17% 

precipitation occurs at pH7 (Figure 4.6.a). Thus, the dispersion of IR820-ZnO 

nanohybrid is less stable in acidic solution as compared to that in neutral solution. 

Thus, the nanohybrids are expected to be deposited more in cancer cell (cancer cells 

are acidic in nature) as compared to that of others cell. The dissolution of IR820-ZnO 
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nanohybrid was monitored at 370 nm in neutral (pH 7) and acidic (pH 5) aqueous 

solutions. At pH 5, 42% IR820-ZnO nanohybrids are dissolved after 24 hr, whereas, 

10% dissolution occurs at pH 7 (Figure 4.6.b). These results show that the 

IR820−ZnO nanohybrid has the ability to deliver the IR820 dye selectively in 

cancer cells. 

 

Figure 4.6. (a) Stability of nanohybrid from absorbance at 370 nm of IR820-ZnO dispersed in water 
at pH 5 and pH 7. (b) The dissolution of IR820-ZnO nanohybrid in water at pH 5 and pH 7. 
  

4.3. Conclusion: In summary, we have explored the advantages and improved 

effectiveness of IR820-ZnO nanohybrid over free IR820 dye which could be 

translated to its potential applications in various fields. The attachment of IR820 on 

ZnO surface was characterised using optical spectroscopic tools. Nanohybrid 

provides greater photostability with a large enhancement of photoinduced ROS. 
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Picosecond resolved fluorescence study explains the excited state electron transfer 

dynamics in the nanohybrid. The photoinduced excited state charge migration from 

IR820 to ZnO in the nanohybrid is responsible for the generation of overall ROS over 

free IR820 dye. This photo-induced electron transfer process is also responsible to 

generate singlet oxygen deficiency in nanohybrid which subsequently improves the 

photostability of the nanohybrid. Our findings reveal that, for a well-known NIR 

cyanine dye IR820, the photostability and the ability of overall ROS generation 

enhances upon attachment on ZnO surface. The key advantages of IR820 attachment 

on ZnO surface are enhancement of photostability, restriction in thermal 

degradation, efficiency in ROS generation and targeted delivery towards cancer 

cells. The developed strategy could be applied to other NIR cyanine dyes that will 

improve their potential applications in light-harvesting fields. 
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Chapter 5 

Synthesis and Combined Spectroscopic 

Computational Studies on a NIR-Active Nanohybrid 

for Potential Biological Application 

5.1. Introduction: Light-triggered therapeutic platforms constitute an elegant 

non-invasive medical tool to kill cancer cells [1], because, light can not only be easily 

tuned and focused but also causes less damage to the healthy tissues. Among such 

therapeutic platforms, photodynamic therapy (PDT) offers the advantage of having 

good specificity for treatment of cancer and tumours [2, 3] upon exposure to light of 

certain wavelengths (UV-vis to NIR) [4]. In PDT, photosensitizer molecules upon 

irradiation by light of a suitable wavelength transfer the absorbed photon energy to 

oxygen molecules in the surroundings, generating reactive oxygen species (ROS) to 

kill malignant cells [4]. It has been observed that the tissue penetration depth of light 

in the near-infrared (NIR) region (700-1350 nm) is about an order of magnitude 

greater than that of UV-visible light [5, 6] and so for biological applications, an 

optimal tissue penetration depth is achieved with irradiation of light in the NIR 

region, also called the “therapeutic window” causing minimal damage to the healthy 

tissues. Therefore, development of NIR-light triggered photosensitizers is of 

potential importance for clinical applications.  

Recently, several NIR dyes have found application in PDT because of their better 

light absorptivity and ability in generating ROS. Among them, US food and drug 

administration (FDA) approved Indocyanine green (ICG, Figure 1a) possesses 

considerably low toxicity and very good biocompatibility compared to the other NIR 

dyes [7-9]. ICG mainly generates singlet oxygen as ROS [10]. Most of the NIR 

cyanine dyes aggregate easily in water, thereby reducing fluorescence quantum 

yields, triplet states and singlet oxygen generation [11]. The efficiency of overall ROS 

production by ICG is poor [12, 13] due to its aggregation in water [13, 14] which 
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affects its efficiency for use as a photodynamic drug. To circumvent this limitation 

we have fabricated a nanohybrid of ZnO nanoparticles (NP) and ICG which is 

capable of producing significantly large quantity of ROS relative to ICG, and hence 

emerges as a potential candidate for use as a PDT agent. We have chosen ZnO NPs 

because of their biocompatibility, negligible toxicity along with their size-dependent 

antimicrobial property [15] Photophysical studies indicate the presence of an excited 

state electron transfer from ICG to ZnO which likely contributes to significantly 

enhanced ROS generation by the ICG-ZnO nanohybrid compared to ICG. Molecular 

dynamics (MD) simulation shows the most probable way of binding ICG on the ZnO 

surface. Classical MD simulation shows the dimeric structure of ICG breakes down 

on ZnO surface which corroborates results from the aggregation study in water. 

Density functional theory (DFT) and time dependent-density functional theory (TD-

DFT) studies elucidate possible major electronic transitions in ICG upon 

photoexcitation and have demonstrated excited state electron transfer from the 

lowest unoccupied molecular orbital (LUMO) of ICG to the conduction band of ZnO 

which corroborates results from the photophysical studies. Finally, the remarkable 

efficiency of the ICG-ZnO nanohybrid in generating ROS upon light irradiation is 

demonstrated by a dose-dependent inhibition of a gram-negative bacteria (E. coli) 

which is responsible for many types of infections in humans including urinary tract 

infections [16, 17]. The present study provides a potential strategy to significantly 

improve the therapeutic potential of ICG in terms of fabricating its nanohybrid for 

use as a photosensitizer in antibacterial photodynamic therapy as well as PDT. 
 

 

 

5.2. Results and discussion:  

5.2.1. Improving Therapeutic Potential of a NIR photo-sensitizer via Fabrication of 

Nanohybrids: An Optical Spectroscopic and Computational Study [18]: From the 

high-resolution transmission electron microscopic image (HRTEM, Figure 5.1.b), an 

average diameter of the ZnO nanoparticles is found to be ~20 nm. Figures 5.1.c and 

5.1.d display characteristic X-ray diffraction patterns of ZnO nanoparticles (violet) 

and ICG-ZnO nanohybrid (blue), respectively. The diffraction pattern of the ZnO 

nanoparticles corresponds to hexagonal wurtzite [19] structure and remains 
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unchanged upon conjugation with ICG indicating that the crystal structure of ZnO 

remains unaltered following the attachment of ICG. To confirm the attachment of 

ICG to ZnO NP surfaces, the Fourier transform infrared (FTIR) technique has been 

used (Figure 5.2). The free ICG possesses stretching frequencies at 1221 cm–1, which 

attributes to the SO stretching of a sulfonate group. The adjacent peak at 1061 cm–1 

corresponds to the C-C stretching. All the characteristic peaks of ICG and ZnO are 

visible in the ICG-ZnO nanohybrid. Later on, the computational study shows that 

ICG binds to the ZnO surface via the sulfonate groups by Coulomb interaction. The 

absorption spectrum of ICG in methanol (Figure 5.3.a) is characterized by the main 

peak at 780 nm along with a shoulder at 720 nm.  

Figure 5.1. (a) Structure of ICG. (b) HRTEM image of ZnO nanoparticles. Powder XRD pattern of 
(c) ZnO (violet) and (d) ICG-ZnO (blue) nanohybrid respectively. 

The peak maximum at 780 nm is ascribed to the 0→0 transition whereas the shoulder 

at 720 nm corresponds to the 0→1 vibronic sub-band under S0→S1 electronic 

transition [20, 21] Steady state emission spectrum of ICG (the concentration of ICG 
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close to 3 µM) in methanol (Figure 5.3.b) shows two characteristic peaks at 700 nm 

and 810 nm, respectively. Upon monitoring the emission at 730 nm a main peak at 

690 nm along with a shoulder at 630 nm is found (Figure 5.3.c). These observations 

indicate that the two emission peaks originate from two completely different forms 

of ICG. The emission peak at 810 nm is attributed to the monomer whereas the 

dimeric form of ICG emits ~700 nm [22-23].  

 

 

 

 

 

 

                        Figure 5.2: FTIR spectra of ICG (red), ICG-ZnO (blue) and ZnO (green). 

 
 
 
 
 

These observations indicate that the two emission peaks originate from two 

completely different forms of ICG. The emission peak at 810 nm is attributed to the 

monomer whereas the dimeric form of ICG emits ~700 nm [22-24]. The excitation 

spectrum of ICG monitored at 840 nm shows two peaks (Figure 5.3.d) that closely 

resembles the absorption spectrum. Picosecond-resolved fluorescence transients of 

ICG in methanol at 810 and 700 nm (Figure 5.4.a) could be satisfactorily fitted with a 

biexponential decay function characterized by two decay components (Table 5.1). 

The mean fluorescence lifetime of the monomeric excited state is 0.522 ns whereas 

that corresponding to the dimeric excited state is 0.821 ns. Time-resolved 

fluorescence anisotropy decays of ICG (Figure 5.4b. and 5.4.c) in methanol were 
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fitted by an impulse convolution model [25]. The anisotropy decay at 814 nm is 

characterized by two rotational correlation times of 298 ps (53%)  and 1.47 ns (47%) 

with an average rotational time constant of  0.85 ns (Table 5.2) whereas that at 700 

nm becomes much slower with an average rotational correlation time of 2.43 ns.  

 

 

 

 

 

Figure 5.3. (a) UV-VIS absorption spectra of ICG (red) in methanol. (b) Room temperature emission 
spectra of ICG (red) in methanol. Inset shows magnified absorption spectra of ICG (green) from 672 
nm to 739 nm. Excitation spectra of ICG in methanol at the emission peak of (c) 730 nm (red) and  (d) 
840 nm (dark cyan) respectively. 
 

The absorption spectrum of ICG-ZnO nanohybrid (Figure 5.5.a) is characterized by 

peaks of both ICG and ZnO. The white colour of ZnO nanoparticles changes to dark 

green (inset, Figure 5.4c) upon the formation of nanohybrid indicating functionalization of 
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the dye (ICG) with ZnO nanoparticles. Thus, both fluorescence lifetime and the 

rotational relaxation time of the monomer of ICG are different from that of the 

dimeric form. 

 

 

Table 5.1. Fluorescence lifetime of ICG in methanol 

 

System Emission Wavelength 

(nm) 

τ1  (ns) τ2 (ns) τavg (ns) 

ICG 810  0.117 ± 0.01    

(17 %) 

0.603 ± 0.03 

(83%) 

0.520 

ICG 700 0.317 ± 0.02 

(24%)  

0.982 ± 0.04 

(76%) 

0.822 

 

 

We have also recorded the absorbance of both ICG and ICG-ZnO nanohybrid in 

water (Figure 5.5.b) after 5 hours of storage to check the effect of nanohybrid 

formation on aggregation of the dye in aqueous medium. 

