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Chapter 1 

Introduction 

1.1. Background 

Interaction of light with matter always fascinates human since ancient times. Despite the 

understanding of colour generation upon interaction of light with the matter, the term 

'spectroscopy' was originated in the 17th century through the study of visible light dispersed 

according to its wavelength, by a prism. Spectroscopy in the medical science is popularised in 

the early 20th century. However, its glorious presence in the diagnosis of diseases is still 

evident since the earliest times. Primitive medical diagnoses made by ancient physicians were 

based on what they could observe with their eyes and ears, which sometimes also included the 

examination of human specimens. The ancient Greeks attributed all disease to disorders of 

bodily fluids called humors, and during the late medieval period, doctors routinely performed 

uroscopy. Later, the microscope revealed not only the cellular structure of human tissue, but 

also the organisms that cause disease. More sophisticated diagnostic tools and techniques such 

as the thermometer for measuring temperature and the stethoscope for measuring heart rate 

were not in widespread use until the end of the 19th century. The clinical laboratory would 

not become a standard fixture of medicine until the beginning of the 20th century [1]. 

On the other hand the therapeutic application of medicinal drugs has been established 

much later on in 19th century. The development of small molecule therapeutic agents for the 

treatment and prevention of diseases has played a critical role in the practice of medicine for 

many years. In fact, the use of natural extracts for medicinal purposes goes back thousands of 

years; however, it has only been in the past half century or so that searching for new drugs has 

found itself in the realm of science. In 1900, one-third of all deaths in the U.S. were from 

three general causes that are rare today because they are preventable and/or treatable: 

pneumonia, tuberculosis, and diarrhea. By 1940, the chance of dying from these three causes 

was 1 in 11; by 2000, the odds were down to 1 in 25. This is one of the exemplary evidences 

where, development of new therapeutic strategies becomes the life saver of millions and 

millions of people all over the world. 
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Optical spectroscopy holds promise as clinical tool for diagnosing at the early stage of 

carcinomas and other diseases by combining with available photonic technology and has been 

utilised throughout this thesis work. Whereas, continuous improvement in the 

pharmacological and therapeutic properties of drugs driving the revolution in development of 

novel drugs. In fact, a wide spectrum of therapeutic nano-carriers has been extensively 

investigated to address this emerging need. In this thesis work, we have utilised the catalytic 

degradability upon surface modification of a 3d transition metal oxide nano particles as a 

therapeutic drug. 

1.2. Introduction 

Recent developments of small light sources, detectors, and fiber optic probes provide 

opportunities to quantitatively measure interactions, which yield information for diagnosis at 

the biochemical, structural, or (patho) physiological level within intact tissues [2]. The basic 

changes are in the way or the technique of measuring parameters with medical relevance [3]. 

The interaction of light with biological medium covers the general field of biomedical optics 

which has its own role in developing different modern clinical diagnostic techniques. Not only 

diagnosis, therapeutic (usually, followed by diagnosis) aspect of diseases has also improved a 

lot due to the development of novel drug delivery systems. In the following section we have 

discussed biomedically relevant spectroscopic techniques with potential application in medical 

diagnosis and therapy. 

1.2.1. Spectroscopy in Medical Diagnosis: Application of spectroscopy in diagnosis covers 

broad field of application from pulse oximetry to non-invasive optical biopsy. In this section 

we have represented the state of the art diagnostic strategies based on different spectroscopic 

techniques. Ultraviolet/visible (UV/Vis) absorption spectroscopy has been used in the clinical 

laboratory for many years. The technique has appeal, as it is almost universal in its application. 

Absorption spectroscopy is usually performed with molecules dissolved in a transparent 

solvent, such as aqueous buffers. The absorbance of a solute depends linearly on its 

concentration and, therefore, absorption spectroscopy is ideally suited for quantitative 

measurements. The wavelength of absorption and the strength of absorbance of a molecule 

depend not only on the chemical nature but also on the molecular environment of its 

chromophores. Absorption spectroscopy is therefore an excellent technique for following 
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ligand-binding reactions, enzyme catalysis, and conformational transitions in proteins and 

nucleic acids [4]. In this category the most popular diagnostic tool used in day to day basic for 

the measurement of oxygen saturation (SpO2) is pulse oximetry. A blood-oxygen monitor 

displays the percentage of blood that is loaded with oxygen. More specifically, it measures 

what percentage of haemoglobin, the protein in blood that carries oxygen, is loaded. 

Acceptable normal ranges for patients without pulmonary pathology are from 95 to 99 

percent. For a patient breathing room air at or near sea level, an estimate of arterial pO2 can 

be made from the blood-oxygen monitor "saturation of peripheral oxygen" (SpO2) reading. 

Pulse oximeter works based on the Beer–Lambert law. It utilizes an electronic processor and a 

pair of small light-emitting diodes (LEDs) facing a photodiode through a translucent part of 

the patient's body, usually a fingertip or an earlobe. One LED is red, with wavelength of 660 

nm, and the other is infrared with a wavelength of 940 nm. Absorption of light at these 

wavelengths differs significantly between blood loaded with oxygen and blood lacking oxygen. 

Oxygenated haemoglobin absorbs more infrared light and allows more red light to pass 

through. Deoxygenated haemoglobin allows more infrared light to pass through and absorbs 

more red light. The ratio of the red light measurement to the infrared light measurement is 

then calculated by the processor (which represents the ratio of oxygenated haemoglobin to 

deoxygenated haemoglobin), and this ratio is then converted to SpO2 by the processor via a 

lookup table [5]. Absorbance spectroscopy has also been employed for the estimation of 

glycated hemoglobin in hemolysate samples of normal individuals and diabetic patients, which 

does not involve the use of external dyes or reagents. The optic fiber based instrument used 

for recording absorption spectra in the spectral range 200–850 nm of glycated hemoglobin 

(HbA1c). The parameter ‘‘area under the curve’’ of each baseline corrected absorption 

spectrum was used for the estimation of HbA1c (%). The glycated hemoglobin values 

obtained by this spectroscopic method were compared with the values reported by the 

standard ion exchange HPLC method. It has been observed the aforementioned technique 

may be employed as a supplementary technique to other techniques that already exist [4]. 

