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 This thesis presents a novel ZnO-hydrogel based fluorescent colloidal semiconductor 

nanomaterial system for potential bio-medical applications such as bio-imaging, cancer detection 

and therapy. The preparation of ZnO nanoparticles and their surface modification to make a 

biocompatible material with enhanced optical properties is discussed. High quality ZnO 

nanoparticles with UV band edge emission are prepared using gas evaporation method. 

Semiconductor materials including ZnO are insoluble in water. Since biological applications 

require water soluble nanomaterials, ZnO nanoparticles are first dispersed in water by ball 

milling method, and their aqueous stability and fluorescence properties are enhanced by 

incorporating them in bio-compatible poly N-isopropylacrylamide (PNIPAM) based hydrogel 

polymer matrix. The optical properties of ZnO-hydrogel colloidal dispersion versus ZnO-Water 

dispersion were analyzed. The optical characterization using photoluminescence spectroscopy 

indicates approximately 10 times enhancement of fluorescence in ZnO-hydrogel colloidal system 

compared to ZnO-water system. Ultrafast time resolved measurement demonstrates dominant 

exciton recombination process in ZnO-hydrogel system compared to ZnO-water system, 

confirming the surface modification of ZnO nanoparticles by hydrogel polymer matrix. The 

surface modification of ZnO nanoparticles by hydrogel induce more scattering centers per unit 

area of cross-section, and hence increase the luminescence from the ZnO-gel samples due to 

multiple path excitations. Furthermore, surface modification of ZnO by hydrogel increases the 

radiative efficiency of this hybrid colloidal material system thereby contributing to enhanced 

emission. 
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CHAPTER 1 

INTRODUCTION 

Recent advances in nanotechnology provide a wide variety of nanomaterials with 

interesting optical and electronic properties. Among these nanomaterials, II-VI semiconductor 

nanoparticles and quantum dots like zinc oxide (ZnO), zinc sulfide (ZnS), cadmium-telluride 

(CdTe) and cadmium selenide (CdSe) have gained such a momentum in research and industry 

owing to their strong luminescence (emission) property. Applications of these materials include 

bio-labeling [1, 2, 3], light emitting diodes [4], lasers [5], and sensors [6]. 

 

1.1. Motivation 

 Cell imaging; both in-vivo and in-vitro generally uses conventional fluorescent dyes 

such as fluorescein, ethidium bromide, or organic fluorophores like green fluorescent protein 

(GFP). There are three significant drawbacks 

for these routine tags: 1) they have poor photo 

stability; hence photo bleach 2) they have 

narrow absorption band; therefore less 

selectivity and 3) broad emission spectra, 

which restricts multicolor labeling [7, 8]. 

Researchers have recently demonstrated the 

use of colloidal semiconductor nanocrystals 

known as quantum dots (QDs) such as CdSe, 

CdTe and cadmium-sulphide (CdS) as high 

efficient fluorophores [3, 7, 9]. CdSe and 

QD 

GFP 

Figure 1.1 Sensitivity and fluorescence 

comparison between QD-tagged (right flank 

of the mouse) and GFP-tagged (left flank of 

the mouse) cancer cells. [Figure reproduced 

from “In vivo cancer targeting and imaging 

with semiconductor quantum dots”, X. Gao 

et al., Nature Biotechnology, vol 22, No. 8, 

Aug 2004, p 973. © 2004 Nature Publishing 

Group] 
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CdTe nano compounds are highly luminescent materials with improved efficiency and high 

photo stability, and tuning their particle size can span their fluorescence emission [7, 9]. Figure 

1.1 shows the sensitivity and fluorescence comparison between QD-tagged and GFP-tagged 

cancer cells in a mouse. Figure 1.1 clearly shows stronger fluorescence from QD-tagged cells 

compared to GFP labeled ones. However, the toxic nature of Cd element poses a major problem 

in their application as a fluorescence tag, especially in in-vivo imaging [10-14]. ZnO 

nanoparticles are fluorescent semiconductors with low toxicity and high photo stability [13-15]. 

It is also a biofriendly and bio-degradable semiconductor [16]. Hence, ZnO can be elected as a 

possible replacement for conventional tags and toxic quantum dots like CdTe, CdSe etc. for bio-

medical applications [13-16], and is chosen as the core study material for this research. However, 

viability of ZnO for bio-applications is not effectively studied because of the under developed 

synthesis and surface modification processes. This thesis investigates the feasibility of 

developing ZnO as a fluorescent probe for bio-imaging. 

Although researchers [17-20] have reported the synthesis of ZnO nanocrystals/ 

nanoparticles, most of them observed a weak emission at around 380nm (3.3 eV) and a strong 

green emission at around 500nm (2.4 eV). The UV emission at 380 nm from ZnO is due to the 

band edge exciton emission (radiative recombination of electron-hole pair); whereas the green 

emission is because of the deep level emission (recombination at trapping sites) due to the 

surface defects [18]. UV band edge emission from ZnO is narrow; whereas defect induced green 

emission is significantly wider. Therefore, UV emitting ZnO are preferred for multicolor labeling 

purposes, where two fluorescent markers with distinct emission are used. Most of the ZnO 

synthesis methods that are reported [17-20] are based on wet-chemical processes. Such processes 

resulted in the formation of ZnO nanoparticles with surface defects leading to quenched UV 
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emission from these particles. Alternative semiconductor growth processes include metal-organic 

chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), arc discharge/gas 

evaporation, etc. of which MOCVD and MBE are highly expensive and sophisticated processes 

and are mainly used for thin film preparation. The material quality, reproducibility, production 

cost and complex process are the main issues of these synthesis methods. This study uses gas 

evaporation method [21], which can produce single crystal ZnO nanoparticles. This is a very 

efficient, fast and easy way of preparing high quality ZnO nanoparticles in bulk amounts from 

less expensive raw materials.  

Semiconductors are insoluble in aqueous medium and causes agglomeration of particles. 

Generally, semiconductor compounds cannot be bio-conjugated to biological cells or tissues 

directly. These semiconductor characteristics raise a major challenge in their utility for biological 

applications. Biological applications require aqueous soluble materials. Successful dispersion of 

ZnO nanoparticles in water has been done using ball milling method [21]. But, the 

reproducibility and stability of this method are unpredictable.  Also, luminescence of ZnO 

particles is subject to aging caused by formation of hydroxides at the surface, leading to 

quenched luminescence [14]. Embedding semiconductor or metal nanoparticles into polymer 

matrix (a chemical compound made from organic/inorganic polymers) has been reported to 

augment the properties of the embedded materials [22-25]. This is due to the surface 

modification of the incorporated material by the polymer networks. ZnO modified by poly 

methylmethacrylate (PMMA) matrix reported in reference 14 claims to protect the surface of 

oxide particles using polymer coating.  Quenching of surface defect induced green emission from 

PMMA matrix coated ZnO has been reported [26]. QDs embedded in PNIPAM microgel 

exhibited increase in luminescence intensity [25]. PNIPAM hydrogel is a biocompatible [27] 
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polymer matrix, which absorbs water at room temperatures; therefore contains 97% (weight %) 

of water, and expels water from its networks at higher temperatures [27-29]. Because PNIPAM 

hydrogel is biocompatible, aqueous in nature and has been reported to boost the properties of 

materials that were incorporated in it, current research utilizes this polymer gel to make a stable, 

biocompatible dispersion of ZnO for bio-applications.  

 

1.2. Problem Statement 

 The use of conventional dyes and organic fluorophores in bio-labeling is limited by 

narrow excitation and photo stability issues, where as recently developed colloidal quantum dots 

to substitute these routine tags are toxic in nature and requires complex chemical modifications. 

These issues raise the need for a non toxic and photo stable fluorophore. ZnO nanoparticles are 

fluorescent semiconductors with low toxicity and high photo stability. Hence they can be 

considered as a new candidate for bio-labeling. But, they are insoluble in water which causes a 

compatibility issue, because of the requirement of aqueous soluble materials for biological 

applications. Semiconductor nanoparticles embedded in polymer matrices have been reported to 

enhance material properties and can also be suspended in water. A few studies [12, 14, 26] have 

been conducted to determine the feasibility of preparing ZnO nanoparticles as fluorescent probes 

by coating with compounds like silica and PMMA polymer matrix, but the effect of embedding 

these nanoparticles in biocompatible PNIPAM based hydrogel colloidal solution has not been 

investigated. Therefore, this research investigates the feasibility of embedding ZnO nanoparticles 

in PNIPAM hydrogel polymer matrix to develop a bio-compatible fluorescent marker. 
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1.3. Purpose of the Research  

 The purpose of this research is to synthesize aqueous stable and biocompatible 

fluorescent material using ZnO, which fluoresces in the ultra violet regime for biological 

applications. To achieve this goal, following objectives are completed: 

1. Synthesize high quality ZnO nanoparticles with high internal efficiency or fewer defects 

2. Synthesize hydrogel colloidal solution using PNIPAM as the main monomer with 

different functional groups to determine which functional groups bind to ZnO 

3. Incorporate ZnO in PNIPAM hydrogel solution to make a biocompatible and stable 

dispersion with enhanced optical properties 

4. Investigate the optical characteristics of the above synthesized samples 

 Equal amounts of ZnO in water and ZnO in PNIPAM hydrogel solution are characterized 

to draw conclusions regarding optical properties of ZnO in PNIPAM hydrogel sample. The 

concentration (weight %) of ZnO in both samples is kept constant for comparison purposes.  

This research will initialize the possibility of replacing photodegradable conventional dyes, and 

toxic quantum dots for biological applications with II-VI semiconductor ZnO.  

 

1.4. Research Questions 

The research questions associated with this study are stated below along with hypotheses. 

Research Question 1: Can a photo stable, aqueous dispersion of fluorescent ZnO semiconductor 

nanoparticles be made by incorporating ZnO nanoparticles in PNIPAM hydrogel colloidal 

solution for bio-applications? 
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Null Hypothesis 1: A photo stable, aqueous dispersion of fluorescent ZnO semiconductor 

nanoparticles can be made by incorporating ZnO nanoparticles in PNIPAM hydrogel 

colloidal solution for bio-applications. 

Alternate Hypothesis 1: A photo stable, aqueous dispersion of fluorescent ZnO 

semiconductor nanoparticles cannot be made by incorporating ZnO nanoparticles in 

PNIPAM hydrogel colloidal solution for bio-applications. 

Research Question 2: Can the fluorescence of ZnO nanoparticles be enhanced by embedding 

them in PNIPAM hydrogel polymer matrix? 

Null Hypothesis 2: The fluorescence of ZnO nanoparticles can be enhanced by 

embedding them in PNIPAM hydrogel polymer matrix. 

Alternate Hypothesis 2: The fluorescence of ZnO nanoparticles cannot be enhanced by 

embedding them in PNIPAM hydrogel polymer matrix. 

1.5. Research Assumptions 

 ZnO nanoparticles are assumed to be less toxic based on the articles available in literature 

[13, 16, 30], which claims that “ZnO is less toxic”. This assumption is strengthened by the 

results of the toxicological characterization studies on ZnO reported in the evaluation article [31] 

released by the scientific committee on cosmetic products and non-food products intended for 

consumers (SCCNFP) stating that “ZnO is non toxic”. The difference in the argument of ZnO‟s 

toxicity being less toxic and non toxic arises from that fact that inhaling ZnO powder in excess 

quantity can cause nasal irritation [see appendix A]. No additional cytotoxicity tests were 

conducted in this study. 
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1.6. Overview of Thesis 

 This thesis is divided into six chapters. Chapter 2, Review of Literature gives the material 

properties and significance of ZnO and PNIPAM hydrogel polymer. It also discusses the past 

research work done to modify ZnO nanoparticles using polymer networks for various 

applications. Chapter 3 details the methodology used to synthesize the samples used in this 

study. It also describes the experimental setup used to characterize the optical properties of the 

samples prepared as described in chapter 3. Analyses of the experimental results are presented in 

Chapter 4. Chapter 5 discusses the implications of the research and the initial imaging 

experiments performed. Chapter 6 summarizes the research results and conclusions drawn from 

this study. Chapter 7 recommends future work that can be carried out to optimize and validate 

current results. 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1. Significance of ZnO 

 Zinc oxide is a direct band gap, II-VI group semiconductor compound with wide band 

gap energy of 3.3 eV at room temperature and a high exciton binding energy of 60 meV [32]. 

Since the exciton binding energy of ZnO is greater than thermal energy (27meV), the excitons in 

ZnO are very stable at room temperature, which ensures the UV emission [32] due to exciton 

recombination.  

The wavelength of emission from ZnO can be calculated from band gap energy using Planck‟s 

equation. According to Planck‟s equation [33]: 

  

hc
Eg  ………………………………..……….…………………………….. (1) 

Where  = wavelength of the photon emitted 

 gE  = Band gap energy 

 h = Planck‟s constant = 1510135.4   eV.s 

 c = Speed of light =  8109979.2   m/s = 17109979.2   nm/s 

Therefore,


eVnm
Eg

1240
  .…………………………………….…………………………… (2) 

    ZnOE = 3.3 eV 

Substituting values in equation (2), ZnO = 375.8 nm 

As calculated above, emission from ZnO due to band edge excitons lies in the UV region. This 

property of ZnO has attracted researchers for its use in light emitting devices (LED) in the short 

wavelength regions and is a potential competitor for gallium nitride (GaN) based LEDs. Other 
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applications of this material include low threshold semiconductor lasers due to sharp exciton 

transitions [34, 35], transparent electrodes for solar cells [36], sunscreen lotions etc.  