Table 5.2. Time-resolved Fluorescence Anisotropy of ICG in methanol 

 

Emission wavelength (nm) a1 ϕ1/ns a2 ϕ2/ns k <ϕ>/ns r0 

814 0.12 0.298 0.10 1.47 0.17 0.85 0.39 

700 0.13 0.355 0.07 5.96 0.18 2.43 0.38 

 

{Anisotropy decays, r(t), were fitted by an impulse reconvolution model as r(t) = a1exp(-t/ ϕ1)+ 

a2exp(-t/ϕ2)+k where ϕ1, ϕ2 and a1, a2 are the rotational correlation times and their corresponding 

amplitudes, respectively. k is residual anisotropy, r0 is intial anisotropy defined as r0 = a1+a2+k. The 

average rotational relaxation time (<ϕ>) is calculated by <ϕ> = a1ϕ1+a2ϕ2 where amplitudes are re-

normalized as │ꞵ1│+ │ꞵ2│= 1.} 

 

 It becomes evident that the shoulder at ~700 nm becomes progressively more 

prominent for ICG in water, indicating the formation of H-like aggregates [20, 23, 24, 

26]. As for the ICG-ZnO nanohybrid, the absorption peak at ~700 nm becomes 

reduced relative to ICG which shows that attachment of ICG on the ZnO surface 

protects the dye from H-like aggregation in aqueous medium. A comparison of the 

steady-state photoluminescence (PL) spectrum of ICG and ICG-ZnO in DMSO 



 

80 

 

(Figure 5.5.c) displays quenching of both the emission peaks of ICG at 818 nm 

(monomeric state) and 708 nm (dimeric state) upon nanohybrid formation.  

 

 

Figure 5.4. (a) Picosecond resolved fluorescence transients of ICG in methanol corresponding to 700 
nm (red) and 810 nm (green). (b) and (c) Time-resolved Fluorescence Anisotropy of ICG in methanol 
at 700 nm and at 814 nm, respectively. Fitted decays are represented by solid lines (red). 
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This is reflected further by faster fluorescence decays of the ICG-ZnO nanohybrid 

(Figure 5.6.a & 5.6.b) at both the wavelengths (818 nm and 708 nm) relative to the 

ICG dye. As for example, the fluorescence decay of ICG at 818 nm is characterized 

by two-time constants of 0.124 ns and 0.908 ns with an average fluorescence lifetime 

of 0.783 ns (Table 5.3) which decrease significantly for the nanohybrid (0.220 ns) due 

to the emergence of a much faster decay component (~38 ps). 

 

Figure 5.5. (a) UV-VIS absorption spectra of ICG (red) and ICG-ZnO (blue) nanohybrid in DMSO. 
(b) Absorption spectra of ICG (red) and ICG-ZnO (blue) nanohybrid in water. (c) Room temperature 
emission spectra of ICG (red) and ICG-ZnO (blue) in DMSO. Inset shows the photographs of ZnO 
and ICG-ZnO nanohybrid. (d) Excitation spectra of ICG (red) and ICG-ZnO (blue) in DMSO upon 
Emission 720 nm.(e) Excitation spectra of ICG (red) and ICG-ZnO (blue) in DMSO upon Emission 
840 nm. 

 

Similarly, the fluorescence lifetime of ICG at 708 nm is reduced from 1.190 ns to 

0.510 ns upon formation of the ICG-ZnO nanohybrid owing to an additional decay 

component of ~62 ps. The faster time constant (τ1 = 38-62 ps, Table 5.3) mainly 

contributes to faster fluorescence decays of the ICG-ZnO nanohybrid relative to ICG 

(Figure 5.6.a & 5.6.b) and is indicative of photoinduced interfacial excited state 

electron transfer process from the monomeric or the dimeric excited state of ICG to 

the conduction band (CB) of ZnO NPs [27-29]. The interaction between the lowest 
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unoccupied molecular orbital (LUMO) of ICG and the lower density sp orbital of 

Zn2+ in ZnO likely constitutes this electron transfer process [30]. 

 

 

Figure 5.6. (a) Picosecond resolved fluorescence transients of ICG (red) and ICG-ZnO (blue) at 818 
nm in DMSO. (b) Picosecond resolved fluorescence transients of ICG (red) and ICG-ZnO (blue) at 
708 nm in DMSO. (c) DCFH oxidation (monitored at 520 nm) with time in presence of ICG-ZnO 
(blue), ICG (red), ZnO (pink) and DCFH (green) only under dark (9 min) and red light (21 min). 
 

From a comparison of amplitudes of the shortest time constant (τ1 = 38-62 ps, Table 

5.3) it becomes evident that the efficiency of electron transfer from the monomeric 

state of ICG (emission wavelength 818 nm) to ZnO is significantly larger quantity 
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than that from the dimeric state (emission wavelength 708 nm) leading to 

significantly shortened average fluorescence lifetime of the ICG-ZnO nanohybrid 

relative to ICG. 

 

 

Table 5.3. Fluorescence lifetime of ICG and ICG-ZnO nanohybrid in DMSO 

 

System Emission wavelength 

(nm) 

τ1 (ns) τ2 (ns) τ3 (ns) τavg 

(ns) 

ICG 818 0.124 ± 0.01 

(16%) 

0.908 ± 0.04 

(84%) 

 0.783 

ICG-

ZnO 

818 0.038 ± 0.005                                    

(51%) 

0.262 ± 0.02 

(26%) 

0.576 ± 0.03 

(23%) 

0.220 

ICG 708 0.203 ± 0.02 

(29%) 

1.593 ± 0.05 

(71%) 

 1.190 

ICG-

ZnO 

708 0.062 ± 0.01 

(33%) 

0.494 ± 0.03 

(38%) 

1.042 ± 0.04 

(29%) 

0.510 

 

{τ1, τ2, and τ3 are decay components associated with fluorescence transients and their amplitudes are 

represented within parentheses next to them. τavg is mean fluorescence lifetime calculated by τavg = a1τ1 

+ a2τ2 + a3τ3  where ais are amplitudes corresponding to τis and ∑ai =1.} 
 

 

The existence of a highly efficient photo-induced electron transfer from the 

monomeric form of ICG to the conduction band of ZnO enhances the possibility of 

photoinduced ROS generation by the ICG-ZnO nanohybrid. ROS is monitored by a 

well-known non-fluorescent marker dichlorofluorescein (DCFH) which is oxidised 

to fluorescent dichlorofluorescein (DCF) by ROS exhibiting an emission near 520 nm 

upon excitation at 488 nm [31-33]. When oxidation of DCFH in the dark is monitored 

for 9 minutes separately in presence of the nanohybrid, ICG and ZnO no change in 

emission intensity at 520 nm is observed (Figure 5.6.c) indicating the absence of ROS. 

On exposure to red light for 21 minutes, the emission intensity at 520 nm is 

significantly enhanced by an order of magnitude for the nanohybrid relative to the 

controls (Figure 5.6.c). The significant enhancement in emission intensity at 520 nm 

due to formation of DCF is consistent with significant amount of ROS generation by 

the ICG-ZnO nanohybrid due to photo- induced interfacial charge transfer. During 

the charge transfer process, the separated free electrons and the holes generate a 
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large amount of ROS (free electron combat with oxygen molecule to generates 

superoxide and holes generates hydroxyl radical from water molecule) from 

neighbouring oxygen and water molecules [34-36].  

 

 

 

 

 

 

Figure 5.7. Possible conformations of ICG dimer optimized in classical OPLS forcefield (a, b, c). 
Lowest energy conformation of ICG dimer (c) further optimized with DFT (d). 

 
 

Thus, the limitation of ICG in producing negligible amount of ROS (Figure 5.6.c) is 

overcome by formulation of the ICG-ZnO nanohybrid which generates significant 

amount of ROS upon photoexcitation.  

 

  
Figure 5.8. Lowest energy conformation of ICG on the nonpolar surface of ZnO as obtained by MD 

simulation (a) followed by DFT optimization (b).  
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This observation manifests the scope of using the ICG-ZnO nanohybrid as a 

potential photodynamic agent for therapeutic action. Classical molecular dynamics 

(MD) simulations and quantum mechanical approaches were used to probe the 

dimerization of ICG, stability of the dimer on the ZnO surface, nature of binding of 

ICG to the ZnO surface, and the electronic transitions involved in the nanohybrid.  

 

 

Figure 5.9. (a) MD simulation of cis-ICG on Zn terminated polar {0001} surface of ZnO. (b) MD 

simulation of trans-ICG on Zn terminated polar {0001} surface of ZnO. 

Among the three possible dimer conformations indicated by MD simulation (Figure 

5.7.a-c) geometry of the lowest energy conformation (Figure 5.7.c) was optimized 

using DFT and is shown in Figure 5.7.d.  The binding energies obtained from 
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molecular docking of ICG on different ZnO surfaces (Table 5.4) suggests that 

binding of ICG is more favourable on the non-polar zig-zag surface of ZnO {10-10}.  

 

Figure 5.10. (a) ICG dimer breaks down on the polar ZnO surface.(b) ICG dimer remains longer on 
the non-polar armchair end of ZnO.(c) ICG dimer remains longer on non-polar zig-zag end of ZnO. 

 
 
 
 
 
 
 

ICG can also bind to the Zn terminated polar surface {0001}, however, binding is 

energetically less favourable on the O terminated polar surface.  MD simulation 

shows that ICG binds to the ZnO surface via the sulfate groups (Figure 5.8) which is 

Columbic in nature. Further density functional studies show a covalent linkage 

between the Zn and the O atom of the sulfonate groups with a bond distance of 2.05 

Å whereas Zn-O bond distances in the crystal are {2.04, 2.04, 2.04 and 1.80 Å}. On the 
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ZnO surface both the cis- and the trans- conformers (Figures 5.9.a and 5.9.b) 

converge to the lowest energy conformer on the nonpolar zigzag surface of ZnO 

with the aliphatic chain pointing in the same direction. Classical MD simulation 

further shows that the dimer readily breaks down to monomers on the polar ZnO 

surface (Figure 5.10.a).  

Figure 5.11. Band decomposed electron densities of the ICG-ZnO nanohybrid: Band 1006 (a) and 

1007 (b) correspond to the LUMO+1 and LUMO+2 of ICG, respectively. Band 1005 (c) corresponds 

to conduction band of ZnO. 

Whereas, on the other non-polar surfaces, stacking interaction of two ICG monomers 

remains stable for a longer duration of time (Figure 5.10.b &5.10.c). This corroborates 

experimental observations showing decreased dimerization of ICG on the ZnO 

nanosurface.  

Table 5.4: Binding energies as obtained by molecular docking. Units are in kcal/mol 

 
 
 
 
 
 
 

 

ZnO Surface cis-ICG trans-ICG 

Non-polar zig-zag 
end 

-12.0 -11.9 

Polar Zn terminated -11.8 -12.2 

Polar O terminated -8.9 -9.3 

 
Electron densities of the ZnO bound ICG was further deduced (Figure 5.11) 

Comparison of the band decomposed electron densities of the nanohybrid to that of 

free ICG, suggests an excited state electron transfer from {LUMO+1, LUMO+2} of 
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ICG to the conduction band minimum (CBM) of ZnO which corroborates well with 

the significantly quenched fluorescence lifetime of the ICG-ZnO nanohybrid relative 

to the free dye (Table 5.4).  

The effect of various concentrations of ICG-ZnO on the growth of E. Coli is examined 

using the colony-forming unit (CFU) assay under dark condition. At a concentration 

of 1 mg/ml, the inhibition in the bacterial growth is quite significant (Figure 5.12.a). 

To probe the photodynamic action a concentration of 0.3 mg/ml of the ICG-ZnO 

nanohybrid has been prepared for incubating the culture of E. coli for 3 h in the dark 

prior to 30 min irradiation of red light.  