Fluorescence spectroscopy is a complementary technique of absorption spectroscopy 

which analyzes fluorescence from a sample. It is primarily concerned with electronic and 

vibrational states of the fluorophores. Fluorescence spectroscopy is being used in many 

medical subspecialties as a diagnostic tool which extends from diagnostic studies for the 
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determination of skin cancers to atheromatic plaques detection in coronary arteries. There are 

three main types of fluorophores used for cancer diagnostic studies: exogenous fluorophores, 

endogenous fluorophores, and fluorophores synthesized in the tissue from a precursor 

molecule that is given externally [6, 7]. Endogenous fluorophores give rise to autofluorescence 

phenomenon. Examples of endogenous fluorophores include collagen, elastin, nicotinamide 

adenine dinucleotide (NADH), tryptophan, porphyrins, and flavin adenine dinucleotide 

(FAD) [8]. Collagen and elastin are mainly responsible for spectral changes associated with 

structural changes within the tissues and cells [8]. Other fluorophores like FAD, NADH, 

tryptophan, and porphyrins are mainly responsible for spectral changes associated with 

changes in cellular metabolism and functional processes [7]. Steady-state ultraviolet (UV) 

fluorescence spectroscopy can be utilised to separate malignant tumors from benign and 

normal breast, cervical, ovarian, and uterus tissues and tumors [7-9]. Upon exiting the tissue 

samples at 300 nm using a lamp-based spectrometer the emission can be recorded from 320 

nm to 550 nm. The ratios of fluorescence intensities at 340 nm to 440 nm for cancerous 

breast tissues were found to be different from that of normal and benign tissues. In order to 

obtain further information on the chromophores responsible for the emission and to have a 

better physics picture of the heterogeneous nature of tissue fluorescence in cancerous and 

normal tissue, the kinetics of the physical processes occurring in tissues can be studied using 

time-resolved fluorescence. The key fluorescence relaxation decay parameters can be 

determined from the time-resolved fluorescence spectroscopic data of photo-excited tissues. 

The fluorescence kinetics from malignant and non-malignant breast tissues upon excitation at 

310 nm and 353 nm, exhibit different double exponential decay profiles consisting of slow 

and fast components. Typical time-resolved fluorescence profiles at 340 nm emission band 

from a benign breast tissue, a benign tumor and a malignant tumor, photoexcited at 100 fs 

310 nm pulse contain one slow and one fast component of fluorescence decay. The profiles 

for non-malignant (benign and normal) and malignant samples show a marked difference. The 

fast component seems to be more dominant in non-malignant tissues than in malignant 

tissues. The fluorescence decay curves for 440 nm band appear to contain one slow and one 

fast component of fluorescence lifetime. Unlike the 340 nm band, there is no marked 

dominance of either component for 440 nm [8]. Which further shows that the time resolved 

fluorescence is a novel way to obtain fundamental information on cancer. On the other hand, 

laser-induced fluorescence spectroscopy, a noninvasive real-time technique for evaluating 
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neoplasia, measures the auto-fluorescence of tissue based on the amounts of naturally 

occurring fluorophores present. With fluorescence spectroscopy, diagnostic algorithms can be 

derived that allow reasonable sensitivity and specificity for the diagnosis of squamous 

intraepithelial lesions (SILs) and work without a priori information about the abnormalities of 

the cervix [9]. New medical technologies can be evaluated using several measures, including 

sensitivity, specificity, positive and negative predictive values, receiver operating characteristic 

(ROC) curves, and areas under ROC curves. The ROC curve has the advantage of comparing 

test performance over several thresholds and can be used both in diagnostic settings, in which 

the prevalence of disease is high, and in screening settings, in which the prevalence of disease 

is low. Furthermore, fluorescence dye based detection of different diseases has also been 

reported. For an instance, fluorescence lifetime imaging of 4',6-diamidino-2-phenylindole 

(DAPI) stained nuclei has been utilised as a novel diagnostic tool for the detection and 

classification of B-cell chronic lymphocytic leukemia [10]. Conversely, the use of different 

dyes for the detection of cellular reactive oxygen species by fluorescence assay has also been 

reported [11]. 

Raman spectroscopy represents a molecular fingerprint of the sample and provides 

quantitative information regarding its chemical makeup. It is a powerful analytical technique 

that can measure the chemical composition of complex biological samples, such as biofluids, 

cells and tissues. Biochemical changes in cells and tissues, that may either be caused or are the 

cause of a disease, can lead to significant changes in the Raman spectra. The potential of 

Raman spectroscopy arises from its ability to detect such biochemical changes at a molecular 

level, and therefore, can be used for diagnostics, prognostics or as a tool for evaluating new 

therapies. Raman spectroscopy has several features that are advantageous for medical 

diagnostics. It has high chemical specificity and molecular information that can be obtained 

without any staining or labelling. Changes in the molecular composition of biological samples 

as measured by Raman spectroscopy can be used to build multivariate calibration and 

classification models, which allow quantitative and objective diagnosis for independent 

patients. Raman spectroscopy relies on scattering of light by molecules and information 

regarding the vibrational modes of the molecules can be obtained using visible or near-

infrared lasers. Thus, Raman spectroscopy can take advantage of the advanced optical 

microscopy technologies, optical fibres, miniaturised lasers and other photonic devices, to 

improve diagnostic performance and speed. Often the measurements are carried out in 
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backscattering geometry without requiring transmission of light through the specimen. This 

feature is useful in particular for in vivo diagnostic and for examination of thick tissue 

specimens (e.g. surgical resections), without requiring micro-sectioning. The use of visible or 

near-infrared light for excitation also reduces the absorption effects of water, allowing 

measurements of body fluids or cells within water environments. Similar to other optical 

techniques, Raman spectroscopy can provide real-time (or near real-time) molecular 

information and high resolution imaging at relatively low cost compared to other well 

established medical imaging techniques (e.g. ultrasound, magnetic resonance imaging, etc.). 

This is an important feature as often the clinical implementation and translation of 

technologies are limited by practical, logistical and financial factors [12]. The application of 

Raman spectroscopy in medical diagnosis includes invasive detection of cancer (brain, barest, 

lung, skin, prostate, Colorectal); minimally invasive bio fluid analysis for the detection of 

asthma, inflammatory response, coagulant and anti-coagulant factors in human blood, malaria 

etc. 