 Compared to other fluorescent semiconductors, ZnO is a low toxic material, which makes 

it highly attractive for biological applications. A study on the effect of pharmacological doses of 

zinc oxide performed on rats reported that ZnO at high dietary concentration influences the 

digestion of nutrients via increased hydrolase activity [37]. Another study on the 

biodegradability and biocompatibility of ZnO nanostructures investigated the interaction 

between ZnO nanowires and horse blood serum [16]. In this study, the authors found that ZnO 

nanowires can survive in the fluid for a few hours, after which they degrade into mineral ions. 

Zinc is an essential element present in human body [38], and it is required for the enzymes that 

regulate cell growth process in wound healing and healthy functioning of the immune system 

[39]. Multi-vitamin tablets and dietary supplements contain traces of zinc, an essential nutrient 

for the human body and the normal daily recommended intake of Zn for adults is 8mg to 15 mg 

[31, 38, 39]. Since ZnO nanoparticles can absorb UV light, it is used for making sunscreen 

lotions. Therefore ZnO is a bio friendly material. Because ZnO is a biodegradable and highly 

photo stable material with less toxicity and efficient emission, researchers have started to 

investigate the potential of using ZnO as a fluorescent marker.  

 In addition to the UV band edge emission, green emitting ZnO nanocrystals have been 

reported by various researchers [17-20] and have generated interests in biological applications. 

The color of emission from ZnO corresponds to various intrinsic or extrinsic defects and varies 

from one synthesis process to another. Photoluminescence is used as a tool to understand the 

electrical and optical properties of ZnO semiconductor nanoparticles. 
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2.2. Photoluminescence 

 Photoluminescence (PL) is the spontaneous emission of light from a material caused by 

photo-excitation [40].  Photoluminescence of semiconductor materials including ZnO can be 

explained using energy bands. A simplified energy band diagram for a direct band gap 

semiconductor material is shown in figure 2.1. 

 The energy bands consist of a large number of closely packed energy levels. In figure 2.1, 

Ev depicts the highest energy state in the valence band and Ec denotes the lowest energy level in 

the conduction band. The valance band and 

conduction band consists of several different 

electronic states, illustrated as Ev (1-5) and 

Ec(1-5). Band gap is the difference in energy 

between the valence and conduction bands 

represented by Eg.  

 In an undoped semiconductor, the 

electrons are occupied in the conduction band 

and the valence band is unoccupied. When a 

material is optically excited using a radiation of 

light or a specific wavelength of light, photons 

from the incident light is absorbed by the material 

resulting in the excitation of electrons from the 

valence band to the conduction band, where it is at a high energy excited state. This transition of 

electron to the conduction band creates a positively charged hole in the valence band. Eventually, 

these excited electrons in the conduction band relax returning to the ground state and recombine 

Figure 2.1   A simplified energy band 

diagram for a direct band gap 

semiconductor. 
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with holes in the valence band. This electron – hole pair is called an exciton. The recombination 

process results in the emission of photons of a longer wavelength than the incident light. This 

emission of light by an electron-hole recombination process is generally known as luminescence. 

Luminescence process refers to both fluorescence and phosphorescence, which differ in the 

emission time over which the luminescence occurs.  

 If the material is excited with energy of light that is greater than the band gap energy of 

the material, the electrons in the valence band get excited to different energy levels of the 

conduction band as shown in figure 2.1. However, if the incident light does not have sufficient 

energy to promote a transition, no absorption occurs and hence no fluorescence. One of the 

absorption transition shown in figure occurs from the lowest energy (Ev (1)) level of the valence 

band to the highest energy level of the conduction band (Ec (5)). A second absorption transition 

occurs from energy level Ev (5) to an energy level Ec (1). The electrons in the excited states Ec (5) 

and Ec (1) are unstable at high energy configuration levels and hence return to the lowest energy 

level of conduction band through a relaxation process called vibrational relaxation. The excited 

electrons lose some energy during this vibrational relaxation process and then return to the 

ground state resulting in fluorescence.  

 

2.2.1. Luminescence/ Fluorescence in ZnO 

 Numerous studies have been reported on the successful preparation of ZnO using various 

synthesis techniques and its emission properties. Continuous efforts are being made to synthesize 

high quality crystalline ZnO in powder form, thin films and colloidal solutions. However, most 

of these reports used chemical synthesis processes which resulted in green emitting particles. 

Two emission wavelengths have been reported: 1) A relatively weak and narrow UV emission 
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around 380 nm (3.3 eV), which is due to the radiative recombination of excitons. 2) A strong and 

broad visible emission around 500 nm (2.4 eV), which is caused by the extrinsic defects formed 

during the synthesis process. ZnO nanoparticles with different particle sizes in 2-propanol 

solution synthesized using chemical method by A. van Dijken et al [18] are shown in figure 2.2. 

The size of the ZnO nanoparticles in figure 2.2 increases from 0.7 nm (ZnO labeled „a‟) to 3.3 

nm (ZnO labeled „c‟). As seen in figure 2.2, the authors reported that as the size of ZnO particles 

increases, UV emission becomes stronger quenching the visible green emission. This is because 

of the quantum confinement effect owing to their ZnO particles being smaller than Bohr radius 

of ZnO.  

 Luminescence spectra of dry ZnO nanoparticles prepared by C. L. Kuo [41] using vapor 

deposition method is shown in figure 2.3, which produced cylindrical shaped particles of sizes 

Figure 2.2 Emission spectra of suspensions of nanocrystalline ZnO particles in 2-

propanol taken after different periods of particle growth at room temperature: (a) 

15 min, (b) 120 min, and (c) 420 min. On the left, the broad visible emission 

band is shown and on the right the sharp UV band. ΦE denotes the photon flux 

per constant energy interval. The ZnO particles were excited with light of 4.4 eV. 

[Figure and caption reproduced from “The influence of particle size on the 

luminescence quantum efficiency of nanocrystalline ZnO particles”, A. van 

Dijken et al., Journal of Luminescence 92, 2001, p 326. © 2001 Elsevier Science] 
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100~500 nm in diameter and 2~5 microns in length.  This method is similar to the ZnO synthesis 

process used in the current research study. Figure 2.3 (a) depicts the luminescence from as 

prepared dry ZnO nanorods, showing a relatively strong and narrow emission at 377 nm and a 

broad emission at 500 nm. The authors noticed quenching of green emission after annealing the 

as prepared ZnO in oxygen atmosphere as seen in figure 2.3 (b). This shows that green emission 

is due to oxygen vacancies formed during the synthesis process. 

      

 

 W.-S Chin et al.[42] prepared ZnO nanocrystals from zinc acetate using an amine 

mediated reaction. The nanocrystals prepared by this method were approximately 80 nm in size 

and exhibited UV band edge emission. Figure 2.4 represents the emission and absorption 

spectrum from these nanocrystals dispersed in toluene. The onset absorption of these ZnO 

nanocrystals appeared to be at approximately 370 nm, and the PL spectrum showed a narrow 

emission at 381 nm with a full width at half maximum (FWHM) of ~ 20nm. W.-S Chin et al. 

Figure 2.3 Room temperature cathodoluminescence spectra of ZnO nanorods. (a) 
As prepared particles, (b) after annealing at 400

o
C in air for 1 hour. [Figure 

reproduced from “ZnO nanorods with two spatially distinct light emissions”, C-L 

Kuo et al., Nanotechnology, 19, (2008) 285703, p 2-3. © 2008 IOP Publishing 

Ltd.] 
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reported that they did not observe any green emission from ZnO. They also stated that amine act 

as a capping agent in their synthesis method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The luminescence mechanism of ZnO particles was modeled and explained by A. van 

Dijken et al. [18]. Figure 2.5 describes the photoexcitation and relaxation processes of an excited 

electron in a ZnO particle. The photoexcitation of ZnO is shown in figure 2 (a), which excites an 

electron from the valence band of ZnO to conduction band, leaving a hole in the valence band. 

Three different processes can occur during the return of excited electron to the ground state; 1) 

exciton emission, 2) trap emission and 3) non-radiative emission.  The UV emission is due to the 

classic radiative recombination of excitons (step b). The second and third processes results from 

the surface trapping of a hole. These trapping sites are mainly due to the surface defects that are 

contributed by oxygen vacancies [18, 32] or other impurities at the surface of ZnO. The surface 

trapped hole tunnels back into the particle to recombine with an electron at an intermediate deep 

trap site (step c) resulting in visible emission. The non-radiative emission occurs when an excited 

electron in the conduction band gets trapped at the surface and recombines non-radiatively with a 

Figure 2.4 Absorption (solid line) and PL spectrum (dotted line) of ZnO 

nanocrystals. Excitation wavelength for PL=280 nm. [Figure reproduced from 

“Shape-Controlled Synthesis of Zinc Oxide: A Simple Method for the Preparation of 

Metal Oxide Nanocrystals in Non-aqueous Medium”, W.-S. Chin et al., Chem. Eur. 

J. 13, 2007, p 636. © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.] 
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surface trapped hole (step d). The rate of this hole trapping process is expected to be faster than 

the radiative recombination of excitons [32]. 

 

 

 

 

 

  

Figure 2.5 A schematic representation of the relaxation processes that take place upon 

photoexcitation of a ZnO particle. Et represents the energy states induced by surface 

traps. Os
*
 represents the oxygen vacancy levels at the surface (a) An electron from the 

valence band is excited using a photon energy, which leaves a hole in the valence band 

and therefore creates an electron-hole pair. (b) Relaxation process of exciton to ground 

state resulting in UV emission. (c) Trapping of exciton at an intermediate energy level 

due to oxygen vacancies resulting in visible emission. (d) Non-radiative recombination 

of electron-hole pair at the surface defects resulting in no emission. [Figure adapted 

from “The luminescence of nanocrystalline ZnO particles: the mechanism of the 

ultraviolet and visible emission, A. van Dijken et al., Journal of Luminescence 87-89, 

2000, p 455. © 2001 Elsevier Science] 

 



16 

 

 A.van Dijken et al [43] demonstrated that the emission due to surface trapping processes 

decrease as the particle size increase, because of the decrease in surface-to-bulk ratio, where as 

the exciton recombination rate will not be affected by the changes in particle size. 

 

2.3.  Enhancement of Emission in Semiconductor Nanoparticles  

 There has been a great focus in coating nanomaterials with other suitable materials to 

tailor the properties of the nanomaterials. The incorporation of semiconductor nanomaterials into 

a polymer matrix has gained enormous research attention in recent years, because integrating the 

properties of the semiconductor material and polymer matrix has resulted in a new and efficient 

method of preparing high performance materials [22-25]. The enhancement in the material 

properties is due to the surface modification of the incorporated material by the polymer matrix. 

ZnO nanoparticles modified using poly methylmethacrylate (PMMA) matrix reported by 

D.Vollath [14] claims to protect the surface of oxide particles. ZnO coated with PMMA which 

led to quenching of surface defect green emission [26] has been reported. Similar result was 

reported using poly (vinyl pyrrolidone) (PVP) [44]. An increase in luminescence intensity of 

QDs embedded in PNIPAM microgel has also been demonstrated [25].   

 In this study, the two main motives behind modifying the surface of ZnO particles are to 

increase the UV emission by reducing surface defects and to increase the chemical stability by 

preventing agglomeration of colloidal ZnO nanoparticles. Besides, polymer coated ZnO 

nanoparticles can be dispersed in water. Also, appropriate functional groups on the surface of 

ZnO will enable bio-conjugation to bio-molecules. Modifying material for ZnO is often chosen 

depending on the application. PNIPAM hydrogel does not fluoresce, however conjugating it with 
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a fluorescent marker such as ZnO nanoparticles results in a highly sensitive, hybrid material that 

can be functionalized to a bio-molecule for bio-applications. 

 

2.4. Significance of Hydrogel 

 Hydrogels are colloidal particles consisting of randomly cross linked polymer chains 

(also known as polymer matrix or polymer network) which contain a large amount of water 

filling interstitial spaces of network [46] as shown in figure 2.6. The properties of the polymer 

gel depend strongly on the interaction between two components: the liquid prevents polymer 

network from collapsing into a compact mass; the network acts as a reservoir for the liquid. 

Hydrogel particles absorb large amount of water or aqueous solvents to become colloidal 

dispersions. They undergo large volume changes in response to external stimuli such as 

temperature, pH, ion concentration, electric field, magnetic field, solvent composition and light 

[47-49]. These stimulus gels have generated a great deal of interest in the medical community 

due to their aqueous inner environment, bio-compatibility and feasibility of conjugating to bio-

molecules. They are used for applications such as drug delivery, artificial muscles, sensors and 

actuators, and micro valves for lab-on-a chip [27, 28, 50].  

  

 

 

 

 

 

Figure 2.6   Structure of hydrogel polymer matrix.  
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 Hydrogels can be prepared from a variety of monomers and in bulk, micro or nano sizes 

of particles. Hydrogel made of PNIPAM is proved to be a biocompatible monomer and is used in 

bio-medical applications such as drug delivery [28] and cancer therapy [29]. PNIPAM hydrogels 

are not fluorescent, and they have been demonstrated as good fluorescent label carriers [51]. 

PNIPAM hydrogels made in micron sizes are often referred to as microgels. 