 

 

 

 

 

 

 

 

 

Figure 5.12. (a) Dose-dependent antibacterial effect of ICG-ZnO at concentrations ranging from 0 to 
1 mg/ml on E. coli under dark conditions. (b) Bacterial viability after treatment with 0.3 mg/ml ICG-
ZnO in the presence and absence of red-light irradiation (30 min). The inset shows images of E. coli 
plates treated with ICG-ZnO, before (left) and after (right) red-light irradiation. 

The upper panel of Figure 5.12.b shows the pictures of E. coli culture plates treated 

with the ICG-ZnO nanohybrid in absence and in presence of red-light illumination. 
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The pictures clearly illustrate the visible changes in the bacterial growth with 

significantly less number of colonies following photodynamic treatment. There is no 

antibacterial activity under dark and light-irradiated conditions for the control as 

well as the ZnO treated sample. In case of ICG-treated samples, the bacterial growth 

is observed to have decreased by 38% in CFU compared to 96% for the ICG-ZnO 

nanohybrid treated samples under irradiation with red light. Thus, the inhibition in 

growth of the bacterial culture for the nano-hybrid is highest (96%) relative to the 

other controls (Figure 5.12.b). 

5.3. Conclusion: Target specific drug delivery and the penetration depth of light 

in biological tissues are key parameters for a superior antimicrobial photodynamic 

therapy. Herein, we have explored to improve therapeutic potential of ICG as a NIR 

photosensitizer by functionalization with ZnO nanoparticles (∼20 nm, confirmed by 

TEM analysis). The functionalization of ZnO with ICG is confirmed by both optical 

spectroscopy tools as well as MD simulations which show binding of ICG on the 

ZnO surface to occur via its sulphate groups. The aggregation experiment of ICG in 

water and the classical MD simulation show that the dimerization of ICG is 

decreased on the surface of ZnO. The fluorescence of ICG, especially of the monomer  

(~818 nm) is significantly quenched in the nanohybrid due to an excited-state 

electron transfer from ICG to ZnO which is consistent with a significantly reduced 

fluorescence lifetime of the ICG-ZnO nanohybrid relative to ICG. DFT and TD-DFT 

studies show the occurrence of an excited state electron transfer from the higher 

energy orbitals of ICG to the conduction band of ZnO which gives rise to 

significantly higher efficiency of the ICG-ZnO nanohybrid in generating ROS than 

the dye itself (ICG). The photodynamic antibacterial activity of the ICG-ZnO 

nanohybrid is confirmed from the CFU assay on gram-negative bacteria E. coli. After 

incubation of E. coli with the nanohybrid, a significant reduction (96%) in CFU was 

observed upon light irradiation. Overall, the nanohybrid formation prevents the 

aggregation of ICG and produces a huge amount of ROS than ICG itself. Our studies 

demonstrate that the ICG-ZnO nanohybrid can be translated into developing NIR 

light triggered nano-antibiotics based on NIR sensitive cyanine dyes. 
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Chapter 6 

Synthesis and Characterization of a Nanohybrid 

Through Surface Sensitization of an Oxide Material 

with Agriculturally-Relevant Organic Ligand for 

Sustained Delivery of Micronutrient 

6.1. Introduction: Zinc (Zn) is a plant micronutrient required only in small 

quantities for optimum plant yield [1]. Thus excess delivery of micronutrients leads 

to essential nutrient loss. Despite that, nearly all conventional micronutrient sources 

are used as water-soluble salts or chelated forms of micronutrients [2, 3]. Some of 

these formulations undergo fast dissolution and release of Zn which eventually 

leads to leaching-loss and run-off during high rainfall. The use of conventional Zn 

sources can therefore be seen as both economically and environmentally inefficient 

allocation of resources with far-reaching social implications since approximately 49% 

of the arable soils of the world are Zn deficient [4]. Intake of food grains grown in 

Zn-deficient soils is a major contributor to prevalence of Zn deficiency in humans 

which is among the top five micronutrient deficiencies affecting one-third of the 

world’s population [5]. Zinc deficiency in crop (eg., wheat) plants poses a formidable 

challenge to global public health which has led to the development of biofortification 

[6] and ferti-forticitaion [7] methods of grain Zn enrichment. The effectiveness of Zn 

fertilizers in Zn deficient soils depends on the solubility of the Zn source in soil [4] 

apparently due to the significant correlation between water-soluble fractions of Zn 

and Zn bioavailability to plants. However, regardless of the total or water-soluble 

fractions of Zn micronutrient, sustained and slow release of Zn from the Zn source 

would be of utmost importance to achieve high nutrient-uptake efficiency in Zn-

deficient soil systems [1, 8]. 

Aqueous colloidal dispersions of copper (Cu) and Zn nanoformulations have been 

utilized to stimulate crop yield [4, 9-11]. The solubility and dissolution (release) 
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kinetics of zinc oxide (ZnO) nanoparticles (NPs) have been utilized as a source of Zn 

in Zn-deficient environments [4]. Herein, the high surface to volume ratio of ZnO 

NPs (compared to bulk ZnO) was exploited in order to achieve high dissolution rate 

as according to the Noyes-Whitney equation, larger interface promotes dissolution 

via diffusion of dissolved ions away from the particle [4]. Furthermore, ZnO NP is an 

amphoteric oxide [12]; hence it reacts with both H+ and OH- ions to form hydrated 

Zn(II) cation in acids and zincates ([Zn(OH)3]-, Zn(OH)4]2- ) in alkalis. At neutral pH, 

ZnO NPs become more stable and sparingly soluble in water. This unique solubility 

feature of ZnO NPs has been exploited by applying as Zn nanoformulation typically 

by incorporating it into or coating onto macronutrient fertilizers for cost-effective 

delivery and uniform distribution of the small amount of Zn in soil [4].  However, 

the outcome was not promising due to inhibitive effect of macronutrient fertilizer on 

the dissolution rate of ZnO NP. Consequently, ZnO NPs led to similar plant growth 

as bulk ZnO. In other cases, it led to slower development of (soybean) plants [13]. 

Thus an urgent requirement for smart micronutrient delivery systems exists which 

requires convergence of ideas on NP surface engineering, interface and colloid 

science and sustainable natural resources [14]. To control ZnO NP dissolution, 

particle size reduction is a pathway that has been explored previously [15] and it 

was found that the rate of dissolution increases with decrease in NP size. 

Nonetheless, NP size reduction may enhance the surface reactivity and hence the 

toxicity of NPs [16]. The other plausible mechanism is NP surface engineering with 

surface functional groups [17]. This pathway could be environmentally more 

sustainable as it may help gain better control over NP dissolution without 

significantly increasing the toxicity of the system. But, despite having enormous 

potential to improve micronutrient formulations [4], experimental evidence of the 

impact of ZnO NP surface modifications is scarce. Surface chemistry of NPs can be 

modified by top down (physical) and bottom up (chemical) methods using surface 

coatings or functional groups. Previous research has demonstrated that a 

solubilizing layer with multiple functional (hydroxyl (–OH ) and carboxylic (–COO-

)) groups can modify the interaction of NPs with water (and biological 

macromolecules) [18]. For example, functionalization with biocompatible citrate 
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ligand forms a bi-dentate conjugation between two COO- oxygen and Mn3+ 

developing a thin solubilizing shell around manganite NP [18]. 

When released into the environment, nanomaterials (NMs) can acquire a natural 

coating of organic substances. In aquatic ecosystems, dissolved organic material 

(DOM) is present at concentrations ranging from 0.1 to 10 mgL-1 depending on the 

biogeochemical conditions and climate [19]. Humic substances, including humic 

acids (HA) and fulvic acids (FA), constitute one of the most important components 

of DOM. DOM concentrations are typically orders of magnitude higher than NMs 

and so are likely to substantially reform the surface properties and behaviors of 

NMs. Adsorbed macromolecules can significantly alter aggregation, NM-bio 

interactions, biological uptake, fate, transport, and distribution of NPs in the 

environment [20]. For example, adsorption of polymeric coatings of HA or FA can 

lead to the formation of heterogeneous polymer-NOM (natural organic matter) 

layers [20]. Such coatings generally decrease the attachment of NMs to clay surfaces, 

resulting in greater mobility in the environment [21]. Additionally, humic acids are 

regarded as supramolecular assemblies of several thousand molecules of high 

diversity and complexities [22]. Humic acid acts like an extended π-conjugated 

multi-chromophoric system in which the delocalized π-electrons of chromophores 

undergo light-induced electronic transition from ground to excited state. Interactions 

of HA with sunlight are important drivers for various reactions that control metal 

speciation and surface chemistry of colloids [23]. Amalgamation with semiconductor 

nanoparticles can cause significant shifts in electronic delocalization through inter 

and intra molecular cross-talking. Apart from light, external stimuli such as pH, 

presence of ions can affect HA-functionalized NPs much differently compared to the 

typical functionalizing agents deployed for engineering NP surfaces [24]. It is 

noteworthy in this context that natural organics strongly influence, and in some 

cases govern the behavior of engineered NPs by means of replacement of capping 

agent and/or overcoating the NP surface with HA [25]. Such alteration in the 

behavior of NPs in natural systems has brought about a new appreciation of the 

roles these natural organics play in fundamental processes at the water-mineral-
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microbe interface [23]. This study reports the development of a sustained Zn 

micronutrient delivery system by adopting a bottom-up fabrication methodology 

(Scheme 6.1) to engineer the surface of ZnO NPs in a facile route at room 

temperature. 

 

Scheme 6.1. Surface modification of ZnO NPs for sustained release of Zn (II).  

 

 

 

Large-sized naturally occurring HA ligand and a relatively smaller biologically 

relevant citrate ligand representing a subunit of the large macromolecule were 

chosen for molecular functionalization of ZnO NP. Humic substances are 

heterogeneous mixtures of high molecular weight aliphatic and aromatic organic 

compounds that are rich in oxygen containing functional groups (e.g., -COOH, 

phenolic and/or enolic –OH, and quinolic C=O) [26]. On the other hand, citrate is a 

biocompatible ligand comprising of –COOH and -OH groups [27]. Surface 

modification is expected to occur through linkages between the reactive functional 

groups of organic ligands and surface defect states of ZnO NP. The as-synthesized 

nanohybrids were characterized using electron microscopic and diffraction methods. 