1.2.2. Spectroscopy in Medical Therapy: Application of spectroscopy in medical science in 

not limited to medical diagnosis only. Spectroscopy has significant role in therapeutic 

applications including photodynamic therapy, atmospheric pressure plasma therapy even 

evaluating the action of a targeted cancer drug through magnetic resonance spectroscopy has 

also been reported. 

Photo dynamic therapy (PDT) is a treatment that uses a drug, called a photosensitizer 

or photosensitizing agent, and a particular type of light. When photosensitizers are exposed to 

a specific wavelength of light, they produce a reactive form of oxygen that kills nearby cells. 

Each photosensitizer is activated by light of a specific wavelength. This wavelength 

determines how far the light can travel into the body. Thus, doctors use specific 

photosensitizers and wavelengths of light to treat different areas of the body with PDT. In the 

first step of PDT for cancer treatment, a photosensitizing agent is injected into the 

bloodstream. The agent is absorbed by cells all over the body but stays in cancer cells longer 

than it does in normal cells. Approximately 24 to 72 hours after injection, when most of the 

agent has left normal cells but remains in cancer cells, the tumor is exposed to light. The 

photosensitizer in the tumor absorbs the light and produces an active form of oxygen that 

destroys nearby cancer cells. In addition to direct killing of cancer cells, PDT appears to 
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shrink or destroy tumors in two other ways. Firstly, the photosensitizer can damage blood 

vessels in the tumour, thereby preventing the cancer from receiving necessary nutrients. 

Secondly, PDT also may activate the immune system to attack the tumour cells. The light used 

for PDT can come from a laser or other sources. Laser light can be directed through fiber 

optic cables (thin fibers that transmit light) to deliver light to areas inside the body. For 

example, a fiber optic cable can be inserted through an endoscope (a thin, lighted tube used to 

look at tissues inside the body) into the lungs or esophagus to treat cancer in these organs. 

Other light sources include light-emitting diodes (LEDs), which may be used for surface 

tumors, such as skin cancer. PDT is usually performed as an outpatient procedure. PDT may 

also be repeated and may be used with other therapies, such as surgery, radiation therapy, or 

chemotherapy. Extracorporeal photopheresis (ECP) is a type of PDT in which a machine is 

used to collect the patient’s blood cells, treat them outside the body with a photosensitizing 

agent, expose them to light, and then return them to the patient. The U.S. Food and Drug 

Administration (FDA) has approved ECP to help lessen the severity of skin symptoms of 

cutaneous T-cell lymphoma that has not responded to other therapies. Studies are under way 

to determine if ECP may have some application for other blood cancers, and also to help 

reduce rejection after transplants. 

Plasma medicine is an innovative and emerging field combining plasma physics, life 

sciences and clinical medicine to use physical plasma for therapeutic applications. Plasma, 

described as the fourth state of matter, comprises charged species, active molecules and atoms 

and is also a source of UV-photons[13]. These plasma-generated active species are useful for 

several bio-medical applications such as sterilization of implants and surgical instruments as 

well as modifying biomaterial surface properties. Sensitive applications of plasma, like 

subjecting human body or internal organs to plasma treatment for medical purposes, are also 

possible. Initial experiments confirm that plasma can be effective in in vivo antiseptics without 

affecting surrounding tissue and, moreover, stimulating tissue regeneration [13]. Based on 

sophisticated basic research on plasma-tissue interaction, first therapeutic applications in 

wound healing, dermatology and dentistry will be opened [13]. 

Though nanoparticles are not directly related to the spectroscopic studies but the 

working of the nanoparticles can be confirmed by means of spectroscopic methods only. 

Hence, the application of the nanoparticles for drug delivery agent or as drug is indirectly 
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related to the spectroscopy. However, in some cases the effective application of the 

nanoparticles could be enhanced through the application of external light or magnetic field 

which is in the domain of spectroscopy [14]. Nanometer-sized colloidal particles with small 

size and large surface area have many superior properties when used as magnetic resonance 

imaging (MRI) contrast agents, such as their ability to carry large payloads of active magnetic 

centers, easy penetration of biological membranes, long blood circulation times, and efficient 

conjugation to affinity molecules. Thus, they have the potential to allow us to visualize targets 

at low imaging-agent concentration with high sensitivity and specificity [15]. Furthermore, 

nanoparticles can be used in combination with therapeutic agents as bifunctional medical 

systems that enable simultaneous MRI diagnosis and drug treatment [16]. For example, 

superparamagnetic iron oxide nanoparticles have been developed as efficient T2 contrast 

agents and employed to image tumors, stem cell migration, and cancer metastases. Some 

colloidal nanoparticles containing gadolinium (III) or manganese(II) have recently been 

reported as potent T1 MRI contrast agents [17]. Very recently, reports on MnO nanoparticles 

as T1 contrast agents for MRI signal enhancement of the anatomic brain structure can also be 

found [17]. Conversely, manganese oxides have been widely exploited because of their 

promising applications in many fields, such as catalysis [18], molecular adsorption [19], [20], 

ion exchange [21], supercapacitors [22], magnetic applications [23], and secondary batteries. 

Among the manganese oxides, the hausmannite Mn3O4 is the most stable oxide at high 

temperature relative to other manganese oxides, such as MnO2 and Mn2O3. The compound is 

known to be an active catalyst for the oxidation of methane and carbon monoxide [24], 

decomposition of waste gases, the selective reduction of nitrobenzene [25], and the 

combustion of organic compounds at temperatures of the order of 373-773 K. These catalytic 

applications provide a powerful method of controlling air pollution. Most recently, hollow 

Mn3O4 nanoparticles have been utilized as positive MRI contrast agent (exploiting their room 

temperature paramagnetism) with enhanced relaxivity attributed to an increased water-

accessible surface area and the flexibility of further functional surface modifications [26, 27]. 

 Thus, spectroscopy can offer the necessary tools to investigate the relevant structure 

and function, but the size and complexity of biological systems is beyond that usually 

encountered in the physical and chemical sciences and therefore poses a particular challenge. 