 

 PNIPAM hydrogels are also well known temperature responsive gels that undergo a huge 

reduction in particle size above a critical temperature called lower critical solution temperature 

(LCST), which is typically around 32C [52]. Figure 2.7 depicts the volume phase transition of 

PNIPAM hydrogel. Below the LCST, polymer chains are hydrophilic and swollen with water 

and stay swollen until heated above the LCST. When the temperature goes above LCST, a 

discontinuous phase transition occurs whereby the polymer chains become hydrophobic. When 

the polymer chains become hydrophobic, the length of the polymer chains decreases causing the 

water to be expelled from the network. This phase transition process is reversible. Because 

PNIPAM hydrogel can be conjugated to a bio-molecule, contains 97% (weight %) of water and 

Figure 2.7 PNIPAM hydrogel particle undergoing volume phase 

transition: Hydrogel microshere is   hydrophilic and swollen below 

LCST, and hydrophobic and de-swelled above LCST expelling 

absorbed water. 
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has been reported to boost the properties of materials that were incorporated in it, this study has 

chosen PNIPAM hydrogel to modify ZnO nanoparticles.  
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CHAPTER 3 

RESEARCH METHODOLOGY 

 Research methodology is divided into two sections, sample preparation and 

characterization. Sample preparation involves preparation of ZnO nanoparticles, PNIPAM 

hydrogel, and surface modification of ZnO by incorporating ZnO in PNIPAM hydrogel polymer 

matrix. As prepared samples are then characterized using various optical methods. The flowchart 

in figure 3.1 describes the research methods involved in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Research Methods 

Sample Preparation Characterization 

Preparation of ZnO 

Preparation of PNIPAM 

Hydrogel 

Incorporation of ZnO in 

PNIPAM Hydrogel 

Structural 

Characterization 
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Scanning Electron 

Microscopy (SEM) 

Dynamic Light Scattering                                                              

(DLS) 
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Time Resolved 
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Electrophoretic Light 

Scattering (Zeta Potential) 

Figure 3.1 Flow chart of research methodology. 
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3.1.  Sample Synthesis 

3.1.1. Zinc Oxide 

3.1.1.1. Synthesis of Zinc Oxide 

 The ZnO nanoparticles used in this research study are synthesized by gas evaporation 

method (also known as arc discharge method) as reported in reference 21. No catalyst or 

precursors were used in this method.  

 The schematic for gas evaporation method using arc discharge is shown in figure 3.2. 

Metallic zinc (Zn) and air are used as zinc and oxygen sources respectively. Zn metal ingots are 

made from metallic Zn wire of diameter 0.5 cm, which is cut into different pieces, melted in an 

oven at 700
o
C in a small crucible, and then cooled to room temperature. The Zn ingot is polished 

to clean and smooth the surface before placing it inside the production chamber. 

 

 

 

 

 In this method, a carbon tip is used as a cathode and Zn ingot is used as anode. The 

reaction chamber is vacuumed initially and then filled with air to a predetermined pressure, 

which is used as oxygen source. When current is applied between carbon cathode and Zn metal, 

Figure 3.2 a) Schematic representation of arc discharge/gas evaporation 

method, b) Photograph of the gas evaporation equipment. 
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an arc is generated resulting in high temperature, which evaporates zinc from the ingot. The 

vaporized zinc then reacts with the incoming oxygen to produce ZnO nanoparticles and settles on 

the inner walls of the chamber. Figure 3.3 shows the different stages of the gas evaporation 

process.  

              

 

 

 

 

 

 The synthesis time period was varied from 1 min to 5 min. The control parameters 

involved in this process are arc current, chamber pressure, oxygen concentration and synthesis 

time. These parameters play an important role in obtaining good quality nanoparticles. Because 

Zn metal is physically evaporated in the absence of any precursors, there are no organic 

contaminants present on the surface of particles as opposed to chemical methods [53].  

 

3.1.1.2.    Dispersion of Zinc Oxide in Water 

 ZnO is insoluble in water and because biological applications require water soluble 

materials, ball milling method is employed to disperse ZnO nanoparticles in water. Ball milling 

is a non traditional method, which uses a type of grinder called ball mill for grinding or mixing 

materials like ores, chemicals and metallic powders.  The materials are ground using a grinding 

media. Most commonly used grinding media are aluminum balls and stainless steel balls.  In this 

A B C 

Figure 3.3 Different Stages of Gas Evaporation Process. A) Plasma formation 

between carbon tip and Zn ingot due to arc discharge, B) Vaporized Zn reacting 

with oxygen, C) ZnO nanoparticles in powder form settled on the inner walls of 

the production chamber.  
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study, aluminum balls are used as grinding media. ZnO powder and aluminum balls are taken in 

an air tight cylindrical shaped ceramic jar (ball mill) to which de-ionized water is added as the 

solvent. This jar is placed on top of two drive shafts and rotated (rolled) for 50 hours at a speed 

of 600 rpm. The set up is shown in figure 3.4. Smaller nanoparticles have a higher probability to 

disperse in water, while larger nanoparticles tend to precipitate out. Pure dispersion of ZnO in 

water is separated from the precipitate. The major limitation of this method is that one cannot 

determine the concentration of ZnO in the dispersion. Dispersing the nanoparticles in a solvent 

also reduces the agglomeration of powder ZnO, and can be easily incorporated in hydrogel 

matrix than ZnO powder. 

 

 

 

 

 

 

 

3.2. Hydrogel Polymer Networks 

3.2.1. Synthesis of PNIPAM hydrogel 

 PNIPAM hydrogel is synthesized chemically by precipitation polymerization method, in 

which N-isopropylacrylamide (NIPAM) is used as the main monomer. This synthesis reaction is 

reported elsewhere [54], which was adopted for the synthesis of PNIPAM hydrogel in this study.  

The chemicals used and their composition to form the hydrogel are listed in Table 1.  

  

Figure 3.4 Milling set up to disperse ZnO in water. 
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Chemicals Name Function Amount Purchased From 

NIPAM N- isopropylacrylamide Monomer 3.845 g Polyscience Co. 

aa Allyamine Co-monomer 0.2 g Aldrich 

BIS N,N‟-Methylene bisacrylamide Crosslinker 0.1315 g Bio-Rad Co. 

SDS Sodium dodecyl sulfate Surfactant 0.08 g Aldrich 

KPS Potassium per sulfate Initiator 0.05 g Aldrich 

 Table 3.1 Chemical composition of PNIPAM hydrogel 

 

 Appropriate quantities of NIPAM monomer, co-monomer and cross linkers are mixed in 

230 ml of water in a three necked round bottom flask. The solution is then purged with nitrogen 

gas to remove the oxygen produced by the reflux action. The mixture is heated to approximately 

60C. After the temperature reached a steady state, the initiator is added to the heated mixture. 

The reaction is allowed to take place for 5 hours. At the end of the reaction, the mixture is cooled 

to room temperature. This colloidal dispersion is dialyzed for 7 days to remove any non-reacted 

reagents. The dialysis water is changed three times a day. It is further centrifuged and washed 

with water several times to remove any impurities. The precipitate is then re-dispersed in water 

to obtain hydrogel colloidal solution. The synthesis process of PNIPAM hydrogel is shown in 

figure 3.5. Co-monomers are chosen according to the requirement of the gel functional group for 

specific applications.  
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 Hydrogel with three different functional groups are prepared: 1) PNIPAM-allylamine 

(PNIPAM-aa) hydrogel with amine functional group, 2) PNIPAM-COOH hydrogel with 

carboxyl functional group, and 3) PNIPAM-SH hydrogel with broken sulphur-hydrogen bonds. 

All the hydrogels are basically prepared in the same manner except the co-monomer used in the 

synthesis process is different.  For PNIPAM – aa hydrogel, allylamine is used as the co-

monomer, where as for PNIPAM-COOH hydrogel and PNIAPM – SH hydrogel, acrylic acid and 

N,N-Cystein-bis-acrylamide are used as co-monomers respectively. For PNIPAM –SH hydrogel, 

0.2 g of 1,4-dithiol-DL,threitol chemical was added after the initial reaction of synthesis to break 

the sulphur-hydrogen bonds. Of these three functional groups, PNIPAM-aa hydrogel is 

positively charged due to the –NH2
+ 

ions, PNIPAM-COOH hydrogel is negatively charged 

because of – COOH
-
 ions, and PNIPAM-SH hydrogels are neutral in charge.  

 

3.3. Surface Modification of ZnO 

 ZnO nanoparticles were dispersed in water using ball mill method, but the stability of this 

dispersion is unpredictable. Therefore, PNIPAM hydrogel colloidal solution is used to modify 

the surface of ZnO for better stability and bio-compatibility. ZnO dispersed in water is used for 

the surface modification process; because it is assumed to have smaller sized nanoparticles than 

Figure 3.5 Synthesis process of PNIPAM hydrogel. [Reproduced from S. John, 

“Zinc Oxide Based Hydrogel for Bio-Applications”, Nano Tech 2009 

Conference Technical Proceedings, Vol. (1-3) 2009.] 
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ZnO in powder form. ZnO nanoparticles are incorporated in three types of hydrogels with 

varying functional groups. 

 

3.3.1. Incorporation of ZnO in PNIPAM Hydrogel 

 Initially, 2ml of 1.26wt% ZnO-water solution is homogenized by stirring for a few 

minutes at room temperature. Secondly, 2ml of 2wt% PNIPAM-aa hydrogel is added to 10 ml of 

water and stirred for 5 minutes to mono disperse the hydrogel particles to form a dilute colloidal 

hydrogel solution. The homogenized ZnO-water solution and dilute hydrogel colloidal solution 

are mixed, and the resulting mixture is stirred at room temperature for about 24 hours. The 

resulting mixture is then centrifuged at 1000rpm for about 3 hours and then re-dispersed in 

hydrogel. The chances of precipitation of ZnO from hydrogel solution can be reduced by 

controlling the centrifuge speed. ZnO dispersion stability appeared to be relatively higher in 

hydrogel than water. Also, the stability and mono dispersity of ZnO in hydrogel depends on the 

functional group present in the hydrogel. The bulk and electronic properties of ZnO 

nanoparticles were not affected by dispersing these semiconductor nanoparticles in hydrogel 

medium.  

 Similarly, ZnO nanoparticles are also incorporated in PNIPAM – COOH and PNIPAM – 

SH hydrogel solution. 

 

3.4. Characterization of Sample 

 The synthesized and surface modified ZnO particles are characterized to understand the 

physical and optical properties, and how hydrogel affects the ZnO particles. Scanning electron 

microscopy (SEM) and optical transmission microscopy are used to analyze the particle size and 
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structure. The size of the ZnO particles and hydrogel particles are also measured optically using 

dynamic light scattering. Photoluminescence (PL) spectroscopy is used to measure the 

fluorescence from the particles as well as the photo stability. Temperature dependent PL is 

performed to observe the chemical stability of the samples. Finally, fluorescence decay time of 

the samples are measured using time resolved PL to understand the fluorescence mechanisms in 

ZnO. 

 

3.4.1.  Dynamic Light Scattering 

 Dynamic light scattering (DLS) also referred to as quasi-elastic light scattering is a 

method used for determining the size distribution of particles in solutions and hence popular in 

characterizing hydrogels. When light impinge on a particle, it can either impart to or gain energy 

from the incident light and scatter in all directions. This is referred to as Rayleigh scattering. If a 

particular wavelength of light like a laser beam is used as incident source, Rayleigh scattering 

occurs only if the size of particles is smaller than the wavelength of incident laser beam.  

 Semi classical light scattering theory [55] states that when light interacts with a medium; 

the incoming light‟s electric field polarizes the charges associated with the particles or molecules 

in the medium in an oscillating manner. This causes the particles or molecules in the medium to 

radiate light in all directions resulting in scattered light. The structural properties may then be 

determined by analyzing the changes in polarization, frequency shift, angular distribution and 

intensity of scattered light compared to the incident light. Light scattering measurements require 

a monochromatic and coherent light source. The scattered light can be broadly classified into 

elastic and inelastic interactions. The inelastic interaction of particles is associated with 

absorption process, while the elastic interaction does not involve absorption of light by the 
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particles [55]. In polymer and colloidal solutions, elastic interactions are referred to as static 

measurements and quasi-elastic interactions as dynamic measurements. Therefore, the laser 

source chosen for dynamic light scattering is independent of the emission wavelength of the 

material being determined; rather a higher incident wavelength of light is used.  

 Particles in a solution are not stationary, but undergoing constant Brownian motion; 

therefore changing the distance between particles. Because of the change in the distance between 

the adjacent particles, the scattered light off of a particular particle undergoes constructive or 

destructive interference resulting in fluctuations in the scattered light intensity. In dynamic light 

scattering, an autocorrelation function is plotted by measuring the fluctuations in the scattered 

intensity due to the Brownian motion of the suspended scatterers at a high sampling rate. An 

autocorrelation function is the correlation of random variables at a point with respect to change 

in time. From the autocorrelation function, hydrodynamic radius distribution of the particles is 

calculated from Stoke-Einstein equation [56]: 

                                                             ………………………………………...… (3) 

where bk is the Boltzman constant, T is the temperature in Kelvin, η is the solvent viscosity and 

D is the diffusion coefficient. 
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Figure 3.6 Schematic diagram of dynamic light scattering experimental setup. 

 

 Commercial dynamic light scattering setup mainly consists of the light source, optics, cell 

holder and detector. A schematic of the experimental setup is shown in figure 3.6. The DLS 

experiments performed for the measurements are taken using ALV/DLS/SLS – 5000 

spectrometer equipped with an ALV – 5000 digital time correlator. The monochromatic light 

source was a Helium-Neon laser manufactured by Uniphase (model 1145 P) with an output 

power of 22 mW at a wavelength of 632.8 nm. The incident laser light was vertically polarized 

with respect to the scattering plane and was regulated with a Newport M-925 B beam attenuator. 

The light scattered from the sample was collected and transmitted through a ~40 µm diameter 

optical fiber to an avalanche photodiode (APD) detector. A photograph of the DLS setup is 

shown in figure 3.7. The ALV-5000 digital correlator software computes real time photon 

correlation functions over a sampling time interval and displays the particle distribution from 

which hydrodynamic radius is calculated. 
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           Figure 3.7 A photograph of the DLS experimental setup.  

 

3.4.2. Photoluminescence Spectroscopy  

 Fluorescence/Luminescence spectrum of the ZnO powder, ZnO in water and ZnO in 

hydrogel samples are measured using photoluminescence spectroscopy. PL Spectroscopy 

provides electrical characterization of materials, and it is a contact less, non destructive method 

of probing discrete electronic states. PL is the spontaneous emission of light from an optically 

excited material as discussed in chapter 2.  