Steady and time-resolved fluorescence spectroscopy methods were employed to 

confirm molecular cross-interaction at the NP-ligand interface. The water-stability 

and dissolution of nanohybrids were evaluated under various environmentally 

relevant conditions using UV-Visible spectroscopy. Finally, the bioavailability of Zn 

is validated by investigating the effects of nanoformulations on the seed germination 

and growth of seedlings of wheat (Triticum aestivum) plant. 
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6.2. Results and Discussion: 

6.2.1. Surface Engineered ZnO-Humic/Citrate Interfaces: Photoinduced Charge 

Carrier Dynamics and Potential Application for Smart and Sustained Delivery of 

Zn Micronutrient [28]: Transmission electron microscopy (TEM) images were 

recorded for the characterization of ZnO NPs along with the citrate capped ZnO 

NPs, and HA capped ZnO nanocrystals prepared by functionalizing ZnO NP 

surface. Results of TEM analysis revealed the size and morphology of ZnO NP, 

citrate capped ZnO NP, and HA capped ZnO nanocrystals with an average diameter 

of 30, 16, and 25 nm (Figure 6.1.a, 6.1.b and 6.1.c). The reduction of particle diameter 

from 30 to 16 nm due to surface functionalization using citrate ligand can be 

attributed to ligand ‘core etching’[29]. The particle size distribution of uncapped 

ZnO NP, citrate, and humic-capped NPs are shown in the insets of Figure 6.1.d, 6.1.e 

and 6.1.f, which clearly indicates the effect of ligands on NP size. This trend in the 

size of NP after ligand attachment might be due to small size of citrate resulting in 

greater coverage of NP surface. XRD (X-ray diffraction) patterns of the powdered 

samples of ZnO recorded pre-and post-functionalization (Figure 6.1.d, 6.1.e and 

6.1.f), depicted no significant change in the diffraction patterns. The crystal structure 

of ZnO (uncapped and capped) is found to be wurtzite in nature. Moreover, the 

recorded PXRD patterns demonstrate that the products are single phase materials 

with sharp diffraction peaks indicative of high crystallinity of ZnO NP [30]. A visible 

color change of ZnO NP (from white to greyish white) was observed after capping 

with HA. UV-Visible absorption spectra of pure HA, HA capped ZnO NP, and 

citrate capped ZnO NP are presented in Figure 6.2.a. The UV-Visible absorption 

spectra of ZnO NP and citrate capped ZnO NP in aqueous media comprise one 

absorption band centered at 375 nm which corresponds to the characteristic band 

gap excitation of ZnO NP (Eg = 3.37 eV) [31]. Humic acid shows a broad absorption 

in the UV and visible region while the spectrum of HA capped ZnO NP displays the 

characteristics of both ZnO NP and HA. Steady state and picosecond resolved 

fluorescence emission studies were used to monitor photoinduced carrier dynamics 

at the nanoheterojunction interfaces.  
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Figure 6.1. HRTEM images of (a) 30 nm ZnO (uncapped), (b) Citrate-capped ZnO, and (c) Humic 

acid-capped ZnO. PXRD patterns of (d) 30 nm ZnO (uncapped), (e) Citrate-capped ZnO, and (f) 

Humic acid-capped ZnO. Insets of Figure 6.1d, 6.1e and 6.1f depict nanoparticle size distribution 

pattern as obtained from TEM for ZnO (d), citrate capped ZnO (e), and humic capped ZnO (f). 

 

Room temperature PL spectra of citrate capped ZnO NP reveals a sharp emission 

peak at 375 nm upon excitation at 270 nm (Figure 6.2.b) representing band gap 

emission. Additionally, two relatively weaker emission peaks are observed at 495 

nm and 550 nm upon excitation at 370 nm (Figure 6.2.c). The latter two peaks are 

likely due to the recombination of electron from the conduction band with a deep 

electron trapping center of Vo++, termed as an oxygen vacancy state [31]. The 

emission band around 550 nm occurs from defect states near the surface layer while 
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the shorter wavelength 495 nm emission occurs from defects near the bulk of the 

nanoparticles [31]. Inset of Figure 6.2.c shows the excitation spectra at the detection 

wavelength of 550 nm. 

 

Figure 6.2. (a) UV-Visible absorption spectra of ZnO (cyan), citrate-capped ZnO (brown), humic 

acid (black), and humic acid-capped ZnO (pink) (b) Fluorescence spectra of citrate-capped ZnO at 

day 0 at excitation wavelength of 270 nm (c) Fluorescence spectra of citrate-capped ZnO at day 0 at 

the excitation wavelength was at 370 nm. Inset shows the excitation spectra (λem = 550 nm). 

PL emission spectra of HA depicts a strong dependence on the excitation 

wavelength as shown in Figure 6.3.a. The emission peak gets red shifted from 440 

nm to 550 nm as excitation wavelength changes from 250 nm to 500 nm. This 

indicates the presence of multiple emitting states associated with the wide variety of 
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Figure 6.3. (a) Fluorescence emission spectra of humic acid taken at the interval of 25 nm excitation 

wavelength from 250 to 550 nm. (b) Fluorescence emission spectra of humic acid-capped ZnO at 

excitation wavelengths ranging from 250 to 450 nm. (c) Fluorescence excitation spectra (λem = 450 to 

530 nm) of humic acid, (d) Fluorescence excitation spectra (λem = 370 to 510 nm) of humic acid-

capped ZnO. (e) Picosecond-resolved fluorescence transients (excited at 375 nm) of humic acid (blue) 

and humic acid-capped ZnO (pink) collected at 450 nm, (f) Picosecond-resolved fluorescence 

transients (excited at 510 nm) of humic acid (blue) and humic acid-capped ZnO (pink) collected at 

630 nm. Inset of (e) shows fluorescence spectra of humic acid (blue), humic acid capped ZnO (pink). 

The excitation wavelength was at 375 nm. Inset of (f) shows fluorescence spectra of humic acid 

(green), humic acid capped ZnO (red). The excitation wavelength was at 500 nm. 

conjugation in different segments of oligomeric and polymeric chains of HA 

molecule [32, 33]. Previous literature reporting excitation-emission matrix of DOM 
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samples collected from various aquatic environments revealed co-presence of more 

than ten fluorophores representing multiple redox states and degree of conjugation 

[34]. In contrast, the emission spectrum of HA capped ZnO NP depict a quenching 

phenomenon and excitation-independent emission (Figure 6.3.b). The excitation 

spectra of HA at different detection wavelengths reveal a maximum at 320 nm and 

375 nm which is consistent with the absorption spectra of HA (Figure 6.3.c). 

Additionally, the intensity of the emission peak of HA decreases considerably post-

attachment to NP surface, which clearly depicts strong electronic interaction 

between HA and ZnO NP. Moreover, the emission spectrum of HA capped ZnO 

illustrates a peak at 530 nm upon excitation at 450 nm likely due to extended 

conjugation in the polymeric chain [33]. Previous report suggests that HA can 

sensitize photoredox transformation of toxic chromium (Cr(VI)) to Cr(III)) [35] but 

the detailed mechanism of photo-initiated interfacial electron transfer has not been 

reported. The excitation spectrum of HA capped ZnO NP (Figure 6.3.d) depicts 

quenching behavior and comprises the characteristics of both HA and ZnO NP. 

Picosecond-resolved fluorescence decay of HA and HA capped ZnO NP were 

measured upon excitation with 375 nm and 510 nm laser, and monitored at 

wavelengths of 450 nm and 630 nm respectively. The decay curve of HA capped 

ZnO NP shows significant shorter lifetime as compared to HA (Figure 6.3.e and 

6.3.f). The observed decrease in lifetime can be accredited to the electron transfer 

process from HA to ZnO NPs.  Inset of Figure 6.3.e and 6.3.f shows the room 

temperature PL spectrum of HA alone and HA capped ZnO NP upon excitation at 

375 nm and 510 nm which clearly depicts that the intensity of the emission of HA 

decreases markedly post-attachment to NP surface. The fitting parameters after 

exponential fitting of the decay curves (listed in Table 6.1) shows the presence of 

faster components (40 ps and 30 ps at excitation wavelength of 375 nm) in HA-

capped ZnO NP system than HA (100 ps and 85 ps at excitation wavelength of 510 

nm). Thus we anticipate that electronic interaction and energy level rearrangement 

takes place at the nanoheterojunctions, signifying a unique interfacial phenomenon 

at NP-organic interface.  
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Table 6.1. Picosecond-resolved fluorescence transient lifetime 
 

 

Systems (ex-375-ems-450) (ps) 2 (ps) 3 (ps) avg (ps) 

HA 100 (39.9) 882 (33.8) 3773 (26.2) 1327.5 

ZnO-HA 40 (70.8) 550 (15.0) 3047 (14.2) 644.0 

Systems (ex-510-ems-630)  

HA 85 (67.4) 900 (16.2) 4273 (16.3) 900.6 

ZnO-HA 
30 (90.7) 655 (4.7) 3965 (4.5) 238.7 

 

 

 

 

Having examined the key surface attributes and interfacial charge dynamics, we 

evaluated the dissolution characteristics of nanohybrids under physiologically 

relevant pH levels. Comparison of the water-stability kinetics of ZnO NP and 

nanohybrids was carried out by monitoring the UV-Vis absorption maxima at 375 

nm, as shown in Figure 6.4. 

  

Table 6.2. Fitting parameters of dissolution of the nanoparticles 

 

 

 

 

 

 

 

 

{Experimental curves are fitted with single exponential decay with a standard error of less than 10%. 

*Decay constant is defined as –A/t of the exponential fitting y = y0 + Aexp(-x/t).} 

Our results revealed distinct effects of surface modification on the dissolution rate of 

ZnO NP (Figure 6.4.a, 6.4.b and 6.4.c). At pH 4 and 12, citrate functionalized ZnO NP 

dissolved at a slower rate than ZnO NPs whereas it dissolved faster at pH 7 (Figure 

6.4.d, 6.4.e and 6.4.f). The fitting parameters after exponential fitting of dissolution 

rate curves are listed in Table 6.2. The decrease in the rate of dissolution at acidic and 

alkaline pH could be attributed to the protection of the NPs by ligand functional 

System pH Decay 
constant* 

(sec-1) 

Conc. of 
humic acid 

(mgL-1) 

Decay 
constant* (sec-1) 

ZnO 4 0.052 1 0.005 

7 0.012 5 0.005 

12 0.107 10 0.001 

Citrate 
capped 

ZnO 

4 0.015 1 0.002 

7 0.021 5 0.001 

12 0.063 10 0.0006 

Humic 
capped 

ZnO 

4 0.003 - - 

7 0.003 - - 

12 0.014 - - 
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groups which restrict surface amphoteric reactions between the oxide surface and H+ 

and OH- ions. The NP surface protection effects are counterbalanced to a certain 

extent by the reduction of particle size due to ‘core etching’ by citrate ligand which 

might have led to the sustained release.  

 

 

Figure 6.4. Dissolution characteristics (UV-Visible absorption spectra) of ZnO (top panel), citrate-

capped ZnO (middle pannel) and humic acid-capped ZnO (bottom) at (a), (d), and (g) pH 4 (b), (e) 

and (h) pH 7 and (c), (f), & (i) pH 12. Insets of all figures are representing change in absorbance at 

370 nm with variable time window. 

At neutral pH, the enhancement of the dissolution rate is ascribable solely to the 

reduction of particle size. HA-coated ZnO NP formed relatively stable colloidal 

suspensions at all pH values (Figure 6.4.g, 6.4.h, and 6.4.i) due to combined surface 

protection and electrostatic repulsion effects of surface functional groups [36]. The 

effect of HA coating can be ascribed to the negatively charged adsorbed HA 

molecules on the NP surface [15]. To better understand the effect of HA on the 
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dissolution and aggregation of nanohybrids, dissolution characteristics of ZnO NP 

and citrate capped ZnO were determined at using 1, 5, and 10 ppm HA solution. 

Figure 6.5 shows the patterns of dissolution depicting greater stability of colloidal 

suspensions at high concentrations of HA (~10 ppm). The decay constants listed in 

Table 6.2 depict that HA decreases the dissolution rate and imparts greater stability 

to the colloids. 

 

 

Figure 6.5. Dissolution characteristics (UV-Visible absorption spectra) of ZnO (top panel) and 

citrate-capped ZnO (bottom panel) in presence of humic acid at concentrations (a) and (d) 1 ppm (b) 

and (e) 5 ppm and (c) and (f) 10 ppm. Insets of all figures are representing change in absorbance at 

370 nm in a variable time window. 