This challenge is met by extraordinary efforts to extend the sensitivity, specificity, information 
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content, and in some cases spatial resolution of spectroscopic methods. Goal of this thesis is 

to exploit modern instrumentation and spectroscopic tools for the betterment of human life 

by developing novel diagnostic and therapeutic strategies which can further help to shape our 

understanding of living systems. The thesis also aims to give an overview about the 

spectroscopic and analytic tools, and to assess how novel developments may promise 

unprecedented insight into biomedical procedures. 

1.3. Scope and Objective 

Spectroscopic investigation has taken an important role in diagnosis of different diseases 

including hypoxia [32], anemia, jaundice [33] and even cancer [34]. Despite the development 

of novel diagnostic techniques, very few of them can replace existing conventional 

biochemical or other lab based techniques. For instance, the possible alternative for invasive 

blood sampling is transcutaneous bilirubinometer (BiliChek and JM-103 are the commercial 

version of the device) that provides instantaneous cutaneous bilirubin concentration (TcB). 

The method is based on optical spectroscopy that relates the amount of light absorption by 

bilirubin (yellow skin) to the concentration of bilirubin in the skin. Since the discovery of the 

method in 1980 [33] , several more devices have been developed in order to improve the 

accuracy of the device. However, even after 30 years of development [35], no subcutaneous 

bilirubinometer can replace blood sampling. In one of our study we have addressed this issue 

by collecting the spectroscopic signal from the vascular bed of bulbar conjunctiva [36]. In this 

context the theranostics (simultaneous therapy and diagnosis) approach to cure neonatal 

jaundice could be very much helpful. In one of our optical fiber based projects, the concept of 

theranostics has been established. 

 On the other hand, recent world health organization (WHO) fact sheets (updated in 

June 2014) on global statistics of hepatitis (A, B, C & E) show that out of more than 400 

million detected cases of potentially life-threatening liver infection, more than 1.3 million 

people die every year due to acute or chronic consequences of advanced liver damage. The 

global statistics of child mortality due to liver malfunction is also very alarming. It is stated in 

UNICEF report (2012) that twenty one children per minute die, mostly from preventive 

causes including neonatal jaundice, in most underdeveloped/developing countries. Jaundice is 

yellowish pigmentation of the skin and conjunctiva caused by high blood bilirubin levels [37, 
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38] and is an indicator of liver disease such as hepatitis or liver cancer [39]. An early diagnosis 

of the neonatal and maternal (particularly due to hepatitis E) jaundice is a proven means of 

prevention and cure. The diagnostic aspect of hyperbilirubinemia has been addressed in 

couple of our projects and described accordingly. It is important to note that in adults the 

elevated level of bilirubin and its oxidative products causes various serious diseases including 

Gilbert Syndrome (> 6 mg/dL), Crigler-Najjar type I disease (> 30 mg/dL) [40] and bilirubin-

induced neurologic dysfunction (BIND) [41]. Severe neurotoxicity in case of neonates 

(Kernicterus) and damage in white matter of adult brain are also the consequences of higher 

bilirubin level [42]. In case of Hepatitis E infection in pregnant women, associated 

hyperbilirubinemia itself is found to increase the risk of preterm delivery [43]. Treatment 

options for hyperbilirubinemia include phototherapy [44], haemoperfusion, haemodialysis and 

exchange blood transfusion. Apart from the mentioned therapeutic procedures various 

organic, inorganic and phytochemicals have been used for reduction of elevated bilirubin level 

in blood [45-48]. All these therapeutic drugs function in hepatoprotective way and lack the 

ability to degrade bilirubin directly [49]. So, none of those became very fruitful in effective and 

quick reduction of serum bilirubin level. In the above context a safe, symptomatic and 

effective therapeutic strategy is extremely needed, and has been addressed in projects based on 

the surface functionalized Mn3O4 nanoparticles. 

 Evanescent field based sensing is well known technique for the sensing different 

physical parameters like concentration [50], pH level [50], water level, minor displacements 

etc. , which was first proposed by Paul et al. in 1987 [51]. Nonetheless, the details study of the 

detection process is still not fully explored. The potential use of such detection mechanism 

has an impact in medical diagnostics as well as environmental monitoring. In one of our 

evanescent field based projects, we have utilised light as tool for simultaneous diagnosis and 

therapy. In another fiber optic based projects we have validated the Förster resonance energy 

transfer (FRET) strategy in the tip of an optical fiber and utilised the fiber tip as sensor in 

different biomedically relevant applications. On the other hand, DNA biomaterial based fiber 

optic sensing project was designed with a goal to monitor the mercury contamination in 

biomedically relevant samples. 
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1.4. Summary of the Work Done 

1.4.1. Optical Spectroscopy for Clinical Diagnostics of Hyperbilirubinemia 

1.4.1.1. Development and optimization of a non-contact optical device for online 

monitoring of jaundice in human subjects [52]: In this study, we have described a method 

for measuring optical spectrum of our conjunctiva and derived pigment concentration by 

using diffused reflection measurement. The method uses no prior model and is expected to 

work across the races (skin color) encompassing a wide range of age groups. An optical fiber-

based setup capable of measuring the conjunctival absorption spectrum from 400 to 800 nm 

is used to monitor the level of bilirubin and is calibrated with the value measured from blood 

serum of the same human subject. We have also developed software in the LabVIEW 

platform for use in online monitoring of bilirubin levels in human subjects by non-experts. 

The results demonstrate that relative absorption at 460 nm and 600 nm has a distinct 

correlation with that of the bilirubin concentration measured from blood serum. Statistical 

analysis revealed that our proposed method is in agreement with the conventional biochemical 

method. The innovative non-contact, low-cost technique is expected to have importance in 

monitoring jaundice in developing/undeveloped countries, where inexpensive diagnosis of 

jaundice with minimally trained manpower is obligatory. 