PL Spectroscopy measures the emission (luminescence/fluorescence) spectrum from an 

optically excited material. Emission from a semiconductor material is commonly referred to as 

luminescence; whereas emission from organic molecules or colloidal solution is often referred to 

as fluorescence. Essentially both are same, but to be precise, fluorescence is a type of 

luminescence. When a light of sufficient energy impinges on a material, the photons are 

absorbed by the material, which is known as absorption. This absorption process transfers 

energy to the material exciting the electrons in the material to higher energy states. The excited 

electrons are unstable in their excited states; hence undergo relaxation and return to their 

equilibrium states. If a radiative relaxation process occurs, the emitted light is called 
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luminescence/fluorescence. This light can be collected and analyzed to get information about the 

photo excited material. The PL spectrum provides the transition energies, which can be used to 

determine electronic energy levels [40]. The fluorescence intensity gives a measure of the 

relative rates of the radiative and non-radiative recombination of electron-hole pairs. The choice 

of excitation is critical in any fluorescent measurement. Because the absorption of most materials 

depends on the excitation energy, the initial excited state and penetration depth of the incident 

light is associated with the wavelength of excitation. Therefore, different excitation energies 

probe different regions of the sample.  Since PL emission originates from the surface of a 

material, PL analysis is an important tool in studying the surface defects on the material. Laser 

excitation, being a monochromatic light is mostly used for fluorescence spectroscopy.  

             

Figure 3.8 Schematic diagram of the photoluminescence spectroscopy setup. 

 

The instrumentation required for PL and absorption spectroscopy is simple. It consists of 

an optical source, a sample holder, optics and a spectrometer connected to the computer with 
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acquisition software. A typical PL setup is as shown in figure 3.8. For the reported study here, 

Omnichrome 56 series continuous wave Helium – Cadmium (He-Cd) laser (325/442 nm, power 

output – 15/35 mW) is used as the optical excitation source. He-Cd laser beam has two laser line 

components of wavelengths 325 nm and 442 nm in it. The excitation wavelength of interest for 

the samples being tested is 325 nm. Hence, a UV bandpass filter is used to filter the 442 laser 

line. Since the efficiency of the filter used is low, a prism is used to further separate both the 

wavelengths. The separated 325 nm laser beam is then focused onto the sample contained in a 

quartz cuvette held in the sample holder. The incident laser beam excites the sample and makes it 

fluoresce. The scattered fluorescence is collected and collimated using collection optics, and 

focused into the spectrometer. The spectrometer separates the incoming fluorescence signal into 

a frequency which is detected by a charged coupled device (CCD). In the current work, Horiba-

Jobin Yvon‟s TRIAX 320 spectrometer in conjunction with their SpectraMax® software is used 

for fluorescence signal acquisition.  

Temperature dependent PL Spectroscopy is performed to study how the changes in 

hydrogel properties affect the ZnO-Hydrogel colloidal solution above and below the LCST of 

hydrogel. The same setup as shown in figure 3.8 is used except for a minor modification in the 

sample holder. The sample holder is built as an enclosure with a front window to allow sample 

excitation. Commercial thermoelectric heaters purchased from Melcor Inc. are enclosed inside 

the sample holder to apply heat. The temperature of the sample is varied from 25
o
C to 40

o
C, to 

allow measurements to be taken below and above LCST. A Lakeshore 332 Temperature 

Controller in conjuction with a T-thermo couple (purchased from Omega Engineering Inc.) 

attached to the sample is used to set and monitor the temperature of the sample.  
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3.4.3. Absorption Spectroscopy 

Absorption spectroscopy measures the ranges of wavelengths of light a material can 

absorb, which is called the absorption spectrum. A typical absorption setup is as shown in figure 

3.9. 

 

 The setup consists of a UV-Visible excitation source and a Perkin-Elmer Lambda-900 

double-beam UV/Vis/NIR absorption spectrophotometer with data acquisition software. A xenon 

(Xe) lamp is used as the excitation source, because it has the wavelengths ranging from 200 nm 

to 1000 nm. There are two sample holders inside the spectrometer, one for actual sample to be 

measured and a second one for the reference sample/medium. The incoming light is separated 

using a beam splitter. The two separated beams impinge on the actual and reference samples 

simultaneously and are transmitted through the sample and reference respectively. The reference 

sample is measured to subtract the background. The transmitted light from both the test sample 

and the reference sample is collected by the detector, and the acquisition software performs the 

data correction with respect to the reference sample. The software calculates the absorbance co-

efficient using Beer-Lambert‟s formula [57]: 

     A = bc…………………………………………………….…… (4) 

where  is a constant of proportionality, called the absorbtivity. Beer-Lambert‟s law states that, 

Figure 3.9 Schematic diagram of absorption spectroscopy setup. 
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absorbance is directly proportional to the path length, b, and the concentration, c, of the 

absorbing species. Absorbance can also be calculated by using the formula [57]: 

    A = log10 (I0 / I)……………………………………………….… (5) 

where I0 is the intensity of incident light and I is the intensity of transmitted light through the 

material/test sample. 

 

 3.4.4. Time Resolved Photoluminescence 

 Time-resolved photoluminescence spectroscopy (TRPL) is a well-established technique 

for studying both radiative and non radiative emission dynamics of a fluorescent material. TRPL 

provides the information to calculate the fluorescence lifetime of a material or molecule. Short 

laser pulse excitation produces instantaneous excited populations, after which the fluorescence 

signal can be monitored to determine recombination states. The fluorescence lifetime is the 

characteristic time that a molecule or material remains in an excited state before returning to the 

ground state. During the relaxation process, the excited electrons or molecules can undergo 

conformational changes or diffuse through the local environment [56]. The decay of fluorescence 

intensity as a function of time in a uniform density of molecules/electrons excited with a short 

pulse of light is described by an exponential function [58]: 

    I (t) = I0 * e 
(-t/τ)

……………………………………………….. (6) 

where I(t) is the fluorescence intensity measured at time t, I0 is the initial intensity observed 

immediately after excitation, τ and is the fluorescence time. For materials with simple electronic 

structure, fluorescence lifetime is a single exponential function where as for complex systems, it 

is a multi-exponential function. 
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 For TRPL experimental setup, frequency-doubled laser pulses from a Ti:Sapphire mode-

locked laser (Mai-Tai® laser manufactured by Spectra Physics) was used as the excitation 

source. The excitation wavelength was 350 nm, which was obtained by doubling 700nm output 

laser line using a non-linear BBO (ß-Barium Borate) crystal. The pulses have a repetition rate of 

80 MHz and pulse duration of 30 ps with a power output of 0.8 mW [59]. The laser pulses were 

focused onto to the sample contained in a quartz glass cuvette using lens and mirrors. The 

fluorescence from the sample was focused into the entrance slit of a spectrometer using 

collection optics. A Hamamatsu synchroscan streakscope C4334 with a resolution of 30ps was 

used to acquire the fluorescence signal and is the most important component of this set-up.  

 

                              

  

 A streak camera or streakscope is a device to measure ultra-fast pulsed light intensity vs. 

time with high temporal resolution [60]. Figure 3.10 shows the operating principle of the streak 

camera. The light being measured is passed through the entrance slit of the streak camera and a 

slit image is formed on the photocathode of the streak tube. The incident light on the 

photocathode is transformed into a number of electrons proportional to the intensity of light [60]. 

Figure 3.10 Operating principle of a streak camera. [Figure adapted from 

“A Guide to Streak Cameras”, Catalog No. SHSS0006E01, APR/2008 

(2008.2) IP, © 2008 HAMAMATSU PHOTONICS K.K.] 
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These electrons pass through a pair of accelerating electrodes, where they are accelerated and 

bombarded against a phosphor screen. When the electrons pass between the electrodes, a high 

voltage is applied to the sweep electrodes at a synchronized time corresponding to the incident 

light. This initiates a high speed sweep, and the electrons arriving at the sweep electrodes at 

slightly different times are deflected in slightly different angles in the vertical direction, and 

enter the micro channel plate (MCP). The electrons passing through the MCP are multiplied in 

several thousands of times and bombard against the phosphor screen, where they are converted 

back to light to form the image. The vertical axis of the phosphor image contains the time 

information where as horizontal axis contains wavelength information. 

 

Figure 3.11 Schematic diagram of the time resolved photoluminescence setup.  
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 TRPL experimental setup schematic is shown in figure 3.11. Section A of figure 3.11 

shows the sample excitation steps, where as section B shows the fluorescence signal acquisition 

configuration using streak camera. Ultra-fast light acquisition using a streak camera requires a 

trigger section and a read out section. The basic configuration of this system is shown in section 

B of figure 3.11. The timing of the streak sweep is controlled by the trigger section. A delay unit 

is employed to control/adjust the initiation of the streak sweep, so that it can be triggered when 

the light to be measured arrives at the streak camera‟s entrance slit. A trigger signal is produced 

by the trigger control connected to the Mai-Tai® laser. The readout section reads and analyzes 

the streak images produced on the phosphor screen of the streak camera. A high sensitivity 

camera is used to acquire the image, since the streak image is faint and disappears instantly. 

Frame grabber board allows transferring the streak images to a computer. 

 

3.4.5 Scanning Electron Microscopy 

 The scanning electron microscopy (SEM) is a most widely used tool for surface 

characterization of materials, especially for nanomaterials. SEM uses electron beam rather than 

light to examine a material and form image. The advantages of SEM over traditional optical 

microscope is that it has a large depth of field and high resolution, which allows to focus on fine 

particles and study closely spaced features [61]. For this study, a field emission scanning electron 

microscope (FESEM) was used. 

 SEM consists of an electron gun, electronically controlled lens and apertures, X-ray 

detector and a sample chamber. Figure 3.12 shows the schematic of a scanning electron 

microscope [61]. The sample is placed on the sample stage inside the sample chamber, which is 

vacuumed before applying the electron beam. The electron gun located at the top of the column 
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generates a beam of electrons, which is guided down the column using the gun alignment 

control. The beam is condensed by a pair of condensing lens and focused on the sample using an 

objective lens. A magnetic field is created by energizing the scan coils to deflect the electron 

beam back and forth in a controlled pattern. When the beam touches the surface of the sample, it 

produces secondary 

electrons. These induced 

secondary electrons are 

collected by an 

appropriate detector and is 

converted into a voltage 

signal. The varying 

voltage produced by the 

scan coils that creates the 

patterns on the surface of 

the sample, and the 

detected voltage signal 

from the sample are 

applied to the cathode ray 

tube (CRT), which creates the 

image on the screen. The quality of the image depends on the number of secondary electrons 

generated, which in turn depends on the energy of the electron beam generated by the gun. The 

voltage and current parameters of the gun are adjusted to get a good resolution image. 

  

Figure 3.12 Schematic diagram of a scanning electron 

microscope. 



39 

 

3.4.6. Zeta Potential Measurement - Electrophoretic Light Scattering 

 Zeta potential is a function of the surface charge of a particle in a particular medium [62]. 

In other words, zeta potential is the potential difference between a dispersed particle and the 

dispersion medium at the diffusive layer. Zeta potential is a very good index of magnitude of the 

interaction between colloidal dispersions [62]. The partition between stable and unstable 

suspensions is at | +30mV|; in other words, dispersed particles with a zeta potential value greater 

than +30 mV or less than -30 mV is generally considered to be stable [62]. Zeta potential is not 

directly measurable, but is calculated using theoretical models and experimentally determined 

value of electrophoretic mobility from electrophoretic light scattering (ELS) measurements.  

 

 

  

 

 

 

 

 

 In ELS setup, a laser is used as the light source to illuminate the sample. Since ELS 

requires the use of a heterodyned light, the light source is split to provide an incident and a 

reference beam. Attenuator controls the intensity of incident light to take accurate readings. For 

measurements, a small amount of sample is taken and diluted in a quartz glass cuvette. 

Electrodes are placed inside the cuvette to apply an electric field. The incident light passes 

through the sample cell and the scattered light is detected. An electric filed is applied to the cell, 

Figure 3.13 Optical configuration of electrophoretic scattering 

experimental setup. 
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which induces motion of the particles. The motion of particles in the dispersed medium causes 

fluctuation in the intensity of scattered light, which is being detected. The frequency of 

fluctuation of the scattered light is proportional to the particle speed. The change in frequency of 

the peak is called the Doppler shift, which is recorded and used to calculate the average mobility. 

Once the particle mobility is obtained, zeta potential is calculated using Smoluchowski‟s formula 

[63, 64]: 

      



 0     ………………………………………………………………… (7)            

Where  electrophoretic mobility of the particles,  dielectric constant of the dispersion 

medium, 0 permittivity,  Zeta potential and  viscosity of the dispersion medium. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 The samples used for this research are synthesized as discussed in chapter 3. ZnO 

nanoparticles are synthesized using gas evaporation method and are then dispersed in water 

using ball mill method. A small quantity of ZnO-water dispersion (labeled as ZnO-water system) 

is then incorporated in PNIPAM hydrogel colloidal solution to make an aqueous based stable 

ZnO colloidal solution (labeled as ZnO-hydrogel system). The ZnO nanoparticles dispersed in 

water and in powder form were characterized using SEM to observe the surface morphologies 

and particle size. SEM characterization of hydrogel particles was omitted due to the damage 

caused by the high electron beam. The emission properties of samples were studied using optical 

characterization techniques like photoluminescence and absorption spectroscopy to determine 

the quality of samples. Dynamic light scattering was used to measure the particle size of 

hydrogel particles, ZnO in water and ZnO-hydrogel solutions. Time resolved photoluminescence 

spectroscopy was used to investigate the fluorescence mechanisms of the samples used in this 

study. 