The colloidal stability increases with increasing concentrations of HA and shows 

maximum stability in presence of 10 mgL-1 HA. Such increase in the colloidal 

stability could be explained by the increased negative charge density on the surface 

of NPs [15]. The effects were slightly more pronounced in case of ZnO NP than 

citrate-capped ZnO NP. Previously, it was conjectured that capping agents become 

less important determinant of colloidal stability of NPs in presence of NOM [25] 

likely due to ligand displacement or co-adsorption of HA on the NP surface [37]. In 

our study, we found that such stabilizations effects are slightly more prominent in 

case of non-functionalized NPs than functionalized NPs. This could be the result of a 

balancing act between the stabilization effects and ligand exchange between NOM 
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and surface-capped NPs. To further establish the sustained Zn delivery mechanism, 

we have performed reactive oxygen species (ROS) generation assay of citrate capped 

ZnO NP in dark and white light illuminated conditions at variable times. ZnO NP is 

known to produce ROS under light due to electron-hole pair production [38]. During 

the dissolution of citrate functionalized ZnO NP, we observed an increase in 

photoinduced ROS production (Figure 6.6). 
 

 

 

Figure 6.6. DCFH oxidation with time in presence of citrate functionalized ZnO monitored through 

the emission intensity at 520 nm. The excitation was at 488 nm. The reaction was monitored under 

dark for first 15 minutes followed by white light illuminated condition. Inset shows overall ROS 

generation with variable time window. 

This increase in ROS is found to be time dependent. The ROS production rate 

gradually decreases as the dissolution process continues. As shown in the inset of 

Figure 6.6, ROS production tend to increases for first 24 hrs which implies that the 

size of NP decreases initially increasing effective surface to volume ratio. Then the 

ROS production decreases which depicts production of Zn2+ ions from surface of 

ZnO NP. This indicates the mechanism behind the dissolution nature of capped ZnO 

systems. Finally, the effects of nanohybrids on the growth of wheat plant were 
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investigated. It is known that wheat plants can utilize nanoformulations of ZnO to 

assimilate Zn for growth and development [39]. We found that wheat plants 

responded well to the application of citrate-functionalized ZnO as it resulted in 

better growth than ZnO NPs containing similar Zn levels and control treatments, as 

shown in Figure 6.7. 

  

 

 

Figure 6.7. Growth of wheat (Triticum aestivum) plant under (a) control, (b) citrate, (c) humic acid, 

(d) ZnO NP, (e) citrate-capped ZnO and (f) humic acid capped ZnO treatments on the 8th day after 

planting the seeds. 

 

Table 6.3 shows the plant parameters which demonstrate considerable 

improvementsin plant growth due to the application of nanohybrids. The plant dry 

weight increased considerably due to the application of citrate capped ZnO NP (220 

mg) compared to ZnO (<10 mg). Likewise, shoot and root height increased by a 

factor of 4 to 4.5 due to the application of citrate capped ZnO NP (12.5 cm, 5.5 cm) as 

compared to ZnO NP (4.5 cm, 1.3 cm). Results of the inductively coupled 

plasma/mass spectrometry (ICP-MS) analysis (Table 6.3) of plant digests show 
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greater concentration of Zn in the root and shoots of plants treated with citrate-

capped ZnO NP than other treatments. 

 

 As the nutrient solution used in our study did not have any Zn supplements added 

to it, the observed differences can be perceived as sole effects of nanoformulations 

used during seed inoculation. Citrate and HA (alone) treatments showed lesser 

growth than control treatments. Interestingly, plants receiving HA capped ZnO NP 

(shoot dry weight (120 mg), shoot and root lengths (14 cm, 5.2 cm)) and citrate 

capped ZnO NP treatments exhibited comparable growth parameters. For HA 

capped system, HA simulating natural organic substance, may have stimulated 

plant growth. Note that ICP results reveal the presence of less amount of Zn in 

plants (roots) treated with humic capped ZnO NP than citrate capped system. The 

lesser Zn delivery by the humic capped ZnO NP could be a result of the stabilization 

effect of HA observed in the dissolution patterns of ZnO in Figure 6.5. Also, the 

effects of plant root and microbial exudates may influence the stability of organic-NP 

association [40, 41]. It is noteworthy in this context that earlier reports suggest that 

HA diminishes the effects of surface capped NP [25]. This trend was not observed in 

our study. These outcomes are significant first steps towards unfolding the effects of 

Treatment Parameters 

Shoot 
height 
(cm) 

Shoot dry 
weight (g) 

Root 
length 
(cm) 

Root dry 
weight (g) 

Shoot Zn 
content 

(mg/kg) 

Root Zn 
content 

(mg/kg) 

Control  3.5 ± 0.03 0.03 ± 0.03 1.8 ± 
0.02 

0.05 ± 
0.01 

12.7 ± 0.5 13.2 ± 0.5 

Citrate only 0.4 ± 0.03 ND 0.75 ± 
0.01 

ND - - 

HA only 0.8 ± 0.04 ND 0.5 ± 
0.01 

ND - - 

ZnO 4.5 ± 0.1 0.04 ± 0.01 1.3 ± 
0.02 

0.02 ± 
0.01 

13.7 ± 0.6 25.3 ± 0.5 

Citrate capped 
ZnO 

12.5 ± 0.3 0.13 ± 0.01 5.5 ± 0.1 0.09 ± 
0.03 

19.7 ± 0.5 37.4 ± 0.8 

HA capped ZnO 14.0 ± 0.3 0.12 ± 0.01 5.2 ± 0.2 0.06 ± 
0.02 

15.7 ± 0.4 24.4 ± 0.4 

Table 6.3. Effect of surface engineered ZnO-based micronutrient formulations on wheat 
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organically coated NP interfaces rather than individual effects of NPs or humic acid 

(only) on plant system. 
 

6.3. Conclusion: Surface functionalized ZnO-based nanoformulations were 

investigated for the controlled release of Zn micronutrient in soil, which is a 

desirable feature for micronutrient delivery systems. The overarching goal was to 

understand how the formation of the nanoheterojunctions and resultant change in 

the NP dissolution patterns could favor the Zn micronutrient management. 

Physicochemical characterization revealed that ‘core etching’ of ZnO NP by citrate 

ligand translated into sustained dissolution of ZnO NP over a broad range of 

environmentally relevant pH values. Key understandings were obtained on the 

potential change that may occur in the dissolution characteristics of ZnO NP upon 

interaction with naturally ubiquitous organic ligand. Humic acid imparted slight 

colloidal stability to aqueous nano ZnO suspensions but humic acid capped ZnO NP 

led to comparable plant growths. Thus, regardless of the nature of the 

functionalizing molecule, nanohybrids led to enhanced and sustained plant growth 

compared to non-functionalized NP. Steady state and picosecond-resolved 

fluorescence studies revealed efficient photoinduced charge transfer at the interfaces 

of the HA-coated ZnO NPs. In reflecting the final outcome, this study reveals a 

promising strategy to reduce resource loss and environmental burden by judicious 

selection of nutrient forms, which signals the advent of need-based micronutrient 

delivery systems. Furthermore, we anticipate that NP-induced oxidative damage 

(ROS) may exert growth inhibiting effects to soil-borne plant pathogens and pests 

responsible for plant diseases. Therefore the modified ZnO NPs may act as a dual 

action micronutrient source with synergistic pesticidal effects. This leaves a scope for 

future study our interpretation of the global cycling of major and trace elements can 

be informed by further delineating complex reactions governing metal oxide-DOM 

associations and role of external stimuli in mediating metal speciation and nutrient 

bioavailability in natural systems. Future studies should investigate photoinduced 

charge recombination possibilities at the NP-organic interfaces to check the potential 

of NOM coated NPs as natural light harvesting photovoltaics and photocatalysts. 
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                                    Chapter 7 

Synthesis of Different Types of Metal Oxide 

Nanoparticles and to Study Their Activities for 

Potential Biological Applications 

7.1. Introduction: Photodynamic therapy (PDT) is a revolutionary most exciting 

therapy strategy that involves non-invasive treatment of cancers of various types 

and locations [1-4]. It depends on the application of a photosensitizer (PS), which is 

intensely assembled in pathological tissues. The PS molecules generate ROS upon 

excitation at particular wavelength which involves selective destruction of the 

infected cells [5]. Over the last five decades, riboflavin (Rf) or vitamin B2 has been 

used as a potential photosensitizer because of its tremendous ROS generation ability 

under visible light irradiation [6, 7]. It is a water soluble essential micronutrient and 

substantially available in dietary products of both vegetable and animal origin [8-

10]. The effectiveness of PDT depends on the photo excitation of the PS assembled at 

the target sites as well as its pharmacokinetic properties to achieve the desired 

biological response. However, conventional therapeutic agent assists some 

limitations such as poor solubility, short circulation time, high immunogenicity and 

non-specific distribution throughout the body, which lead to induction of various 

side effects in normal tissues [11, 12].  

Nanomaterials as drug carriers can overcome these limitations as they exhibit 

upgraded pharmacokinetics and biodistribution of drugs and their accumulation at 

the targeted site reduces toxicity [13]. Also, the solubility of hydrophobic drugs 

increases upon formulation of nanoconjugates [14]. Moreover, sensitization of drugs 

by inorganic nanoparticles (NPs) through formulation of nanohybrid is key for the 

enhancement of drug activity [15]. In recent years, a variety of nanohybrids have 

been used to deliver drugs and biomolecules to achieve satisfying therapeutic effects 

[16-18]. Amongst all, ZnO based nanohybrids are most promising in terms of 
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modulation of drug activity, disease site specific targeted delivery and less toxicity 

[19].The utilization of duel sensitization can be very useful in order to get more 

efficiency in photodynamic therapy. This novel approach is based on the 

fluorescence resonance energy transfer (FRET) between covalently linked donor 

molecules to the acceptor, attached to the surface of semiconductor which has been 

previously used to enhance the efficiency in dye sensitized solar cell [20, 21]. In 

recent times, a few groups have reported the dual sensitized nanohybrids consisting 

of quantum dots and upconverson nanomaterials [22-26]. Although, all of the earlier 

reported nanohybrids are only toxic, they also require complicated and expensive 

methods for their synthesis. However, the implementation of this kind of system in 

PDT is not highlighted in contemporary literatures. In this regard, development of 

organic/inorganic nanohybrid system using plasmonic NPs could be a better 

solution for the enhanced efficacy in PDT and thus is one of the main motives of the 

present work. 

Herein, we have selected Rf as a model photosensitizer, attached with ZnO NPs and 

further attached with Au decorated ZnO. We specifically chose Au NPs as noble 

metal because of their greater biocompatibility than that of other noble metals and 

ease of synthesis [27]. The sizes of the NPs and decoration of Au on the ZnO surface 

are confirmed by electron microscopic techniques. The attachment of Rf has been 

investigated by optical spectroscopic and DFT based methods. Picosecond-resolved 

fluorescence study explores the excited-state photoelectron transfer process from Rf 

to ZnO and FRET from RF to Au in Rf-ZnO-Au nanohybrids which has been 

confirmed by fluorescence transient of Rf-Al2O3-Au nanohybrid. The presence of Au 

influences huge charge separation in the Rf-ZnO-Au nanohybrid upon blue light 

irradiation which leads to greater production of ROS upon blue light irradiation. The 

Rf-ZnO-Au nanohybrids show enhanced antibacterial activity in dose-dependent 

manner against Methicillin-resistant staphylococcus aureus (MRSA) due to 

photoinduced ROS. In short, the present study demonstrates duel sensitization of Rf 

for enhanced ROS generation for potential antibacterial activity that could be 

effective for photodynamic therapy. 
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7.2. Results and Discussion: 
 

7.2.1. Dual-Sensitization via Electron and Energy Harvesting in a Nanohybrid for 

Improvement of Therapeutic Efficacy [28]: Figures 7.1.a and 7.1.b show the high 

resolution transmission electron microscopy (HRTEM) image of Au decorated ZnO 

NPs. It depicts Au NPs are uniformly decorated on the surface of ZnO and the 

average diameter of Au NPs is found to be ~10 nm. The interplanar distance of the 

lattice fringes of ZnO NPs is measured to be 0.28 nm which corresponds to the (100) 

crystal planes. Whether an interplanar distance of 0.31 nm for the Au NPs signifies 

the (222) crystal planes [29, 30].  
 