1.4.2. Development of Nanoparticle-based Therapeutic Strategy for 

Hyperbilirubinemia Control 

1.4.2.1. Unprecedented catalytic activity of Mn3O4 nanoparticles: potential lead of a 

sustainable therapeutic agent for hyperbilirubinemia [53]: In this study, we have studied 

an unprecedented catalytic decomposition of bilirubin, in absence of any photo-activation, by 

citrate functionalized Mn3O4 nanoparticles. Mechanistic studies on the catalytic process have 

resulted in greater understanding of the catalysts recyclability and additional insight into the 

active sites of the nanoparticles involved. Considering the critical need for improved 

techniques to remove bilirubin from blood plasma of patients suffering from 

hyperbilirubinemia, we have tested the in vitro reactivity of the catalyst on the whole blood 

specimen drawn from hyperbilirubinemia patients. It is revealed that the catalyst can 

significantly suppress the bilirubin level (both conjugated and unconjugated) in the whole 

blood specimens in vitro, without much affecting other important haematological constituents. 
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Given the outstanding catalytic activity, colloidal stability and biocompatibility of citrate-

Mn3O4 NPs, we anticipate that the observations may open up a new avenue of nanotherapy in 

the fight against hyperbilirubinemia. 

1.4.2.2. Safe & symptomatic medicinal use of surface functionalized Mn3O4 

nanoparticles for hyperbilirubinemia treatment in mice [54]: In this study, we have 

extended our earlier work from ex-in vivo to in vivo in mice model. We have synthesized citrate 

capped Mn3O4 NPs and characterized their interaction with biological macromolecules in vitro 

for the potential use in mice model of hyperbilirubinemia (higher bilirubin level in blood). We 

have demonstrated ultrahigh efficacy of the Mn-based NPs in symptomatic treatment of 

hyperbilirubinemia for rapid reduction of blood bilirubin in mice compared to existing 

approved medicine silymarin without any toxicological implications in the experimental 

animals. These findings may pave the way for practical clinical use of the NPs as safe 

medication of hyperbilirubinemia in human subjects. 

1.4.3. Development of an Online, Simultaneous Diagnosis and Therapeutic Strategy of 

Hyperbilirubinemia for Potential Application in Neonatal Subjects 

1.4.3.1. Evanescent field: A potential light-tool for theranostics application [55]: In this 

study, we have demonstrated a minimally invasive optical approach for theranostics, which 

would reinforce diagnosis, treatment, and preferably guidance simultaneously, is considered to 

be a major challenge in biomedical instrument design. We have developed an evanescent field-

based fiber optic strategy for the potential theranostics application in hyperbilirubinemia, an 

increased concentration of bilirubin in the blood and are a potential cause of permanent brain 

damage or even death in newborn babies. Potential problem of bilirubin deposition on the 

hydroxylated fiber surface at physiological pH (7.4), that masks the sensing efficacy and 

extraction of information of the pigment level, has also been addressed. Removal of bilirubin 

in a blood-phantom (hemoglobin and human serum albumin) solution from an enhanced level 

of 77 μM/L (human jaundice >50 μM/L) to ∼30μM/L (normal level ∼25 μM/L in human) 

using our strategy has been successfully demonstrated. In a model experiment using 

chromatography paper as a mimic of biological membrane, we have shown efficient 

degradation of the bilirubin under continuous monitoring for guidance of immediate/future 

course of action. 
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1.4.4. Detection of a Picosecond-resolved Dipole-dipole Interaction on Optical Fiber 

Surface for Potential Application in Sensing at Molecular Level 

1.4.4.1. Ultrafast FRET at fiber tips: Potential applications in sensitive remote sensing 

of molecular interaction [56]: Förster resonance energy transfer (FRET) strategy is well 

adopted in fiber-optics for efficient sensor design. However, resonance type energy transfer 

from one molecule (donor) to other (acceptor) should meet few key properties including 

donor to acceptor energy migration in non-radiative way, which is hard to conclude from 

simply emission quenching of the donor, rather needs careful investigation of excited state 

lifetime of the donor molecule. In the present study, we have shown that the evanescent field 

of an optical fiber can be coupled to covalently attached donor (dansyl) molecule at the fiber 

tip. By using picosecond resolved time correlated single photon counting (TCSPC) we have 

demonstrated that dansyl at the fiber tip transfers energy to a well known DNA-intercalating 

dye ethidium upon surface adsorption of DNA at the fiber tip. Our ultrafast detection scheme 

selectively distinguishes the probe (dansyl) emission from the intrinsic emission of the fiber. 

The validation of the energy transfer mechanism to be of resonance type (FRET), allows us to 

estimate the distance between the probe dansyl and the surface adsorbed DNA. We have also 

used the setup for the remote sensing of the dielectric constant (polarity) of an environment 

as the excited sate lifetime of the probe dansyl heavily depends on the polarity of the 

immediate host environment. FRET signal from a used fiber tip immediately after adsorption 

of DNA reveals stepwise surface desorption of the biomolecule in saline solution. The 

reusability of the fiber tip for sensing has also been demonstrated. 

1.4.4.2. Medical diagnosis and remote sensing at fiber-tip: Picosecond resolved FRET 

sensor [57]: In this study, we have extended our earlier work towards more practical and 

workable model upon simplifying the experimental setup. After successful validation of the 

FRET scheme at the fiber tip, we have utilised the setup for remote sensing applications. We 

have finally implemented the detection mechanism to detect an industrial synthetic dye 

methylene blue (MB) in water. 
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1.4.5. Development of a DNA-based Material for Potential Fiber Optic Sensing of 

Heavy Metals in Biomedically Relevant Environments 

1.4.5.1. DNA biomaterial based fiber optic sensor: Characterization and application for 

monitoring in situ mercury pollution [58]: In the present work we have developed a novel 

silver-nanoparticle (Ag-NPs) impregnated genomic DNA-lipid (CTAB) complex, which is 

completely insoluble in water and forms excellent thin film on optical fiber tips. The intact 

structural as well as functional integrity of the genomic DNA (from a marine waste product of 

salmon fish processing) in the thin film is found to be a key factor for its specific affinity to 

mercury ions in aqueous environments. We have demonstrated that a dip-coated optical fiber 

tip can work as a fluorescence sensor in addition to a surface plasmon resonance (SPR) type 

absorption sensor due to nano surface energy transfer (NSET) between the DNA minor-

groove binding dye 4', 6-diamidino-2-phenylindole (DAPI) and Ag-NPs. Nanomolar, specific 

detection of mercury ions with few seconds reaction time is found in this versatile and 

economic way revealing clearly the advantageous aspects of our work. 