 

4.1 Structure and Surface Morphology of ZnO 

 Figure 4.1 (a) and (b) shows the SEM images of ZnO in powder form under 20k X and 

50k X magnifications. As observed in figure 4.1 (a), the ZnO powder have mostly rod shaped 

particles mixed with a few irregular shaped particles. Using a commercial image processing and 

analysis software, the particle size distribution was measured from the SEM images and is shown 

in figure 4.2. The accuracy of the measurements was limited by the agglomeration of particles 
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and the structural irregularities. From figure 4.2 (a) and (b), the average dimensions of ZnO 

particles in powder form were observed to be 200 x 100 nm in length x diameter. 

       

  

 

 

     

 

 

 The formation of large size and irregular shaped particles during ZnO synthesis is caused 

by the instability in the arc at higher operating temperatures [53]. Arc instability affects the 
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Figure 4.1 SEM images of ZnO in powder form under (a) 20k X and (b) 50k X 
magnifications. [Figure 4.1 (a) is reproduced from Y. Fujita et al., Proc. of the 2nd IEEE 

International Conference on Nano/Micro Engineered and Molecular Systems, January 

16 - 19, 2007.] 

 

Figure 4.2 Histograms of the particle size distribution of ZnO in powder form 

estimated from figure 4.1(a).  
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concentration of Zn vapor which leads to differences in super saturation at the vapor-solid 

interface during the crystallization of Zn vapor in oxygen atmosphere [21]. The as prepared ZnO 

powder particles were dispersed in water for the following reasons: 

1) to centrifuge ZnO-water dispersion to remove large particles 

2) to make aqueous based ZnO solution considering biological applications 

 ZnO particles were dispersed in water using ball mill method as discussed in chapter 3. 

The smaller sized particles were dispersed well into the solvent (water); whereas the larger 

particles were deposited at the bottom of the ball mill jar. Pure dispersion of ZnO in water was 

separated from the sediment, and then centrifuged using a low power centrifuge to remove any 

larger particles. The stable dispersion was used for the study. For SEM characterization, a drop 

of ZnO-water dispersion was dropped on the SEM grid and dried under atmospheric air. 

Figure 4.3 SEM images of ZnO-water dispersion under (a) 20k X and (b) 50k X 

magnifications. [Courtesy to my research collaborator; Y. Fujita, Shimane University, 

Matsue, Japan.] 

 

 Figure 4.3 (a) and (b) shows the SEM images of ZnO particles dispersed in water under 

20k X and 50k X magnifications. Figure 4.3 (a) shows that under the same characterization 

(a) (b) 
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conditions as figure 4.2 (a), the particle size has decreased and the structural irregularities have 

increased. The particle deformation and size decrement must be resulted from the milling 

procedure during dispersion process. The size of ZnO particles in ZnO-water dispersion was 

estimated to be in the range of 100 nm to 150 nm from figure 4.3 (b) by observation. Image 

analysis to plot the particle size distribution histogram was limited by the resolution of the SEM 

image. Further magnification to obtain a better image was avoided because of the surface 

damage caused by high voltage electron beam. 

 

4.2. Light Emission from ZnO  

 ZnO nanoparticles: Luminescence/fluorescence from the ZnO particles in powder form 

was measured using PL spectroscopy as discussed in chapter 3. ZnO particles were adhered on a 

silicon substrate using double sided carbon tape. This silicon substrate was attached to a movable 

sample holder. The sample holder position was adjusted in way for the incoming laser beam to 

impinge on the ZnO particles. ZnO nanoparticles were excited using a 325 nm laser line of a 

continuous wave He-Cd laser, with an output power of 15mW. Figure 4.4 shows the 

luminescence spectrum of ZnO nanoparticles in powder form measured at room temperature. 

 As synthesized ZnO nanoparticles exhibit ultra violet (UV) emission with a strong and 

narrow peak located at 380 nm (3.26 eV), which is due to band edge excitonic emission [18]. In 

other words, this UV emission is caused by the transition of an electron from the conduction 

band to the valence band. This is also known as exciton emission. As opposed to common 

semiconductor materials like silicon, GaN etc, ZnO emits at room temperature due to its high 

excitonic binding energy (60 meV), which is greater than thermal energy (27 meV). The excitons 
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are stable at room temperature due to the high binding energy, which ensures stable UV 

emission. 

 

Figure 4.4 Room temperature PL spectrum of ZnO particles in powder form. 

 

 The full width at half maximum (FWHM) of the exciton peak is 10 nm, which illustrates 

narrow particle distribution. Two weak and broad peaks with a peak maximum of 417 nm (2.97 

eV) and 535 nm (2.32 eV) corresponding to blue and green emissions are also observed. 

Literature review explains that the peaks observed at these regimes are originated from surface 

defects. Generally, ZnO surface defects constitute of oxygen vacancies, zinc vacancies and 

impurities.  The UV, blue and green emission mechanisms can be explained using the energy 

band diagram of ZnO as shown in figure 4.5 (a), (b) and (c) respectively.  
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 The 417 nm or blue emission is due to the transition of electrons from a shallow donor 

level caused by zinc vacancies to the valence band [65]. The 535 nm peak or green emission 

from ZnO is assigned to a transition from a shallow level close to the conduction band to a 

deeply trapped hole caused by oxygen vacancies [32, 41]. The ratio of defect level emissions to 

the band edge is calculated to be 0.14 for blue: UV, and 0.08 for green: UV emission, which is 

fairly small. Hence, ZnO prepared by gas evaporation method can be considered to be of good 

quality.  

 

 ZnO-Water Dispersion: In order to develop a bio-friendly fluorescent nanomaterial 

solution and to reduce agglomeration, ZnO particles were dispersed in water using ball mill 

method. Water is chosen as the dispersion medium because pH of the medium is significant for 

maintaining bio-friendly physiological conditions. Water provides a neutral medium. Dispersing 

ZnO in water helped to remove larger particles as observed in SEM pictures. Figure 4.6 shows 

Figure 4.5 Emission mechanisms in ZnO: a) Radiative recombination of electron-

hole pair resulting in UV emission, (b) Radiative recombination of shallow donor 

electron induced by zinc vacancies with a hole resulting in blue emission (c) 

Trapping of exciton at an intermediate energy level due to oxygen vacancies 

causes radiative recombination of e-h pair resulting in visible emission. 
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the luminescence spectrum of ZnO particles dispersed in water measured at room temperature. 

The sample was measured in a quartz glass cuvette. 

 

Figure 4.6 Room temperature PL spectrum of ZnO particles dispersed in water. 

 

 Luminescence spectrum of ZnO-water dispersion shows the same profile as the ZnO 

nanoparticles. The FWHM of the exciton peak is 7 nm; a slightly narrower size distribution 

compared to ZnO in powder form.  The UV emission peak of ZnO-water dispersion is at 376 nm 

(3.3 eV), which is shifted to a slightly higher energy level compared to as prepared powder ZnO.  

The ZnO-water dispersion was stable for about 6 months with good emission properties, but the 

reproducibility of a stable dispersion using ball mill method was unpredictable. Also, researchers 

have reported the formation of hydroxide layer on the surface of ZnO particles dispersed in 

water, which led to quenching of its optical properties.  

 From a biological application point of view, surface modification of ZnO-water 

dispersion was needed; (1) to prevent quenching of optical properties and (2) to make ZnO-water 

dispersion biocompatible. Biological applications like cell imaging require staining of the target 
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cell with a fluorescent material. This is achieved by a process called bioconjugation, in which a 

fluorescent marker is specifically attached to a target cell. To facilitate bioconjugation, the 

chosen fluorescent marker needs a functional group to be present in its surface.  

 

 ZnO-Hydrogel Colloidal Solution: Owing to the superior material properties, influence of 

hydrogel made from PNIPAM polymer on ZnO particles is investigated in this thesis. As 

discussed in chapter 3, ZnO particles were incorporated in three types of PNIPAM hydrogel 

solution via a chemical process. The types of hydrogels used for surface modification of ZnO are 

PNIPAM-aa hydrogel with positive amine functional group, PNIPAM-COOH with negatively 

charged carboxyl group and PNIPAM-SH group with neutral charge. Hydrogels with these three 

unique functional groups were used to study the mechanism behind the surface modification of 

ZnO by hydrogel.  A pair of samples was characterized using optical spectroscopy techniques; a 

test sample of ZnO in PNIPAM hydrogel and a control sample of ZnO in water. For comparison 

purposes, concentration of ZnO in both the samples was maintained constant for all the 

experiments. The optical properties of ZnO-hydrogel colloidal dispersion versus ZnO-water 

dispersion were analyzed.  

 Figure 4.7 shows the luminescence/fluorescence spectra of ZnO in PNIPAM-aa hydrogel 

compared to ZnO in water at room temperature. The inset picture shows the UV emission from 

ZnO-hydrogel colloidal solution. Excitation wavelength used for PL was 325nm, 15mW CW 

laser. Both the samples were measured in a quartz glass cuvette.  
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 The emission peak maximum of both the samples is at 376 nm (3.3 eV), which 

corresponds to the band-edge emission of ZnO. Both ZnO- PNIPAM (aa) hydrogel and ZnO-

water samples showed narrow exciton emission with a FWHM of 8.1 nm and 7.5 nm 

respectively. ZnO-hydrogel hybrid material system was observed to be stable. The spectra 

exhibited a significant enhancement in luminescence intensity from the ZnO-hydrogel hybrid 

material system compared to ZnO-water dispersion. 

 Figure 4.8 (a) shows the fluorescence spectra of ZnO in PNIPAM – COOH hydrogel 

solution compared to ZnO in water at room temperature, and figure 4.7 (b) shows the 

fluorescence spectra of ZnO in PNIPAM – SH hydrogel solution compared to ZnO in water at 

room temperature. The synthesis and characterization conditions were kept constant for all the 

samples.   

Figure 4.7 Room temperature PL spectra of ZnO in PNIPAM-aa hydrogel vs. ZnO 

in water. Inset photo shows the ZnO-PNIPAM (aa) sample under UV 

photoexcitation. [Inset picture reproduced with permission from “Hybrid ZnO 

Nanoparticles for Biophotonics”, S. John et al. (accepted in March 2009), Journal of 

Nanoscience and Nanotechnology, © American Scientific Publishers.] 
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 Both the ZnO-PNIPAM (-COOH) and ZnO-PNIPAM (-SH) hydrogel systems show an 

enhancement in luminescence intensity compared to ZnO in water. Interestingly, both ZnO-

PNIPAM (COOH) and ZnO-PNIPAM (SH) hydrogel colloidal solutions were unstable, and the 
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Figure 4.8 (a) Room temperature PL spectra of ZnO in PNIPAM-COOH 

hydrogel vs. ZnO in water, (b) Room temperature PL spectra of ZnO in 

PNIPAM-SH hydrogel vs. ZnO in water. 

 

Figure 4.9 Room temperature PL spectra of ZnO in PNIPAM-SH 

hydrogel before and after precipitation. 
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ZnO particles were completely 

precipitated after 1-2 hours of sample 

synthesis. Figure 4.9 shows the room 

temperature PL spectra of ZnO-

PNIPAM (SH) before and after 

precipitation. ZnO-PNIPAM (-COOH) 

demonstrated precipitation of ZnO from 

its polymer networks similar to –SH 

group hydrogels. The ZnO-PNIPAM 

(aa) hydrogel dispersion; on other 

hand, was stable at room 

temperature for about 2-3 weeks and the enhancement in fluorescence remained same. The 

relative dispersion stability of the surface modified ZnO by the three types of hydrogels is shown 

in figure 4.10. 

 The precipitation of ZnO in PNIPAM-COOH and –SH hydrogel solutions explains that 

there is no chemical interaction between ZnO and hydrogel particles in both these systems, 

whereas the chemical and aqueous stability of ZnO-PNIPAM (aa) hydrogel demonstrates the 

occurrence of a significant process in that particular gel system. However; it should be noted that 

when ZnO-hydrogel solution is well dispersed, an enhancement in fluorescence occurs 

irrespective of the type of hydrogel used. From these observations, it can be concluded that the 

hydrogel particles, due to their inner aqueous content, introduces scattering centers in the 

material system. The scattered light off of these hydrogel particles causes multiple path 

excitations, and hence excites more number of ZnO particles, which in turn increases the 

Figure 4.10 A histogram showing the dispersion 

stability of ZnO-hydrogel colloidal systems for a 

time period of 12 hours after its synthesis. 
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luminescence from ZnO-hydrogel hybrid samples. This holds true for all the experimented 

hydrogel systems, as long as that specific ZnO-hydrogel system is well dispersed. 

 The stability and enhancement of fluorescence in ZnO-PNIPAM hydrogel system is 

likely due to the modification of ZnO surface by the PNIPAM-aa polymer gel. Enhancement in 

trap induced blue emission by the modification of ZnO using polymer has been reported [23]. 

Also, ZnO synthesized via an amine mediated chemical reaction (figure 2.4, chapter 2) reported 

to produce good quality ZnO due to amine acting as a capping agent. Gel particles do not absorb 

light; they scatter incident light. Here, the surface of a ZnO particle could be modified by the 

adsorption of hydrogel particles on the ZnO surface. These gel particles adsorbed on the ZnO 

surface act as scattering centers increasing the area of absorption due multiple path excitations. 

This increases the luminescence from the ZnO-hydrogel samples. The ZnO-PNIPAM (aa) 

hydrogel solution was also more stable and well dispersed than ZnO-water dispersion.  