 

Figure 7.1. (a) TEM image of Au-ZnO. (b) HRTEM image of Au-ZnO. (c) Powder XRD pattern of 
ZnO (violet) and Au-ZnO (green). 

The low magnification TEM images of Au-ZnO show the uniform decoration of 

Au on the surface of ZnO (Figures 7.2.a, 7.2.b and 7.2.c). The size distribution of 

Au NPs on the surface of ZnO has been calculated (Figure 7.2d). The average 
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size of Au nanoparticles is found to be ~9 nm. The atomic percentage of Au is 

found to be 6.85. Figure 7.1.c displays characteristic X-ray diffraction (XRD) patterns 

of ZnO and Au-ZnO hybrids. The diffraction pattern of the ZnO NPs suggests its 

hexagonal wurtzite structure [31]. The decoration of Au NP into the surface of ZnO 

NPs could not change the position of the diffraction peaks of ZnO which indicates 

the surface of ZnO remains intact upon Au decoration. However, some additional 

characteristic peaks of Au NPs appear in the XRD pattern of the Au-ZnO 

nanohybrids. 
  

 

Figure 7.2. (a), (b) and (c) The low-magnification TEM images  of Au-ZnO nanohybrid. (d) Size 
distribution of Au nanoparticles on the surface of ZnO. The average size of Au nanoparticles is 
found to be ~9 nm. 

The positions (2θ value) of the diffraction peaks of Au NPs are observed to be at 

38.13°, 44.28° and 64.55° which signifies the (111), (200) and (220) crystal planes 
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respectively [32]. The absorption spectra (Figure 7.3.a) of Rf in ethanol exhibits two 

characteristic peaks at 351 nm and 445 nm respectively. In case of Rf-ZnO and Rf-

ZnO-Au, the change in absorbance peak at 445 nm indicates the complex formation 

between Rf and the surfaces of both ZnO, Au-ZnO as shown in Figure 7.3.a. The 

absorption spectra of Au-ZnO possess two characteristic peaks of Au and ZnO at 536 

nm and 369 nm respectively.  
 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3. (a) UV-VIS absorption spectra of Rf (blue), Rf-ZnO (pink) and Rf-ZnO-Au (green) in 
ethanol. Insert shows enlarge absorption spectra of Rf in ethanol (c) Room temperature emission 
spectra of Rf (blue), Rf-ZnO (pink) and Rf-ZnO-Au (green) in ethanol. 

No distinct peak of Rf is notified in both nanohybrid due to very low concentration 

of Rf and significant scattering of the NPs. Whereas, the characteristic peak of ZnO is 

visible for both nanohybrid. However, the attachment of Rf is concluded from steady 

state emission spectrum. It shows a sharp emission peak at 520 nm upon excitation 

at 409 nm in ethanol. In case of Rf-ZnO and Rf-ZnO-Au, the characteristic peak of Rf 

is observed along with significant quenching in emission intensity as depicted in 

Figure 7.3.b. The emission quenching for both nanohybrids signifies the existence of 
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an excited stated non-irradiative process. Further, the DFT and TD-DFT based 

computational calculations are performed to understand the electronic structures. 

Computational investigations are particularly useful for understanding trends 

observed in the properties of molecular materials. The structure of Rf is optimized 

by DFT/B3LYP method as shown in the inset of Figure 7.4.a.  

 

Figure 7.4. (a) Theoretical UV-Visible absorbance of Rf. Insets shows the structure of Rf. (b) 
Theoretical Emission spectra of Rf. 

The UV-vis absorption spectra are calculated using the most stable structure of Rf by 

TD-DFT/B3LYP based method as depicted in Figure 7.4.a which is well matched 

with experimental absorption. Figure 7.4.b depicts the calculated emission spectra of 

Rf. The calculated emission peak is well consistent with experimental findings. The 

TDOS of Rf is calculated using DFT/B3LYP exchange correlation functional method 

and plotted in GaussSum 2.1.4 software as shown in Figure 7.5.a. It composed of 

valence and conduction bands of Rf which is separated by an energy gap of 2.7 eV. 

Figure 7.5.b shows electron delocalization of Rf at HOMO and LUMO respectively. 
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The structure of pristine Zn12O12 is prepared by eight hexagons of (ZnO)3 and six 

tetragons of (ZnO)2 rings with tetrahedral rotational as well as inversion symmetry. 

Inset of Figure 7.6.a depicts the structural geometry of pristine Zn12O12. Average 

bond lengths of hexagons (L1) and tetragons (L2) are about 1.88 and 1.96 Å 

respectively. The angles in hexagons (θ1, θ2) and tetragons (θ3, θ4) are 126.68°, 

112.29°,91.07° and 87.75° respectively. Recently, the optimized structure of Zn12O12 

using DFT/B3LYP exchange correlation functions showed that the distances L1 and 

L2 were 1.85 and 1.93 Å respectively. The calculated θ1, θ2, θ3 and θ4 angles were 

obtained to be 126.41°, 112.37°, 91.97° and 86.92° respectively [33]. It can be 

concluded that the obtained theoretical results are well matched with previously 

reported literatures [33, 34]. The absorption spectrum of Zn12O12 is calculated by 

using same exchange-correlation function. The calculated absorption peak is found 

to be at a wavelength of 350 nm as shown in Figure 7.4.a which is well consistent 

with our experimental absorption spectra [34]. 

 

 

 

 

 

Figure 7.5. (a) The density of states (DOS) plot of Rf. (b) HOMO and LUMO of optimized 
geometrical structure of Rf. Energy gap between HOMO and LUMO is 2.7 eV. 

The TDOS of Zn12O12 is calculated using B3LYP exchange correlation functional 

method and plotted in GaussSum 2.1.4 software as shown in Figure 7.6.b. It depicts 

proper orbital delocalization in valence and conduction bands of Zn12O12 NPs. 

HOMO and LUMO of Zn12O12 are separated by a band-gap of 3.48 eV which is well  
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The calculated band-gap is found to be 1.89 eV, which indicates the formation of Au-

doped Zn12O12 hybrid nanomaterials.  

 

 

 

 

 

 

 

 

 

Figure 7.6. (a) Theoretical UV-Visible absorbance of ZnO. Inset shows the structure of Zn12O12.  (b) 
The density of states (DOS) plot of ZnO. (c) LUMO (top) HOMO (bottom) of optimized geometrical 
structure of ZnO. Energy gap between HOMO and LUMO is 3.48 eV. (d) Theoretical UV-Visible 
absorbance of Au-ZnO. Inset shows the structure of Au-doped Zn12O12. (e) The density of states 
(DOS) plot of Au-ZnO. (f) LUMO (top) HOMO (bottom) of optimized geometrical structure of Au-
ZnO. Energy gap between HOMO and LUMO is 1.89 eV. 

matched with reported literature [35]. Figure 7.6.c depicts surfaces of the frontier 

molecular orbitals (HOMO/LUMO) of Zn12O12. The molecular orbitals (HOMO and 

LUMO) of the Zn12O12 NPs are localized on respective Zn and O sites which imply 

the Zn sites are electrophilic and O sites are nucleophilic in nature. The Au-doped 

Zn12O12 NPs are prepared by replacing two Zn atoms of optimized Zn12O12 structure 

with two Au atoms. Inset of Figure 7.6.d depicts the optimized geometry of Au-

doped Zn12O12 structure calculated by B3LYP/6-311++G (d,p)-SDD based method. 

The UV-vis absorption spectra of Au-doped Zn12O12 are calculated with the most 

stable geometry of hybrids as shown in Figure 7.6.d which well matches our 

experimental results. The TDOS of Au-doped Zn12O12 nanoparticle is calculated as 

shown in Figure 7.6.e. The doping of Au shifts the HOMO level to higher energies, 

and consequently, the band-gap becomes comparatively narrowed.  The surfaces of 
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the frontier molecular orbitals (HOMO/LUMO) of Au-doped Zn12O12 hybrid is 

depicted in Figure 7.6.f. It depicts the electron density is shifted towards Au due to 

higher electron affinity. The attachment of Rf on the surface of Au-ZnO is optimized 

by using DFT/B3LYP method as shown in Figure 7.7.a. The DOS of Rf-ZnO-Au 

(Figure 7.7.b) depicts some additional states which indicate the electron transfer 

process from LUMO of Rf to the conduction band of ZnO [37].  

 

Figure 7.7. (a) The attachment of Rf on the surface of Au-ZnO. (b) The density of states (DOS) plot 
of Rf-ZnO-Au. 

In order to study the charge transfer process, the picosecond-resolved fluorescence 

experiment is performed. The times-resolved transients depict the faster fluorescence 

decay for both Rf-ZnO and Rf-ZnO-Au nanohybrid as compared to only Rf solution 

(Figure 7.8.a). The fluorescence decay was monitored at 520 nm with excitation of 
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409 nm laser source. The fluorescence transient of Rf is characterized by two-time 

constants of 643 ps and 5313 ps with an average lifetime of 3762 ps which decreases 

significantly for the Rf-ZnO due to presence of an additional faster component of 

~54 ps (having 46.33 % contribution). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8. (a) Picosecond resolved fluorescence transients of Rf (blue), Rf-ZnO (pink), Rf-ZnO-Au 
(green) and Rf-Al2O3-Au (red) in ethanol. (b) Spectral overlap between Emission Rf (red) and 
Absorption of Au-ZnO (black).Inset shows the enlarge absorption spectra of Au-ZnO. (c) Room 
temperature emission spectra of Rf (blue), Rf-ZnO (pink), Rf-ZnO-Au (green), Rf-Al2O3 (grey) and 
Rf-Al2O3-Au (red) in ethanol. 

The faster component of 54 ps attributes interfacial excited state photoelectron 

transfer process from the LUMO of Rf to the conduction band (CB) of ZnO NPs [38-

40]. In case of Rf-ZnO-Au nanohybrid, the faster component of 48 ps attributes 

interfacial excited state electron transfer [15]. It has to be states that the time 

component of 155 ps could be manifestation of FRET from Rf to Au [38]. Moreover, 

we have introduced Rf-Al2O3-Au nanohybrid (Al2O3 is an insulator) and measured 

time resolved fluorescence for further clarification. Herein, the time constant of 143 

ps (contribution of 38.6%) indicates the energy transfer from Rf to Au NPs (Since 
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Al2O3 is an insulator, the possibility of excited state photoelectron transfer process 

from Rf to Al2O3 is insignificant). In case of Rf-ZnO-Au nanohybrid, an almost 

similar times constant of 155 ps implies the energy transfer from Rf to Au. The fitting 

parameters of fluorescence transient are listed in Table 7.1. Moreover, the overlap 

between emission of donor (Rf) and absorption of acceptor as shown in Figure 7.8.b 

(Herein, gold is the acceptor, the enlarge absorption spectra of Au-ZnO are shown in 

the inset of Figure 7.8.b where the peak of Au at 530 nm is visible) confirm the 

possibility of significant dipolar coupling between Rf and Au.  