1.5. Plan of theThesis 

The plan of the thesis is as follows: 

Chapter 1: This chapter gives a brief introduction to the different types of spectroscopic 

methods used in various kinds of diagnostic and therapeutic applications. The scope and brief 

summary of the work done has also been included in this chapter. 

Chapter 2: This chapter provides an overview of spectroscopic strategies, both the dynamical 

and steady-state, the structural aspects of biologically important systems (proteins, DNAs) and 

probes used in the research. 

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

discussed in this chapter.  

Chapter 4: This chapter demonstrates the development and optimization of a non-contact 

optical device for online monitoring of jaundice in human subjects. 

Chapter 5: Novel catalytic property of transition metal oxide nanoparticles towards bilirubin, 

upon surface modification has been discussed in this chapter. The application of the 

nanoparticles as safe and symptomatic medicine for hyperbilirubinemia in mice model has also 

been elaborated. 



 

15 
 

Chapter 6: This chapter deals with application of light as tool for simultaneous therapy and 

diagnosis for potential application in neonatal subjects with hyperbilirubinemia. 

Chapter 7: The conventional FRET based fiber optic sensor relies on the steady state 

experimental observation. In this chapter we have demonstrated FRET in optical fiber tip 

through time resolved studies and also explored the possible application of this sensor in 

monitoring environmental polarity (dielectric constant of a medium) and water contaminant 

methylene blue. 

Chapter 8: This chapter offers the synthesis and characterisation procedures of a DNA based 

biomaterial and also its application towards efficient mercury sensing in biomedically relevant 

environments. 
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Chapter 2 

Overview of Spectroscopic Tools and Systems 

In order to investigate the various processes involved in course of study on ultrafast 

spectroscopy, synthesis, functionalization and potential application of the biomedically 

relevant sensors, different steady-state and dynamical tools have been used. In this chapter, a 

brief discussion about these tools has been provided. A brief overview of the various systems 

used has also been discussed. 

2.1. Steady-state and Dynamical Tools 

2.1.1. Diffuse Reflectance Spectroscopy: Reflectance spectroscopy is very closely related to 

UV/Vis spectroscopy, as both of these techniques use visible light to excite valence electrons 

to empty orbitals. The difference in these techniques is that in UV/Vis spectroscopy one 

measures the relative change of transmittance of light as it passes through a solution, whereas 

in diffuse reflectance, one measures the relative change in the amount of reflected light off of 

a surface. A solution that is completely clear and colorless has essentially 100% transmission 

of all visible wavelengths of light, which means that it does not contain any dissolved 

components that have (allowed) electronic transitions over that energy range. By the same line 

of reasoning, a white powder effectively reflects 100% of all visible wavelengths of light that 

interacts with it. However, if the material has electronic energy levels that are separated by 

energy in the visible region, then it may absorb some of light energy to move electrons from 

the filled energy level (valence band) into this empty level (conduction band). This causes an 

relative decrease in the amount of light at that particular energy, relative to a reference source. 

In other words, the % transmission/reflectance will decrease. 

 

Figure 2.1. Schematic representation of the diffuse reflection from a solid sample. The diffuse light can be collected for 
spectroscopic studies. 
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2.1.2. Förster Resonance Energy Transfer (FRET): Förster Resonance Energy Transfer 

[1] is an electrodynamic phenomenon involving the non-radiative transfer of the excited state 

energy from the donor dipole (D) to an acceptor dipole (A) (Figure 2.2a). FRET has got wide 

uses in all fluorescence applications including medical diagnostics, DNA analysis and optical 

imaging. Since FRET can measure the size of a protein molecule or the thickness of a 

membrane, it is also known as “spectroscopic ruler” [2]. FRET is very often used to measure 

the distance between two sites on a macromolecule. Basically, FRET is of two types: (a) 

Homo-molecular FRET and (b) Hetero-molecular FRET. In the former case same 

fluorophore acts both as energy donor and acceptor, while in the latter case two different 

molecules act as donor and acceptor. 

Each donor-acceptor (D-A) pair participating in FRET is characterized by a distance 

known as Förster distance (R0) i.e., the D-A separation at which energy transfer is 50% 

efficient. The R0 value ranges from 20 to 60 Å. The rate of resonance energy transfer (kT) 

from donor to an acceptor is given by [3], 
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where, D is the lifetime of the donor in the absence of acceptor, R0 is the Förster distance and 

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

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

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

and acceptor transition dipoles (2) and the distance between the donor and acceptor 

molecules (r) (Figure 2.2b). In order to estimate FRET efficiency of the donor and hence to 

determine distances of donor-acceptor pairs, the methodology described below is followed [3]. 

The Förster distance (R0) is given by, 

   61

D

42

0 JQn211.0R    (in Å)         (2.2) 

where, n is the refractive index of the medium, QD is the quantum yield of the donor and J() 

is the overlap integral. 2 is defined as, 

   2ADAD

2

ADT

2 cosθ2cosθcosφsinθsinθcoscos3cosκ        (2.3) 

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

transition dipole of the acceptor, D and A are the angles between these dipoles and the 
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vector joining the donor and acceptor and  is angle between the planes of the donor and 

acceptor (Figure 2.2b). 2 value can vary from 0 to 4. For collinear and parallel transition 

dipoles, 2 = 4; for parallel dipoles, 2 = 1; and for perpendicularly oriented dipoles, 2 = 0. 

For donor and acceptors that randomize by rotational diffusion prior to energy transfer, the 

magnitude of 2 is assumed to be 2/3. J(), the overlap integral, which expresses the degree of 

spectral overlap between the donor emission and the acceptor absorption, is given by, 

 

 

Figure 2.2. (a) Schematic illustration of the Förster Resonance Energy Transfer (FRET) process. (b) Dependence of 

the orientation factor 2 on the directions of the emission and absorption dipoles of the donor and acceptor, respectively. 
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where, FD() is the fluorescence intensity of the donor in the wavelength range of  to  +d 

and is dimensionless. A() is the extinction coefficient (in M-1cm-1) of the acceptor at . If  is 

in nm, then J() is in units of M-1 cm-1 nm4. 