 For further clarification of luminescence enhancement in ZnO-hydrogel systems and to 

study the dependence of ZnO luminescence on the swelling and de-swelling of hydrogel above 

and below the LCST of PNIPAM based hydrogels, temperature dependent PL measurements 

were performed. Figure 4.11 shows photoluminescence spectra of ZnO-hydrogel systems as a 

function of temperature. Figure 4.11 (a), (b) and (c) shows the luminescence from ZnO –

PNIPAM (COOH), ZnO – PNIPAM (SH) and ZnO-PNIPAM (aa) hydrogels respectively. The 

temperature dependent PL spectra was analyzed and a histogram showing the integrated 

luminescence intensity  for all the three types of hydrogel systems at measured temperatures 

were drawn as shown in figure 4.12. 
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 Figure 4.12 shows that the 

luminescence intensity of ZnO-PNIPAM 

(COOH) and ZnO-PNIPAM (SH) 

decreases as the temperature increases 

above the room temperature, whereas the 

luminescence of ZnO-PNIPAM (aa) 

hydrogel system remains fairly stable 

with the increase in temperature.  

It is a common fact that semiconductor 

materials lose luminescence properties as 

heat is applied. This is consistent with 

the temperature dependent PL results of 

ZnO-PNIPAM (SH) and ZnO-PNIPAM 

(COOH) hydrogel solutions, which means 

that modification of ZnO surface is not 

occurring in the case of these two ZnO-gel 

systems. Also, de-swelling of PNIPAM 

hydrogel particles at temperatures higher 

than LCST did not seem to affect the 

luminescence of ZnO.  

  

Figure 4.11 PL spectra of ZnO in 
PNIPAM (a) -COOH, (b) -SH and (c) -aa 

hydrogels as a function of temperature. 

 

Figure 4.12 A histogram comparing the 
integrated luminescence intensity of the three 

types of ZnO-hydrogel systems at each 

temperature. 
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 The room temperature PL and temperature dependent PL studies on ZnO-PNIPAM (aa) 

hydrogel colloidal solution shows that ZnO particles are modified only by PNIPAM-aa hydrogel 

particles, which increases its stability and enhances the emission characteristics. From the above 

discussed inferences, it can be concluded that an interaction occurs between ZnO particles and 

PNIPAM (aa) hydrogel spheres resulting in the modification of ZnO surface, thereby increasing 

its stability. The interaction happening between ZnO particles and PNIPAM (aa) gel is mainly 

the adsorption of gel particles on ZnO surface, which act as scattering centers, thereby increasing 

the fluorescence compared to ZnO-water dispersion. Further characterization techniques are used 

to study and compare the properties of only ZnO-PNIPAM (aa) hydrogel solution and ZnO-

water dispersion. From this point onwards, experiments are only preformed on ZnO-PNIPAM 

(aa) hydrogel system, and the use of ZnO-hydrogel term denotes ZnO-PNIPAM (aa) hydrogel 

sample. 

 

4.3. Origin of Light Emission in ZnO-Hydrogel Hybrid System 

 Absorption spectra of ZnO in water, ZnO in hydrogel and plain PNIPAM (aa) hydrogel 

are measured in a 1cm quartz glass cuvette at room temperature and are shown in figure 4.13.  

ZnO nanoparticles in water dispersion and ZnO-hydrogel exhibited a sharp absorption peak at 

372 nm, which corresponds to band edge absorption. The PNIPAM-aa hydrogel colloidal 

solution does not exhibit any characteristic absorption peak. The absorption peaks reported in 

literature for similar PNIPAM-aa hydrogel were measured at high concentrations of gel and is 

due to diffraction from ordered colloidal arrays [46]. The shoulder rise of PNIPAM (aa) hydrogel 

sample (black line) shows dominant scattering in the medium, which is also exhibited by the 

hybrid system.   
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 Since, the spectrometer in conjunction 

with the software of the absorption 

experimental setup does not consider or 

measure scattering, the y-axis of figure 

4.13 does not actually represent the 

absorbance of hydrogel or ZnO-hydrogel. 

Hence, commercial analysis software was used 

to subtract the scattering caused by gel in the 

ZnO-hydrogel medium, and the absorption 

spectra of ZnO-hydrogel vs. ZnO-water 

dispersion is plotted in figure 4.14. There is no significant change in the absorption of ZnO-

hydrogel colloidal solution compared to ZnO in water. 

  

Figure 4.13 Absorption spectra of ZnO in 

PNIPAM (aa) hydrogel, ZnO in water and 

PNIPAM-aa hydrogel.  

 

Figure 4.14 Absorption spectra of ZnO in PNIPAM (aa) hydrogel vs. ZnO in 

water. [Reproduced with permission from “Hybrid ZnO Nanoparticles for 

Biophotonics”, S. John et al. (accepted in March 2009), Journal of 

Nanoscience and Nanotechnology, © American Scientific Publishers.] 
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4.4. Particle Size Distribution  

 The average hydrodynamic radius and distribution of the ZnO-water dispersion, 

PNIPAM-aa colloidal particles and ZnO incorporated PNIPAM-aa hydrogel in dilute dispersions 

were measured using dynamic light scattering. The dynamic light scattering experiments were 

performed at a scattering angle of 

ZnO-water dispersion, PNIPAM-aa hydrogel, and ZnO 

based PNIPAM-aa hydrogel samples were diluted with de-ionized water. The size distributions 

of all these samples are shown in Fig 4.15.  

 

 

 

 

  

 

 

 

 

 The PNIPAM-aa nanoparticles are narrowly distributed with hydrodynamic radius (Rh) 

around 128 nm and the ZnO in water show an average hydrodynamic radius (Rh) around 160 nm. 

The ZnO based PNIPAM-aa hydrogel show an average hydrodynamic radius around 330nm with 

a wide distribution confirming the dispersion of ZnO nanoparticles with in PNIPAM-aa colloidal 

solution. Increase in the size of ZnO-hydrogel composite compared to ZnO or PNIPAM particles 

can be explained as the entrapment of ZnO particles by several PNIPAM hydrogel colloidal 

particles. In other words, the PNIPAM hydrogel particles are adsorbed on the surface of ZnO 

Figure 4.15 Particle size change before and after addition of 

ZnO nanoparticles to Pnipam-aa gel. 
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forming a protective layer. This explains the increase in dispersion stability of ZnO-PNIPAM 

(aa) hydrogel. PNIPAM hydrogel can be mono dispersed very well in water and, the hydrogel 

being on the surface on ZnO facilitates better dispersion in water. 

 

4.5. Surface Charge Estimation 

 Zeta potential measurements were performed to gather information regarding the surface 

charge of particles present in the test samples used in this research, and thereby to understand the 

interaction between ZnO particles and PNIPAM (aa) gel particles in the colloidal solution.  

Figures 4.16, 4.17, and 4.18 shows the zeta potential values of ZnO particles dispersed in water, 

PNIPAM (aa) gel particles in solution and ZnO-PNIPAM (aa) hydrogel composite particles in 

colloidal solution. 

      

    Figure 4.16 Zeta potential of ZnO in water dispersion with a pH value of ~8.5. 

 

 Zeta potential measurement as shown in figure 4.16 indicates that the zeta potential of 

ZnO particles in water is -21.02 mV, which means that the surface of ZnO is negatively charged.  
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This surface charge value can be due to the presence of oxygen on the ZnO particles, which 

satisfies with the PL spectrum of ZnO with less green emission due to less oxygen vacancies. 

 

        
 

 Figure 4.17 Zeta potential of PNIPAM (aa) hydrogel with a pH value of ~4.5. 

 

 

        
 

 Figure 4.18 Zeta potential of ZnO in PNIPAM (aa) hydrogel with a pH value of ~6.0. 
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 Figure 4.17 shows that the zeta potential of PNIPAM (aa) hydrogel particles is +7.36 

mV, which means that the surface of PNIPAM (aa) gel particles are positively charged. This is in 

fact consistent with the expected result, because PNIPAM (aa) hydrogel particles contain 

positive –NH2
+
 functional group. From these results, the possibility of adsorption of PNIPAM 

(aa) gel particles on the surface of ZnO particles can be confirmed due to electrostatic attraction 

between oppositely charged ions. Figure 4.18 show that ZnO-PNIPAM (aa) hydrogel composite 

particles have a zeta potential of +18.92 mV.  Literature [66] mentions that colloidal dispersions 

with a zeta potential value equal to or greater than either +30mV or -30mV are considered to be 

stable. Although the zeta potential value of ZnO-PNIPAM (aa) composite colloidal dispersion is 

out of the formulated stable region, it was stable and well dispersed. 

 

4.6. Emission Mechanisms in ZnO  

 Time resolved photoluminescence measurements of ZnO-PNIPAM (aa) hydrogel 

solution and ZnO-water dispersion were performed at room temperature to study the changes in 

emission mechanisms of ZnO after its surface modification using hydrogel. Both the samples 

were measured in quartz glass cuvettes. Figure 4.19 shows streak images of ZnO in PNIPAM 

(aa) hydrogel colloidal solution and ZnO in water taken in photon counting mode. Exposure time 

used was 2 ns. The streak images represent the number of photons emitted from the test samples 

during its 2 ns exposure to a femtosecond laser pulse. In simple words, it represents the emission 

spectrum of a material in a different way. 
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Figure 4.19 Streak images of ZnO in PNIPAM (aa) hydrogel colloidal solution [Left] and 

ZnO in water [Right]. 

 

 

 The streak images were processed and analyzed using HPD-TA (v 8.1) temporal analyzer 

software, and the emission spectrum as well as the fluorescence lifetime graphs was plotted. The 

time resolved PL graph of ZnO in hydrogel and ZnO in water are shown in figure 4.20 and 4.21 

respectively. Both the graphs represent the integrated PL over 2 ns, and decay time constants of 

the corresponding samples at specific spectral windows. The decay time constants shown in both 

the graphs were calculated over a 2 nm-wide spectral window. Tables 4.1 and 4.2 represent the 

center wavelength of each spectral window used along with decay time constants and their error 

margins. 
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Figure 4.20 Room temperature time resolved PL of ZnO in PNIPAM (aa) hydrogel.  

 

 

  Table 4.1 TRPL decay time constants of PNIPAM (aa) ZnO in hydrogel. 
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  Figure 4.21 Room temperature time resolved PL of ZnO in water. 

  
 

   Table 4.2 TRPL decay time constants of ZnO in water 

 

 Both the graphs show the band edge emission at 376 nm. The sharp peak at 388 nm in 

both the graphs is an artifact caused by measurement error, because it shifts its position when the 

spectral scan window width is changed. This is identified as the reflection of incident light from 

the back surface of the quartz glass cuvette, which was used as the sample container. The faster 

decay time constants (T1) of both the samples follow the same profile. The slower decay time 
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constant (T2) of ZnO-hydrogel system is more stable within a time range of 0.3 – 0.45 ns, where 

as T2 of ZnO in water decreases at higher wavelength. This can be related to the instability of 

ZnO-water dispersion. 

 Figure 4.22 represents the lifetime decay of ZnO in hydrogel compared to ZnO in water 

at room temperature. For both the samples, the time resolved signals were integrated over a 5 nm 

spectral window around the exciton emission. The rise time of both the signals is around 0.15 ns, 

which is the time taken for the excitons to get absorbed into the conduction band. The decay time 

constants for all the three TRPL graphs shown in this section were well described by a bi-

exponential decay function:   

   A1 exp (-t/ T1) + A2 exp (-t/T2)…………………………………………. (8) 

Table 4.3 summarizes the decay constants and the amplitude ratios obtained from the fits using 

equation (8). 

 

 

 

Figure 4.22 Time resolved photoluminescence of ZnO in PNIPAM - aa hydrogel and 

ZnO in water at room temperature. The solid lines show the fitting of the decay 

curves. [Reproduced with permission from “Hybrid ZnO Nanoparticles for 

Biophotonics”, S. John et al. (accepted in March 2009), Journal of Nanoscience and 

Nanotechnology, © American Scientific Publishers.]  

 



64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Time resolved photoluminescence studies at room temperature shows that there is no 

significant change in the recombination dynamics involved in the fluorescence emission between 

both the samples. The faster decay constants T1 corresponds to the non radiative recombination 

processes caused by the surface states; whereas the slower decay time T2 corresponds to the 

radiative recombination processes caused by excitons [67]. The comparative magnitude of slow 

decaying component to the fast one (A2/A1) indicates dominant non radiative processes in ZnO-

water dispersion, where as this ratio shows dominant radiative process in ZnO-hydrogel system. 

Dominant non radiative processes in ZnO in water is believed to be due to the surface defects 

caused by the ball milling procedure, and also due to the formation of hydroxides on the ZnO 

surface. Dominant radiative process in ZnO-hydrogel hybrid system confirms passivation of ZnO 

particle surface states ensuring stable exciton emission. 

  

Sample T1 [ps] T2 [ps] A2/A1 

ZnO in Water 53.73 ± 2.7 367.16 ± 18.5 0.046 

ZnO in Gel 75.74 ± 2.4 496.87 ± 19.2 11.12 

Table 4.3 TRPL decay constants and the amplitude ratios for the ZnO-

hydrogel and ZnO-water systems.  [Reproduced with permission from 

“Hybrid ZnO Nanoparticles for Biophotonics”, S. John et al. (accepted in 

March 2009), Journal of Nanoscience and Nanotechnology, © American 

Scientific Publishers.]  
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4.7. ZnO – PNIPAM (aa) Hydrogel Interaction Mechanism  

 From the results discussed in previous sections of this chapter, ZnO – PNIPAM (aa) 

hydrogel particle to particle interaction mechanism can be postulated as shown in figure 4.23. 

 

Figure 4.23 Schematic representation of postulated PNIPAM (aa) hydrogel – ZnO 

particle interaction. 

 

 During the incorporation of ZnO particles in PNIPAM (aa) hydrogel solution, positively 

charged PNIPAM (aa) gel particles are attracted to the negatively charged ZnO particle. 