Table 7.1. Lifetime of picosecond time-resolved fluorescence transients of Rf, Rf-ZnO, Rf-ZnO-Au 

and Rf-Al2O3-Au in ethanol 

 

The steady state emission of all the samples is represented in Figure 7.8.c. It shows 

significant emission quenching of Rf-Al2O3-Au with respect to only Rf which also 

indicates the FRET between RF and Au. The FRET efficiency and the overlap integral 

[J (λ)] are calculated to be 47.83% and 5.89 × 1015 M−1 cm−1 nm4, respectively. The 

distance between donor (Rf) and acceptor (surface of Au NPs) is found to be 5.11 ± 

0.025 nm, which is within the probing limit of FRET (1-10 nm). The presence of Au 

NPs with SPR band influences the enhanced electron injection from Au to ZnO as 

System Excitation 
wavelength 

(nm) 

Emission 
wavelength 

(nm) 

τ1 (ps) τ2 (ps) τ2 (ps) τavg (ps) 

Rf 

 

409 

 

520 

 

643 
(33.20%) 

 

5313 
(66.80%) 

 

 3762.56 

Rf-ZnO 

 

409 

 

520 

 

54 
(46.33%) 

 

646 
(28.67%) 

 

 5020 
(25%) 

1466.23 

Rf-ZnO-Au 

 

409 

 

520 

 

48 
(54.6%) 

 

155 
(32.3%) 

 

   4202 
(13.1%) 

626.84 

Rf-Al2O3-Au 

 

409 

 

520 

 

143 
(38.6%) 

 

823 
(28.6%) 

 

   5098 
(32.8%) 

1962.72 
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evident from other reported literatures [41-44]. Photoinduced ROS generation is 

illustrated using a well-known non-fluorescent marker dichlorofluorescein (DCFH). 

DCFH oxidise to fluorescent dichlorofluorescein (DCF) by ROS exhibiting an 

emission near 520 nm upon excitation at 488 nm. Thus, the enhancement of ROS 

level is demonstrated by the enhancement of emission intensity at 520 nm [45]. The 

oxidation of DCFH is monitored for 8 minutes in the dark and then under irradiation 

of blue light for 24 minutes. In dark, there is no enhancement of emission intensity at 

520 nm. Weather with increase in light exposure time, a greater enhancement of 

emission intensity is observed for Rf-Au-ZnO nanohybrid as compared to Rf-ZnO, 

Rf-Al2O3-Au, Rf and others controls (Figure 7.9.a). On the other hand Rf-ZnO 

produces greater ROS as compared to Rf-Al2O3-Au, Rf-Al2O3, Au-ZnO, Rf and 

DCFH only. In the course of excited state photoelectron transfer process of Rf-ZnO 

nanohybrid, the separated free electrons and the holes produce a significant from 

neighbouring oxygen and water molecules [46-48]. 

z  

 

 

 

 

 

 

 

 

 
 
 
Figure 7.9. (a) DCFH oxidation (monitored at 520 nm) with time in presence of Rf (blue), Rf-ZnO 
(pink), Rf-ZnO-Au (green), Rf-Al2O3 (grey), Rf-Al2O3-Au (red) and DCFH (cyan) only  only under 
dark (8 min) and blue light (24 min).  
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In case of Rf-ZnO-Au nanohybrid, the energy transfer from Rf to Au NPs takes place 

due to dipolar coupling between Rf and Au NPs. Besides the photoelectron transfer 

process from the excited state of Rf to CB of ZnO in the Rf-ZnO-Au nanohybrid, the 

dipolar coupling between Rf and Au NPs also leads to electron transfer from Au 

NPs to the conduction band of ZnO [42-44].   

 

Figure 7.10. (a) Dose-dependent antibacterial effect of Rf-ZnO-Au at concentrations ranging from 0 
to 2 mg/ml on MRSA under dark conditions. (b) Bacterial viability after treatment with 0.2 mg/ml 
Rf-ZnO-Au in the presence and absence of blue light irradiation (30 min). The inset shows images of 
MRSA plates treated with Rf-ZnO-Au before (I) and after (II) blue light irradiation. 
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This seems to be huge charge separation in the Rf-ZnO-Au nanohybrid upon 

excitation, which results an excessive amount of ROS production over Rf-ZnO 

nanohybrid and other controls under blue light irradiation. Next, we have evaluated 

antimicrobial action of Rf-ZnO and Rf-Au-ZnO towards MRSA under dark and blue 

light illumination. In order to determine the dose dependent toxicity of RF-ZnO-Au 

nanohybrid towards MRSA, variable concentration of Rf-ZnO-Au (ranging from 0 to 

2 mg/ml) was examined on the growth of MRSA using the CFU assay under dark 

condition (Figure 7.10.a). The minimum inhibition in the bacterial growth was 

observed at concentration of 0.2 mg/ml, whereas at the concentration of 1 mg/ml, 

the inhibition of bacterial growth  is quite significant. In order to examine the 

photodynamic action, a concentration of 0.2 mg/ml of the Rf-ZnO-Au nanohybrid 

has been prepared. The images of MRSA plates represents the bacterial CFU 

significantly less in number in presence of light as compared to dark. There is no 

antibacterial activity under dark and light-irradiated conditions for the control 

treated samples (Figure 7.10.b). In case of Rf-ZnO treated sample, the bacterial 

growth is observed to have decreased by 65.9% in CFU compared to 96.7% for the 

Rf-ZnO-Au nanohybrid treated samples under irradiation with blue light. Thus, the 

inhibition in growth of the bacterial culture for the Rf-ZnO-Au nano-hybrid is 

highest (96.7%) relative to the other controls. 

7.3. Conclusion: We have explored the effectiveness Rf-ZnO-Au nanohybrid in 

visible light harvesting over Rf-ZnO nanohybrid for the implementation in PDT. The 

attachment of Rf on ZnO surface and Au-ZnO surface was characterized electron 

microscopic, optical spectroscopic and DFT analysis techniques. The DFT and TD-

DFT based calculations corroborates results from the experimental data. The 

picosecond resolved fluorescence transient shows the excited state electron transfer 

dynamics of Rf-ZnO and Rf-ZnO-Au. The photoinduced excited state charge transfer 

from Rf to ZnO in nanohybrid is responsible for overall efficient ROS generation 

over free Rf dye. Besides the excited state photoelectron transfer process, the 

presence of Au on ZnO surface influences the dipolar coupling between Au and Rf 

which leads to a huge charge separation in the Rf-ZnO-Au nanohybrid upon 
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excitation at blue light. This huge charge separation upon excitation results in 

greater of production of ROS for Rf-ZnO-Au nanohybrid over Rf-ZnO nanohybrid. 

The key advantage of Au on ZnO surface in the Rf-ZnO-Au nanohybrid is the 

enhancement of efficiency in ROS generation. The photodynamic antibacterial action 

on MRSA by both Rf-ZnO and Rf-ZnO-Au nanohybrid is confirmed from the CFU 

assay. After incubation of MRSA with the Rf-ZnO-Au nanohybrid, the significant 

reduction (96.7%) in CFU was observed upon blue light irradiation. Overall, the 

results highlight the crucial role of the plasmonic NPs in the Rf-ZnO-Au nanohybrid 

which influences efficiency of ROS production and hence antibacterial activity under 

blue light irradiation. It provides promising aspect for the improvement of 

Visible/NIR light driven photodynamic therapy which could be translated for others 

suitable photosensitizer.  
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                                                              Chapter 8 

Synthesis of Different Metal Sulphide Nanoparticles 
for Their Light Harvesting Activity Including 

Anticancer Effects 
 
8.1. Introduction: Semiconducting nanoparticles (NPs) have elicited a multitude 

of investigations into their unique characteristics such as charge transport, light 

emission, mechanics and thermal diffusion [1, 2]. Since decade, it represents a 

dynamic area of interest in molecular and biomedical sciences [3]. However, NPs 

have a tendency to aggregate in order to minimise their surface energies which 

create a technical challenge to control their size, shape, stability, and dispersibility in 

desired solvent [4, 5]. Therefore, development of some effective surface protection 

strategies is very important to maintain the stability of the NPs. These strategies 

involve functionalization with organic ligands such as small organic molecules or 

surfactants, polymers, and biomolecules [6-8]. 

Over the past decade, 3d transition metal oxides (MxOy) NPs have attracted broad 

interest because of their potential applications in various fields including catalysis, 

energy storage, drug delivery and biomedical imaging [9-13]. In general, most 

transition metal oxides are analogous to typical transition metal sulfides MxSy. 

Previously, transition metal (Fe, Co, Ni, Cu, Zn and Mo) sulfides have received 

much attention due to their manifold crystal structures and potential applications in 

lithium-ion batteries (LIBs), solar cells, sensors, thermoelectric devices, fuel cells and 

supercapacitors [14-19]. In past few years, the transition metal sulfide NPs has been 

mainly explored for energy and catalysis-related applications which gain key 

interest from biomedical researchers across the world. But, there is still much scope 

for large improvements in terms of potential biological applications.Since the last 

decade, the implementation of surface functionalized manganese oxide (MnxOy) NPs 

achieves ground breaking success in biomedical research. The variable oxidation 

states of manganese (II, III, IV and VII) provide a pH-dependent redox medium 

which has been utilized for efficient production of ROS (reactive oxygen species) and 
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antioxidants [20-23]. In this regard, development of surface functionalized MnS NPs 

could be an exciting attempt for potential biological applications. Manganese sulfide 

(MnS), a p-type semiconductor, has been used for sensing, magnetic resonance 

imaging (MRI) electrochemical water oxidation, lithium-ion batteries and 

photocatalysis because of its excellent optical and electrical properties [24-29]. 

However, its biological applications are barely reported. Also, the effects of capping 

ligand to modulate the surface properties of MnS NPs and the subsequent 

appearance of novel optical properties have not been studied yet.  

In our present study, we have synthesized MnS NPs and then functionalized with 

citrate. The surface functionalization makes MnS NPs soluble in water. Microscopic 

and optical spectroscopic tools have been used in order to characterise both 

uncapped MnS NPs and citrate-MnS NPs respectively. We monitored the generation 

of ROS using dichlorofluorescin (DCFH) indicator. Citrate-MnS NPs produce an 

excessive amount of ROS at acidic/neutral pH without any photo activation. It is 

revealed that the mixed valence state of Mn (+2, +3 and +4) along with in the citrate-

MnS NPs lead to this exceptional ROS production without photo activation. To 

study the nature of ROS, we performed the DCFH assay in presence of singlet 

oxygen quencher (NaN3) and hydroxyl radical quencher (TAB). The citrate-MnS NPs 

exhibit a significant efficiency in bilirubin degradation and antibacterial activity 

against a gram-positive bacteria Staphylococcus hominies (S. hominis). The 

remarkable efficiency of the citrate-MnS NPs in ROS generation without any photo 

activation indicates the promise of these NPs in potential therapeutic applications. 