Once the value of R0 is known, the efficiency of energy transfer can be calculated. The 

efficiency of energy transfer (E) is the fraction of photons absorbed by the donor which are 

transferred to the acceptor and is defined as, 
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The transfer efficiency is measured using the relative fluorescence intensity of the donor, in 

absence (FD) and presence (FDA) of the acceptor as, 

D

DA

F

F
1E            (2.7a). 

For D-A systems decaying with multiexponential lifetimes, E is calculated from the amplitude 

weighted lifetimes i

i

i   [3] of the donor in absence (D) and presence (DA) of the 

acceptor as, 

D

DA1E



 .          (2.7b). 

The D-A distances can be measured using equations (2.6), (2.7a) and (2.7b). The 

distances measured using Eq. 2.7a and 2.7b are revealed as RS (steady state measurement) and 

RTR (time-resolved measurement), respectively. In one of recent studies from our group [4], 

we have reported the potential danger of using Eq. 2.7a to conclude the nature of energy 

transfer as Förster type. The study shows that the energy transfer efficiency E, calculated from 

steady state experiment (Eq. 2.7a) might be due to re-absorption of donor emission, but not 

due to dipole-dipole interaction (FRET). 

2.1.3. Nanosurface Energy Transfer (NSET): The D−A separations can also be calculated 

using another prevailing technique, NSET [5, 6], in which the energy transfer efficiency 

depends on the inverse of the fourth power of the D−A separation [7]. The NSET technique 

is based on the model of Persson and Lang [6], which is concerned with the momentum and 

energy conservation in the dipole-induced formation of electron−hole pairs. Here the rate of 

energy transfer is calculated by performing a Fermi golden rule calculation for an excited-state 

material depopulating with the simultaneous scattering of an electron in the nearby metal to 

above the Fermi level. The Persson model states that the damping rate to a surface of a noble 

metal may be calculated by, 
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which can be expressed in more measurable parameters through the use of the Einstein A21 

coefficient [8], 
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(2.9). 

To give the following rate of energy transfer in accordance with Coulomb’s law (1/4πε0): 
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where, c is the speed of light, ΦD is the quantum yield of the donor, ω is the angular frequency 

for the donor, ωF is the angular frequency for acceptor, d is the D−A separation,  is the 

dipole moment, τD is the average lifetime of the donor, and kF is the Fermi wave-vector [9, 

10]. In our studies, we used kNSET as, 

    donoracceptordonor

NSET
ττ

k
11


         

(2.11) 

where, τdonor−acceptor is the average lifetime of the D−A system [11]. 

2.1.3. Data Analysis of Time-resolved Fluorescence Transients: Curve fitting of the time-

resolved fluorescence transients was carried out using a nonlinear least square fitting 

procedure to a function (2.12) comprised of convolution of the IRF,  

    )t')dt'E(t')R(t(X(t)
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(E(t)) with a sum of exponentials (2.13) with pre-exponential factors (Bi),  
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characteristic lifetimes (τi) and a background (A). Relative concentration in a multiexponential 

decay is expressed as (2.14), 
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The average lifetime (amplitude-weighted) of a multiexponential decay is expressed as, 
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2.1.4. Transmission of Light through Optical Fiber: An optical fiber is a cylindrical 

dielectric waveguide (nonconducting waveguide) that transmits light along its axis, by the 

process of total internal reflection. The fiber consists of a core surrounded by a cladding layer, 

both of which are made of dielectric materials [48]. To confine the optical signal in the core, 

the refractive index of the core must be greater than that of the cladding. The boundary 

between the core and cladding may either be abrupt, in step-index fiber, or gradual, in graded-

index fiber. When the light (electromagnetic wave) travels to the boundary between the core 

and the clad (with an angle greater than the critical angle) a localized attenuating 

electromagnetic field is generated which is called the evanescent field. 

Evanescent wave is a near-field wave with an intensity that exhibits exponential decay 

without absorption as a function of the distance from the core-clad boundary of the optical 

fiber as shown in Figure 2.3. The standard practice for the estimation of penetration depth 

(dp) of the evanescent field in a “non-absorbing” medium can be illustrated in the following 

way [12]. In a fiber optic cable the optical signal is transmitted by total internal reflection of 

the light. The light from the silica core with refractive index n1 is incident on the clad with 

refractive index n2, where n1>n2. As a result the light is internally reflected totally, depending 

upon the incident angle i, where i >c (c is the critical angle). In practice the light does not 

reflect back from the exact plane of separation between core and clad, rather it has certain 

penetration depth in the clad region. The penetration depth or depth of penetration (  ) is 

defined as [12], 

   
 

      
         

   
    (2.16). 

The estimated penetration depth for our case is in the range of few hundreds of nm. 

However, if any portion of clad is removed or etched (as in our case) the depth of penetration 

would change. It is also worth mentioning that evanescent field strongly interacts with the 

environment outside the fiber and carry spectroscopic information, and is the key of all the 

waveguide-based sensors [12]. The scenario would change in the case of an environment, 

which offers strong optical absorption to the light responsible for the evanescent field.[13, 14] 

This can be conveniently taken into account by defining a complex refractive index [13], 

      
       (2.17) 
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where, the real part of the refractive index n indicates the phase speed, while imaginary part   

indicates the amount of absorption loss when electromagnetic wave propagates through the 

medium. Both the real and imaginary parts of the refractive index are the functions of 

wavelength of the light propagating through the optical fiber. One way to incorporate 

attenuation of the evanescent field in the absorbing medium is via an absorption coefficient 

(abs) [13, 14] in the following way, 

        
           (2.18) 

where, I(z) is the intensity of the evanescent field at a distance of z from the interface having 

field intensity of I0. abs denotes absorption coefficient of the medium and equal to twice the 

magnitude of the imaginary component of the refractive index (2X ) [13]. In this formulation 

the penetration depth, dp would be just inverse of the absorption coefficient (1/abs) [13]. 

From the above formulation it is clear that the penetration depth of the evanescent field in an 

absorbing medium very much depends on the concentration of the analyte in the medium. 