PNIPAM (aa) hydrogel particles being smaller in size is adsorbed on the surface on ZnO particle 

potentially forming a protective layer. Both the particles do not undergo any reaction forming a 

new product, hence the material properties remains unchanged. Since, hydrogel particles are 

aqueous dispersible, ZnO-PNIPAM (aa) composite particles can be very well dispersed in water 

due to the adsorbed gel particles on the surface, which maintains its aqueous stability. ZnO-

PNIPAM (aa) hydrogel solution are considered to be bio-compatible due to the bio-friendly 

protective layer formed by PNIPAM gel particles with amine functional groups. Since, PNIPAM 

(aa) hydrogel contains amine (-NH2
+
) groups, the developed colloidal solution in this research 

study can be used to bio-conjugate bio-molecules for biological applications. The gel particles 

adhered on the surface of ZnO introduces scattering centers on the surface on ZnO particles, 

increasing the area of absorption cross section resulting in the enhancement of emission 
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intensity. The enhancement in emission intensity is also contributed by the surface passivation of 

surface defects in ZnO, which increases the radiative excitonic emission intensity. This was 

confirmed from TRPL experiments and analysis. The enhancement in luminescence intensity of 

ZnO-hydrogel hybrid system was reproduced and the average enhancement factor is calculated 

to be 10 times [see appendix B]. 

 

4.8. Determination of Photostability   

Photostability of ZnO-PNIPAM (aa) hydrogel colloidal solution vs. ZnO in water dispersion 

with same amount of ZnO concentration was measured at room temperature. Both the samples 

were irradiated continuously with a UV source light for 1 hour and fluorescence readings were 

taken every 5 minutes. The excitation source used was a 325 nm laser beam with an output 

power of 15mW. Figure 4.24 shows the room temperature PL spectra of (a) ZnO-PNIPAM (aa) 

hydrogel and (b) ZnO in water dispersions taken at every ten minute intervals during an hour of 

continuous excitation. 
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Figure 4.24 Room temperature PL spectra of (a) ZnO-PNIPAM (aa) hydrogel and (b) 

ZnO in water dispersions taken at ten minute intervals during an hour of continuous 

excitation. 
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In figure 4.24 (a) and (b), legend t0 stands for PL taken at time = 0 min, t1 represents PL 

spectra taken at t = 10 minutes after continuous excitation, and so on. Figures 4.25 and 4.26 

shows the peak intensity of fluorescence vs. excitation interval of ZnO-PNIPAM (aa) hydrogel 

and ZnO in water dispersion respectively. 

 

    

                          

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From figures 4.25 and 4.26, it can be concluded that ZnO-PNIPAM (aa) hydrogel colloidal 

solution is highly photo stable.  

Figure 4.25 Photostability of ZnO-PNIPAM (aa) hydrogel.  
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Figure 4.26 Photostability of ZnO-water dispersion. 
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4.5. Summary of Results 

Following list contains the summary of of results of each characterization method used in this 

study. 

1. SEM images of ZnO particles show mostly rod shaped particles along with a few 

irregular shaped ones. The average size of the ZnO particles was estimated to be 

200 x 100 nm. 

2. SEM images of ZnO-water dispersion show decrease in particle size and increase 

in structural irregularities due to milling procedure. The average size of ZnO 

particles in ZnO –water dispersion is about 100 nm to 150 nm. 

3. SEM characterization of ZnO-hydrogel systems was not performed because 

drying of sample for making SEM specimen changes the properties of hydrogel. 

4. ZnO nanoparticles show ultra violet (UV) exciton emission with a strong and 

narrow peak located at 380 nm (3.26 eV) with very few defects. 

5. PL spectrum of ZnO-water dispersion shows the same profile as the ZnO 

nanoparticles with a UV emission peak at 376 nm (3.3 eV).  

6. PL Spectra of ZnO-hydrogel colloidal systems vs. ZnO in water indicates 

enhancement of fluorescence in ZnO-hydrogel colloidal systems compared to 

ZnO-water system. The enhancement in fluorescence is approximately 10 times 

higher in ZnO-PNIPAM (aa) hydrogel system, 3 times higher in ZnO-PNIPAM 

(COOH) hydrogel system, and 7 times higher in ZnO-PNIPAM (aa) hydrogel 

system provided the samples are stable and well dispersed.  

7. PL Spectra of ZnO-PNIPAM (COOH) and (SH) hydrogel systems before and 

after sample precipitation due to instability showed a huge decrease in 

fluorescence. 

8. PL Spectra of ZnO-PNIPAM (COOH) and ZnO-PNIPAM (SH) hydrogel systems 

show a decrease in fluorescence as temperature increases. 

9. PL Spectra of ZnO-PNIPAM (aa) hydrogel system show stable fluorescence as 

temperature increases. 

10. Absorption spectrum of ZnO-PNIPAM (aa) hydrogel colloidal systems vs. ZnO in 

water indicates similar profile. Both systems have an absorption peak at 372 nm. 

11. Particle size measurements using DLS before and after the addition of ZnO 

particles to PNIPAM-aa hydrogel shows a considerable amount of increase in the 

size of particles present in ZnO-hydrogel colloidal systems. 
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12. Zeta potential measurements shows ZnO-water dispersion surface charge to be 

negative, PNIPAM (aa) hydrogel to be positive, and ZnO-PNIPAM (aa) hydrogel 

system to be positive.  

13. The zeta potential value of ZnO-PNIPAM (aa) hydrogel system is +18.92 mV. 

Although this value is lower than the recommended value (|+ 30mV|) for stable 

dispersions, ZnO-PNIPAM (aa) hydrogel system was stable.  

14. Photostability measurements over a period of one hour shows that ZnO-PNIPAM 

(aa) hydrogel system is photo-stable where as ZnO-water dispersion is only 

moderately photo-stable. 

15. Dominant radiative recombination processes in ZnO-PNIPAM (aa) hydrogel 

system confirming exciton emission. 

16. Dominant non-radiative recombination processes in ZnO-water dispersion. 

17. Fluorescence imaging of ZnO nanoparticles showed epifluorescence. 

Fluorescence images of both liquid samples were not obtained due to equipment 

design limitations. 
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CHAPTER 5 

FLUORESCENCE IMAGING 

 This chapter briefly introduces fluorescence imaging, basic principle of bio-conjugation, 

and the popular bio-markers used. It also describes the experimental set up of fluorescence 

microscopy used for this research to observe fluorescence from ZnO particles and discusses the 

results. Fluorescence imaging on a selected target is out of scope of this study and was not 

investigated. 

 

5.1. Introduction 

 Fluorescence imaging is a widely used tool in biology. To study the complex spatial-

temporal interaction of bio-molecules, researchers use fluorescence labeling for both in vivo 

cellular imaging and in vitro assay detection [68]. The utility of fluorescent imaging and 

fabrication of luminescent-engineered nanomaterials has driven developments of new fluorescent 

probes. The development of such probes has made it possible to selectively view specific 

biological processes with improved functionality.  

 

     

 
 

 

 

 

 

 

 

    

 

 

 

 

 

Figure 5.1 Schematic representation of the application of the fluorescent marker 

on the targeted area and detection of reflected fluorescence. [Figure adapted from 

“Nanoparticles for Imaging”, P. Sharma et al., Advances in Colloid and Interface 

Science 123-126, 2006, © 2006 Elsevier B.V.] 
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The basic principle of fluorescence imaging is that the energy from an external source of light is 

absorbed by the imaging agent injected near the targeted area, immediately emitting at a longer 

and low-energy wavelength, which is detected by the detector. A schematic representation is 

shown in figure 5.1. 

 Application of fluorescent marker on the targeted area involves a staining process. 

Depending upon the type of imaging and targets to be studied, staining process could be as 

simple as injection of these markers to the selected target or incubation, or a complex process 

called bio-conjugation. Bio-markers like fluorescent nanomaterials are surface capped with a 

suitable amino or carboxyl groups and conjugated to antibodies of the target cell via molecular 

bridging proteins/antigens [3]. Bio-markers used for imaging applications or targeted drug 

delivery consist of traditional fluorophores, nano metallic core shells, semiconductor 

nanomaterials and quantum dots (QDs). 

                   

Figure 5.2: Schematic representation of bio-conjugation of CdSe QD to a cell. 

  

 Traditional fluorophores such as organic fluorescent proteins or synthetic fluorescent 

dyes are the most commonly used bio-markers. However; they have poor photo stability, narrow 

absorption bands and broad emission spectra. Their narrow absorption and broad emission 
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spectra limits them from multi-color labeling applications. The discovery of fluorescent nano 

semiconductors called QDs has provided a potential means to overcome these limitations.  

QDs have gained enormous attention due to their unique optical and electrical properties such as 

size and composition tunable emission, bright fluorescence and high photo stability. The 

commonly used QDs are CdSe and CdTe core-shell structures with ZnS protective layer. Surface 

capping of these QDs are necessary for preventing the leeching of Cd/Se into surrounding 

solution. Bio-conjugation of CdSe QD to a target cell is shown in figure 5.2. The major issue of 

Cd-containing QDs is their potential cytotoxicity. Hence a bio-friendly alternate material is 

needed. ZnO, being a bio-friendly fluorescent semiconductor, its potential to use as a bio-marker 

needs special attention. In previous chapters‟ successful synthesis, surface modification and 

characterization of ZnO semiconductor particles have been demonstrated. As an initial step 

towards bio-applications, fluorescence microscopy was performed on ZnO particles to observe 

their fluorescence. 

 

5.2. Fluorescence Microscopy Experimental Setup 

 The experimental set up contains an upright BX-41 optical microscope manufactured by 

Olympus in conjunction with a 325 nm He-Cd laser as external UV excitation source. The 

specimen was prepared by dropping a drop of concentrated ZnO in water dispersion on a 1 mm 

thick quartz glass microscope slide and dried at room temperature. The excitation light follows 

the path similar to that of an epifluorescence microscope. In epifluorescence optical setup, an 

objective lens is used both to focus ultraviolet light on the specimen and collect fluorescent light 

from the specimen. Figure 5.3 shows a schematic of the optical light path inside the microscope 

[Left] and a photograph of the actual setup [Right]. The 325 nm laser line was guided into the 
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microscope through the side window of the microscope column, where it hit a dichoric mirror. A 

dichoric mirror is a mirror that reflects one range of wavelengths and allows another range to 

pass through. The ratio of transmittance to reflectance of the dichoric mirror is important for 

good quality image formation at the detector side. The dichoric mirror reflects the UV excitation 

beam down to the specimen. A 40 X UV objective lens was used to focus the beam on ZnO 

particles. The scattered fluorescent light from ZnO particles are collected by the objective lens. 

This collected fluorescent light passes through the dichoric mirror and a focusing lens to the 

camera to form an image. A 380 nm band pass filter [10BPF10-380 from Newport] was used in 

between the dichoric mirror and the focusing lens to cut off back ground signal from the laser 

beam.  

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Fluorescence microscopy setup. Optical light path inside 

the fluorescence microscope [left], photograph of the actual 

microscope set up [right]. 
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5.3. Analysis of Optical and Fluorescent Images 

 

 Optical images of all the four different samples used in this research were taken using 

white light and their screen shots are shown in figure 5.4. A drop of each sample is dropped on a 

quartz glass slide and dried at room temperature before imaging. 

 

 
         

 

 

 

 

 Figures 5.5, 5.6, 5.7 and 5.8 show epifluorescence images from ZnO particles using 325 

nm laser excitation. The images obtained were not of great quality as expected. This is because 

of the poor transmittance to reflectance ratio of the dichoric mirror used in the fluorescence 

(c) 
Figure 5.4 Optical images obtained from white light microscopy. (a) Concentrated 

ZnO - water dispersion, (b) Dilute ZnO –water dispersion (c) PNIPAM (aa) 

hydrogel colloidal solution, (d) ZnO in PNIPAM (aa) hydrogel solution 
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imaging setup. The microscope‟s original setup was permanently built for running another 

experiment and modifying the microscope setup for this investigation was limited. Figure 5.5 

shows the laser spot on an empty quartz microscope slide without the 380 nm band pass filter 

before the camera.  

 

                          
 
  

 

 

 

 

 Figure 5.6 shows the laser spot impinging on the ZnO particles on a quartz microscope 

slide without the band pass filter. Since there is no filter in the pathway of reflected fluorescence 

light, the image shows two features, 1) violet grains which is the fluorescence from ZnO 

particles and 2) blue laser background.  

Figure 5.5 Image of 325 nm laser focused on an empty quartz 

microscope slide without the 380 BPF filter. 
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 Figure 5.7 Image showing fluorescence from ZnO particles with a 380 nm band pass 

filter in the reflected pathway of light. Inset shows the spot with a higher contrast. 

  

 Images shown in figure 5.7 and 5.8 were taken with the 380 band pass filter in the optical 

pathway of reflected light and the camera. The image shows the fluorescence from ZnO particles 

Figure 5.6 Image showing fluorescence from ZnO particles with laser background 

(left). No filter was used. Image strip on the right side shows the same image with 

higher contrast. 
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and the background light is completely cut off. The brightness of the fluorescence compared to 

figure 5.6 is lower, which is consistent with the efficiency of the 380 nm band pass filter as 

shown in the data sheet [see appendix C] of the band pass filter used.  

 

   

 

 Figure 5.8 Image showing fluorescence from ZnO particles from a different position on 

the same sample as in figure 5.7 with a 380 nm band pass in the reflected pathway of light. Inset 

shows the spot with a higher contrast. 

 

 

 Images 5.7 and 5.8 are both captured under the same conditions, but different spot 

locations on the sample. The difference in fluorescent spot features between figures 5.6 and 5.7 

could be related to defocusing caused by the change in surface roughness of the sample. 