8.2. Results and Discussion: 

8.2.1. Implementation of Surface Functionalization of MnS Nanoparticle for 

Achieving of Novel Optical Properties and Improving Therapeutic Potential [30]: 

The X-ray diffraction (XRD) patterns of the as-synthesized NPs are shown in Figure 

8.1.a. All diffraction peaks {(100), (002), (101), (110), (103) and (112) planes 

corresponding 26°, 28°, 29°, 46°, 50° and 54° diffraction angles respectively)} in the 

Figure 8.1.a are perfectly matched with wurtzite MnS crystal indexed in the 

literature [31, 32]. The TEM (Figure 8.1.b) and HRTEM (Figure 8.1.c) study has been  
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Figure 8.1. (a) XRD of MnS nanoparticles. (b) and (c) TEM and HRTEM of MnS nanoparticles 

respectively. (d) Scheme of citrate functionalization with MnS nanoparticles. (e) FTIR spectra of 

citrate (red) and citrate-MnS (blue). 

carried out in order to estimate the size and crystalline nature of the MnS NPs. The 

average size of MnS NPs is found to be around 10 nm. The HRTEM image depicts 

the crystallinity of the MnS NPs having interplanar distance of 0.35 nm, 

corresponding to the (100) plane of the crystal lattice [32]. 

The functionalization of MnS NPs with citrate influences their subsequent 

appearance of novel optical properties. As shown in Figure 8.1.d, the brownish 

dispersed solution MnS NPs turns to greenish and transparent upon citrate 

functionalization which infers the water solubility of citrate-MnS NPs. The loading 

of citrate on MnS was studied by thermogravimetric analysis (TGA). The inset of 

Figure 8.1.a shows the ther mogravimetric curves of uncapped MnS NPs and citrate-
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MnS NPs. The presence of water molecules is responsible for the initial weight loss 

upto 154 ºC for citrate-MnS NPs. However, a significant percentage of weight loss is 

observed between 154 ºC to 400 ºC for citrate-MnS. The thermal degradation of about 

29.7% in between154 ºC to 400 ºC for citrate-MnS is attributed to the presence of 

citrate molecules. Whereas in case of uncapped MnS NPs, negligible thermal 

degradation is observed upto 400 ºC. The number of citrate molecules on the surface 

of a single MnS NP was calculated to be 2317. The FTIR spectra of sodium citrate 

possess stretching frequencies at 1570 cm–1 and 1632 cm–1 corresponding to both 

symmetric and asymmetric stretching of CO3 group respectively where the intensity 

of asymmetric stretching peak is much higher as compared to symmetric stretching 

peak (Figure 8.1.e). However, a huge increment in intensity of symmetric stretching 

 

 

 

 

 

 

Figure 8.2. (a) UV-Vis absorption spectra of citrate-MnS (red) and manganese acetate salt (black) in 
water. Inset shows enlarge spectra of citrate-MnS in water (sky blue). (b) and (c) Steady state 
emission spectra of citrate-MnS upon excitation at 290 nm (blue) and 430 nm (green) respectively. 
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peak is observed for citrate-MnS which implies the bi-dentate binding of citrate on 

the surface of MnS NPs. Citrate-MnS exhibits two characteristic absorption peaks at 

293 nm and 430 nm in water (Figure 8.2.a). The peak at around 290 nm (in the inset) 

corresponds to the high energy ligand-to-metal charge transfer transition (LMCT) 

The LMCT is originated due to the interaction between the Mn3+ centres and the 

surface bound citrate ligands in the citrate-MnS NPs [33].  Another band at 430 nm is 

attributed to d–d transitions cantered over Mn2+/3+ ions in citrate–MnS NPs [33, 34]. 

Steady state emission spectrum of citrate-MnS shows a characteristic peak at 410 nm 

upon excitation at LMCT band (ex = 290 nm) (Figure 8.2.b). Whereas, the excitation 

at d-d band (ex = 430 nm) provides a strong emission peak at 520 nm (Figure 8.2.c). 

To determine the production of ROS by citrate-MnS NPs, a well-known non-

fluorescent marker dichlorofluorescein (DCFH) is used which is oxidized to 

fluorescent dichlorofluorescein (DCF) by ROS. DCF exhibits an emission near 520 

nm upon excitation at 488 nm [35]. The oxidation of DCFH in the dark is monitored 

for 30 minutes in presence of citrate-MnS at pH 5, pH 7 and pH 8 separately, a huge 

enhancement of emission intensity at 520 nm at both acidic (pH 5) and neutral (pH 7) 

pH is observed indicating the presence of ROS and no change in emission intensity 

is observed at pH 8 indicating the absence of ROS (Figure 8.3.a). This phenomenon is 

consistent with the fact that, in acidic/neutral pH, Mn3+ ions are unstable and have 

tendency to disproportionate into Mn2+ and Mn4+. This redox medium is responsible 

for huge generation of ROS. Furthermore, we have done another DCFH assay in a 

“light on-light off” manner for more clarification about pH-dependent redox 

medium (Figure 8.3.b). At first, we have measured the ROS at pH 5 under dark for 5 

minutes and then base was added to maintain the pH of the solution at 8. The 

enhancement of emission intensity at 520 nm is arrested after the addition of base. 

But, under blue light irradiation for 5 minutes, the intensity at 520 nm is started to 

increase and further remains constant upon switching off the light. This process 

remains continues till saturation is established. The Mn3+ ions disproportionate into 

Mn2+ and Mn4+ at PH 5 which is responsible for the increment of ROS but the 

process of disproportionation is irrupted upon addition of base (pH 8). Further, the 
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blue light irradiation influences the electron-hole separation in the MnS lattice which 

influences enhancement of ROS production [35, 36]. Furthermore, to investigate the  

 

Figure 8.3. (a) DCFH oxidation (monitored at 520 nm) with time in presence of Citrate-MnS at pH 5 

(red), at pH 7 (purple), at pH 8 (cyan), uncapped MnS NPs (pink) and DCFH only (gray). (b) DCFH 

oxidation (monitored at 520 nm) with time in presence of Citrate-MnS from pH 5 to pH 8 in a “light 

on-light off” (blue light) manner with time intervals. 

nature of generated ROS, we have performed DCFH assay for citrate-MnS at pH 5 in 

presence of singlet oxygen (NaN3) quencher and hydroxyl radical quencher (TBA) 

[37, 38]. In presence of both NaN3 and TBA, the enhancement of emission intensity at 

520 nm is significantly quenched which implies the presence of both singlet oxygen 

and hydroxyl radical as ROS (Figure 8.4.a). The ability of singlet oxygen production 



 

140 

 

is always very useful in terms of anticancer and antitumor treatment. Moreover, we 

have performed bilirubin degradation in presence of citrate-MnS at pH 5 and pH 7 

for 30 minutes at dark. The decrease in absorbance peak of bilirubin at 432 nm 

indicates the degradation of bilirubin [39]. As shown in figure 4b, the rate of 

degradation is significantly higher in both acidic/neutral pH.  

 

Figure 8.4. (a) DCFH oxidation (monitored at 520 nm) with time in presence of Citrate-MnS at pH 5 

with singlet oxygen scavenger NaN3 (red), hydroxyl radical scavenger (green) and without any 

scavenger (red). (b) Bilirubin degradation by citrate-MnS at pH 5 (blue), pH 7(green) and bilirubin 

only (red). 

Whereas, the degradation rate at acidic pH is much higher as compared to that of 

neutral pH. The significant production of ROS in acidic/neutral pH is responsible 
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for the degradation of bilirubin. Thus, the citrate-MnS NPs could be implemented as 

a potential therapeutic agent for hyperbilirubinemia. The antimicrobial activity of 

citrate-MnS has been examined against the S. Hominis growth to explore the 

therapeutic potential of citrate-MnS for use in anti-cancer and anti-tumor therapy. 

 

Figure 8.5. (a) Dose-dependent antibacterial effect of citrate-MnS at concentrations ranging from 0 
to 100 µL on S. hominis under dark conditions. (b) Bacterial viability after treatment with citrate-
MnS at pH 5 and pH 8. 

The concentration dependent toxicity of citrate-MnS at pH 5 was examined on the 

growth of S. Hominis the colony-forming unit (CFU) assay under dark condition. At 

a concentration of 10 µL, a significant inhibition of bacterial growth is observed 

(Figure 8.5.a). To probe the antibacterial action 10 µL of as-prepared citrate-MnS 

have been used for incubating the culture for 3 h. As shown in Figure 8.5.b, less 
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number of colonies is observed (the bacterial growth is found to be decreased by 

96% in CFU) for citrate-MnS treated plate at pH 5 which implies a significant 

antibacterial effect. Whereas, citrate-MnS treated plate at pH 8 exhibits less inhibition 

(the bacterial growth is observed to have decreased by 23% in CFU) against the 

growth of S. Hominis. 

 

Figure 8.6. Pictorial diagram for the hemolysis assay for (a) PBS Control (b) Negative control and (c) 

NPs treatement. (d) Absorbance of the supernatant showing the amount of hemolysis. 

To assess the cytotoxicity of the citrate-MnS the hemolysis assay on RBC was 

performed. We observed no significant hemolysis in the RBC samples treated with 

the NPs, as comparable to the PBS control group (Figure 8.6.a and 8.6.c). On the 

contrary, 100% hemolysis was observed in the negative control groups due to the 

rupture of the RBCs 9 (Figure 8.6.b). To further confirm our results we measured the 

absorbance of the supernatant (Figure 8.6.d) which shows absence of any q bands of 

hemoglobin in the treated group. Thus, our experiment suggests that the citrate-MnS 

NPs are is selective to the microorganisms, having no cytotoxicity to the RBC’s. 

Overall, our study highlights the scope of developing citrate-MnS as a potent 
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antibacterial agent and potential therapeutic agent against hyperbilirubinemia. The 

ability of pH-triggered ROS production by citrate-MnS could be used by biomedical 

researchers to the utilization of these NPs in potential biological applications.  

8.3. Conclusion: In summary, we have for the first time demonstrated that highly 

water-soluble citrate-MnS NPs exhibit intrinsic photoluminescence and can generate 

an excessive amount of ROS without any photo-activation. We have synthesized the 

as-prepared MnS NPs and functionalized by citrate ligand. We have characterized 

the uncapped MnS NPs using XRD and HRTEM. The surface functionalization 

makes the MnS NPs soluble in water. The citrate-MnS NPs exhibit LMCT and d-d 

band in UV-Vis absorption spectra and strong photoluminescence. FTIR spectra of 

both capped and uncapped MnS NPs were taken to confirm the surface 

functionalization of uncapped MnS NPs. DCFH assay was performed to measure 

ROS without any photo activation. Citrate-MnS NPs decompose bilirubin at acidic 

pH (pH 5). The pH-dependent disproportionation of manganese ions is responsible 

for the production of huge amount of ROS. Detection of singlet oxygen and hydroxyl 

radical has also been done using an appropriate scavenger. The antibacterial activity 

of the citrate-MnS NPs nanohybrid is confirmed from the CFU assay on gram-

positive bacteria S. Hominis. A significant inhibition {(96%) in CFU} was observed for 

citrate-MnS NPs at pH 5. The efficacy of ROS production at acidic/neutral pH 

without any photo activation provides key aspects for multifunctional applications 

in human health. Therefore, multidisciplinary efforts are needed from biologists to 

obtain a clear understanding of citrate-MnS-based nanomedicine, which will further 

facilitate the clinical translation. 
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