Fluorescence imaging was able to perform only on concentrated ZnO particles, as the 

fluorescence imaging of colloidal solutions was limited by the 40X UV objective lens and the 

microscope set up.  
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5.4. ZnO in Biological Applications 

 

 

 As developed fluorescing ZnO- hydrogel colloidal solution can be potentially used for 

bio-applications like tissue imaging and cancer therapy.  Schematics included in figure 5.9 shows 

the basic design of both the applications. [68] 

 

 

 

 

  

 

Figure 5.9 Schematics of basic design of bio-applications. (a) Demonstration 

of tissue imaging. (b) Demonstration of cancer cell therapy. [Figures (a) and 

(b) adapted from “Quantun dot bioconjugates for imaging, labeling and 

sensing”, I. L. Medintz, Nature Materials, vol 4, 2005, p444, © 5 Nature 

Publishing Group.] 
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 In figure 5.9 (a), ZnO particles modified by PNIPAM hydrogel with amine functional 

group are attached to the cells of a tissue via bio-conjugation forming a donor-acceptor pair. 

When the ZnO particles are photo excited, they fluoresce and the emitted energy is absorbed by 

the acceptor cells. These energy transfers excite the cells, causing them to fluoresce, which can 

be imaged using a fluorescence microscope to study the tissue structure.  Besides imaging, ZnO 

biomarkers may have potential medical usage as carriers of photosensitizers (drugs) in cancer 

therapy. Figure 5.9 (b) shows the basic design of cancer therapy system using ZnO-

functionalized photosensitizers. Surface modified ZnO particles are loaded with drugs and bio-

conjugated to a cancer cell via specific antibodies that would only bind to a particular cancer 

cell. Upon photo excitation, energy transfer occurs from ZnO to the photosensitizer, which 

chemically reacts with the oxygen or other pigments present in the cell resulting in the 

disintegration of the targeted cells [69, 70]. 

 Extensive studies are going on the synthesis of ZnO material with different sizes and 

morphologies. Although a lot of publications on the same topic can be found, papers published 

on ZnO bio-applications are rare in the open literature. Y.L. Wu et al (2008) [71] showed images 

of biological cells taken using surface modified ZnO nanocrystals as bio-markers and is shown in 

Figure 5.10 and 5.11. ZnO nanocrystals were doped with Cobalt to form quantum dot core shell 

structure, which were then surface capped with aminosilane-polymer-water solution. Two types 

of surface capping agents were used in their study: aminoethyl aminopropyl trimethoxysilane 

(Z60) and aminoethyl aminopropylsilane triol homopolymerwater solution (Z61). 
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Figure 5.10 Confocal microscope images of mung bean seedling cross section labeled by 

Z61 capped Co-ZnO excited at 488 nm. (a) Cross section of mung bean seedling in 

transmission mode. (b) Green emission from the cell walls with brighter emission at the 

vascular cylinder region. Inset on image (b) shows the cell walls at a higher 

magnification. 

 

    
 

Figure 5.11 Confocal microscope image of histiocytic lymphoma U937 mono cytocell by 

Co-ZnO-Z60. 

 

[Figures 5.10 and 5.11 are reproduced with permission from  “A dual-colored bio-marker made 

of doped ZnO nanocrystals”, Y.L. Wu, S. Fu, A. I. Y. Tok, X.T. Zeng, C. S. Lim, L.C. Kwek and 

F.C.Y. Boey, Nanotechnology 19 (2008) 345605. © IOP Publications, Inc.] 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 Good quality ZnO nanoparticles with strong UV emission were prepared using gas 

evaporation method. As prepared ZnO nanoparticles were dispersed in water using ball mill 

method and centrifuging them resulted in the removal of larger size particles. A small quantity of 

ZnO-water dispersion was then incorporated in PNIPAM hydrogel colloidal solution using 

chemical process to make an aqueous based stable and biocompatible ZnO colloidal solution. 

Three types of PNIPAM hydrogel; each with positive (amine), negative (carboxyl) and neutral 

(broken S-H bonds) functional groups were used to incorporate ZnO nanoparticles to study the 

surface modification process. From visual observation, it was noticed that ZnO-PNIPAM (aa) 

hydrogel system was highly stable and ZnO-water dispersion was moderately stable, where as 

ZnO-PNIPAM (COOH) and (SH) systems were very unstable. The optical properties of ZnO-

hydrogel colloidal dispersion versus ZnO-water dispersion were analyzed to make conclusions 

regarding optical properties of ZnO in PNIPAM hydrogel sample. For comparison purposes, 

concentration of ZnO in both the samples was maintained constant.   

 From room temperature PL, temperature dependent PL and Zeta potential 

characterization, it can be concluded that PNIPAM (aa) hydrogel colloidal solution is the best 

suitable polymer for surface modification of ZnO out of the three PNIPAM based hydrogels 

investigated. Hence all the other characterization techniques were carried out only on ZnO-

PNIPAM (aa) hydrogel and ZnO-water dispersion systems. Room temperature PL results show a 

significant change in the optical properties of ZnO-PNIPAM (aa) hydrogel colloidal solution 

compared to ZnO-water dispersion. This is due to the surface modification of ZnO by PNIPAM 

(aa) hydrogel, which is proved by DLS and Zeta potential measurements. PNIPAM (aa) hydrogel 
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spheres are relatively smaller than ZnO. Therefore, positively charged PNIPAM (aa) hydrogel 

spheres are adsorbed on the surface of negatively charged ZnO particle. The gel particles 

adhered on the surface of ZnO introduces scattering centers on the surface of ZnO particles; 

thereby increasing the area of absorption cross section resulting in the enhancement of emission 

intensity. Furthermore, TRPL studies confirmed that passivation of ZnO surface by hydrogel 

occurs during the surface modification process, which increases the radiative efficiency of the 

material system. Increase in radiative recombination also contributes to the increase in 

luminescence of ZnO-hydrogel system. Since, hydrogel particles are aqueous dispersible, ZnO-

PNIPAM (aa) composite particles can be very well dispersed in water due to the adsorbed gel 

particles on the surface, which maintains its aqueous stability. The photostability experiments 

performed for a period of one hour showed that emission from ZnO-hydrogel hybrid system is 

stable compared to ZnO-water dispersion. ZnO-PNIPAM (aa) hydrogel solution are considered 

to be bio-compatible due to the bio-friendly protective layer formed by PNIPAM gel particles. 

Bio-conjugation of PNIPAM with amine functional groups to a protein using glutaraldehyde as a 

crosslinker has been demonstrated. Since, PNIPAM (aa) hydrogel contains amine (-NH2
+
) 

groups, the developed colloidal solution in this research study can be used to bio-conjugate bio-

molecules for biological applications.  
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CHAPTER 7 

RECOMMENDATIONS AND FUTURE WORK 

 ZnO-PNIPAM (aa) hydrogel colloidal solution with efficient UV emission, being low 

toxic can be a potential candidate for bio-imaging. For atomic level bio-applications, fluorescent 

nanoparticles less than 10 nm hold more potential. Also, smaller size particles increases 

penetration into tissues. Hence synthesis of ZnO nanoparticles less than 10 nm is recommended. 

Although ZnO particles are less toxic and highly photostable with good emission properties, 

biologists are less attracted to UV emitting fluorophores because 1) autofluorescence of tissues 

makes it difficult to differentiate fluorescence emission due to ZnO, and 2) Deep tissue 

penetration is impossible because UV-visible light is absorbed by most of the tissue 

chromophores. Using two photon excitation, this issue can be solved by using near infrared 

excitation. To overcome auto fluorescence issue,  ZnO material properties can be altered by 

making core-shell structures with ZnO as core, and a suitable material as shell. This will provide 

band gap control and hence change in emission color.  

 Although the presented work proved the synthesis of good quality ZnO particles and 

successful surface modification of them by PNIPAM (aa) hydrogel, the following studies could 

be the subject of further work. 

1. Cytotoxicity studies on ZnO particles and ZnO-PNIPAM hydrogel systems 

2. Comparative study of ZnO emission efficiency versus conventional tags and cadmium 

QDs  

3. Concentration dependence of ZnO and hydrogel on the efficiency of surface 

modification. 
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APPENDIX A 

TOXICOLOGICAL AND HEALTH RELATED INFORMATION FROM THE MATERIAL 

SAFETY DATA SHEET OF ZnO 
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 The following information is obtained from the material safety data sheet of ZnO 

available online at Science Lab.com, Inc. 
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MSDS Created: 10/10/2005 

Last Updated: 11/06/2008 

Information Retrieved 11/10/2008 
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APPENDIX B 

 

LUMINESCENCE ENHANCEMENT IN ZnO-HYDROGEL HYBRID COLLOIDAL 

SOLUTION COMPARED TO ZnO-WATER DISPERSION 
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Determination of Enhancement Factor in ZnO-Hydrogel: As discussed in chapter 4-section 

4.2.3, the photoluminescence spectra exhibited a significant enhancement in luminescence 

intensity from the ZnO-hydrogel hybrid material system compared to ZnO-water dispersion. To 

calculate the enhancement, five batches of test and control samples; ZnO-hydrogel and ZnO-

water dispersion were compared. All the batches have the same concentration of ZnO in both the 

systems. Each sample in a batch is synthesized and tested the same day for comparison. 

However; the sample batches were not synthesized and tested the same day. Therefore, 

comparison between batches is not valid. The photoluminescence spectra of ZnO-hydrogel vs. 

ZnO-water for five sample batches are shown in figure B.1. 

  

Figure B.1 (a) Photoluminescence spectra of ZnO-hydrogel vs. ZnO-water for five
batches of samples, (b) Histogram representing normalized integrated intensity
comparison between both the systems in each batch, (c) Histogram depicting the
enhancement of luminescence in ZnO-hydrogel compared to ZnO-water for each
batch of sample. 

(a) (b) 

(c) 



89 

 

  

 

 

 

 

  

 The integrated intensity or area under the PL curves of each sample in figure B.1, the 

difference in intensity between a pair of sample and their mean differences is tabulated in Table 

B.1. A paired t-test [72, 73] was performed to find whether there is a significant difference in 

luminescence after incorporating ZnO in hydrogel compared to ZnO-water dispersion, where: 

1. H0: u1 = u2 (Null hypothesis: means of two groups are equal showing no 

significant difference between both types of samples) 

2. H1: u1 < > u2 (Alternative hypothesis: Means of two groups are not equal 

showing a difference between both the samples) 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

    

 

 

Sample Batch # ZnO-Water ZnO-Hydrogel Difference 

 

N. Integrated Intensity N. Integrated Intensity 

   a.u. a.u.   

1 0.063 1 -0.937 

2 0.064 1 -0.936 

3 0.107 1 -0.893 

4 0.233 1 -0.767 

5 0.16 1 -0.84 

  

Mean Difference(M)  = -0.8746 

t-Test: Paired Two Sample for Means 

 
     Variable 1 Variable 2 

Mean 0.1254 1 

Variance 0.0051943 0 

Standard Error 0.032231351 0 

Standard Deviation 0.072071492 0 

Observations 5 5 

Hypothesized Mean Difference 0 

 df 4 

 t Stat -27.1350709 

 P(T<=t) one-tail 5.48372E-06 

 t Critical one-tail 2.131846782 

 P(T<=t) two-tail 1.09674E-05 

 t Critical two-tail 2.776445105   

Table B.2 Summary of paired two sample t-test: ZnO-hydrogel 
vs. ZnO-water performed using Microsoft Office Excel®. 

 

Table B.1 Normalized integrated intensity of ZnO-hydrogel compared 

to ZnO-water dispersion and their differences.  
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The mean change in integrated intensity (M = -0.8746, SD = 0.07, N = 4) was significantly 

greater than zero, t (4) = -27.14, two tail p = 1.10 x 10
-5

 providing evidence that the 

incorporation of ZnO in hydrogel increases luminescence of the hybrid system. At the 0.5 level, 

two tail p is significantly lower than 0.5. Also, |t Stat| is greater than t critical. Therefore, the 

means of two groups are not equal, rejecting the null hypothesis in favor of alternate hypothesis. 

Sample Batch # ZnO-Water ZnO-Hydrogel Enhancement Factor 

 N. Integrated Intensity N. Integrated Intensity  

 a.u. a.u.  

1 0.063 1 15.79 

2 0.064 1 15.62 

3 0.107 1 9.35 

4 0.233 1 4.3 

5 0.16 1 6.25 

   Average = 10.262 

 

 

 

 

 
 

 

 

A descriptive statistical analysis was performed using Origin® v8.0 data analysis 

software to calculate the average of the enhancement in luminescence intensity in ZnO-hydrogel 

systems compared to the corresponding ZnO-water dispersions. The descriptive analysis results 

are displayed in figure B.2. The mean or average value of the enhancement in intensity of ZnO-

hydrogel hybrid systems is calculated to be 10.262, with a standard deviation of 5.29. Therefore, 

the PL enhancement factor is approximated to a value of 10.0. 

Table B.3 Normalized integrated intensity of ZnO-hydrogel compared to ZnO-

water dispersion and the enhancement in the integrated intensity. 

 

Figure B.2 Summary of descriptive statistical analysis showing the statistical 
values related to the enhancement in the integrated intensity. 
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 The reduction of enhancement in luminescence in later batches of ZnO-hydrogel hybrid 

colloidal systems is believed to be caused by the increase in size of ZnO dispersed in water. The 

increase in size of ZnO is caused by agglomeration of particles and also due to the formation of 

hydroxides on the ZnO surface. Figure B.3 shows the average hydrodynamic radius of ZnO in 

water, hydrogel and ZnO-hydrogel samples measured using dynamic light scattering. Compared 

to figure 4.15 in chapter 4, the size of ZnO has significantly grown over a period of one year. 

  

 

 

  

  

Figure B.3 Particle size distribution measured using dynamic 
light scattering after a year of dispersion of ZnO in water. 



92 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 

DATASHEET OF 380 NM BANDPASS FILTER (10BPF10-380) 
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