 

Figure 2.3. Schematic representation of light refraction from medium with higher to lower refractive index and the 

evanescent wave in the medium with lower refractive index when i >c (right). 

 

2.1.5. Statistical Analysis: Comparison of different parameters between the groups in animal 

studies was performed using one-way analysis of variance (ANOVA) followed by Tukey’s 

multiple comparison test using a computer program GraphPad Prism (version 5.00 for 

Windows), GraphPad Software, La Jolla California USA, www.graphpad.com. P values <0.05 

were considered significant. 

2.2. Systems: 

2.2.1. Molecular Probes: In this section, we have discussed about the different probe 

molecules that have been used in the course of study. 
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2.2.1.1. Dansyl chloride [5-(Dimethylamino)naphthalene-1-sulfonyl chloride]: Dansyl 

chloride (Figure 2.4a) is one of the widely used extrinsic fluorescent probes in biological 

labeling [15, 16]. The reactive free amino groups of amino acids (lysine and arginine) react 

with dansyl chloride in their deprotonated form as a nucleophile and fluoresce at green region 

of the visible spectrum. Protein-dansyl conjugates are sensitive to their immediate 

environment. This, in combination with their ability to accept energy (by FRET) from the 

amino acid tryptophan, allows this labeling technique to be used in investigating protein 

folding and dynamics [17].  

2.2.1.2. 4', 6-diamidino-2-phenylindole (DAPI): The dye DAPI (Figure 2.4b) is another 

commercially available fluorescent cytological stain for DNA. Studies on the DAPI-DNA 

complexes show that the probe exhibits a wide variety of interactions of different strength and 

specificity with DNA [18]. The dye exhibits intramolecular proton transfer as an important 

mode of excited state relaxation at physiological pH, which takes place from the amidino to 

the indole moiety. Supression of this excited state pathway leads to enhancement of 

fluorescence quantum yield and hence the fluorescence intensity in hydrophobic restricted 

environments. 

2.2.1.3. Bilirubin (BR): BR, the yellow-orange breakdown product of normal heme 

catabolism in mammalian systems, introduces great biological and diagnostic values [19]. Both 

antioxidant and toxic properties have been attributed to BR [20], which is normally conjugated 

with glucuronic acid and then excreted in the bile. However, when its conjugation with 

glucuronic acid is inhibited, as in neonatal jaundice and in hereditary forms of congenital 

jaundice, excess BR deposit to various tissues, giving rise to severe hyperbilirubinemia and 

neurotoxicity. Phototherapy, the most effective treatment for jaundice to date, decreases the 

BR levels in the blood by changing the ZZ-BR isomer into water-soluble ZE-BR [21-23]. 

Because this reaction is readily reversible, equilibrium is established between native BR and 

the ZE isomer when BR is photoirradiated in a closed system. The second fastest reaction that 

occurs when BR is exposed to light is the production of lumirubin, a structural isomer of BR. 
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Figure 2.4. Molecular structures of the molecular probes: (a) Dansyl chloride, (b) DAPI, (c) Bilirubin, (d) EtBr. 

2.2.1.4. Ethidium bromide (EtBr), [3,8-diamino-5-ethyl-6-phenylphenanthridinium 

bromide] : EtBr is a well known fluorescent probe for DNA, which readily intercalates into 

the DNA double helix [24]. Its structure is given in Figure 2.4d. Compared to the case of bulk 

water, the emission intensity and lifetime of EtBr increase nearly 11 times when EtBr 

intercalates into the double helix of DNA. This remarkable fluorescence enhancement of EtBr 

is utilized to study the motion of DNA segments, quenching of DNA bound EtBr by various 

agents, and the interaction of DNA with surfactants and drugs [25]. The photophysical 

processes of the fluorescence enhancement have recently been explored. The emission 

intensity of EtBr is low in highly polar, protic solvents, such as alcohol and water, compared 

to polar, aprotic solvents, e.g., acetone or pyridine. EtBr is insoluble in nonpolar, aprotic 

solvents like alkanes or dioxane. Compared to the case of water, the emission intensity and 

lifetime of EtBr increase nearly 5 times in acetone. Addition of water to acetone is found to 

quench fluorescence of EtBr, while deuterated solvents enhance emission of EtBr. 

2.2.2. Biological Macromolecules: 

2.2.2.1. Human serum albumin (HSA): Serum albumins are multi-domain proteins forming 

the major soluble protein constituent (60% of the blood serum) of the circulatory system [26]. 

Human Serum Albumin (HSA) (molecular weight 66,479 Da) is a heart-shaped tridomain 

protein (Figure 2.5) with each domain comprising of two identical subdomains A and B with 

each domain depicting specific structural and functional characteristics [27]. HSA having 585 
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amino acid residues assumes solid equilateral triangular shape with sides ~80 Å and depth ~30 

Å [28]. Its amino acid sequence comprises of 17 disulfide bridges distributed over all domains, 

one free thiol (Cys34) in domain-I and a tryptophan residue (Trp214) in domain-IIA. About 

67% of HSA is -helical while the rest of the structure being turns and extended polypeptides 

[28]. Each domain contains 10 principle helices (h1-h10). Subdomains A and B share a 

common motif that includes h1, h2, h3 and h4 for subdomain-A, and h7, h8, h9, h10 for 

subdomain-B. The non-existence of disulfide linkage connecting h1 and h3 in subdomain-IA 

is an exception. HSA is engaged with various physiological functions involving maintenance 

of osmotic blood pressure, transportation of a wide variety of ligands in and out of the 

physiological system. The protein binds various kinds of ligands [29] including 

photosensitizing drugs [30]. The principal binding regions are located in subdomains IIA and 

IIIA of which IIIA binding cavity is the most active one [28] and binds digitoxin, ibuprofen 

and tryptophan. Warfarin, however, occupies a single site in domain-IIA. It is known that 

HSA undergoes reversible conformational transformation with change in pH of the protein 

solution [26, 31], which is very essential for picking up and releasing the drugs at sites of 

differing pH inside the physiological system. 

 

Figure 2.5. X-ray crystallographic structure (PDB code: 1N5U) of human serum albumin depicting the different 
domains. 
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At normal pH (pH = 7), HSA assumes the normal form (N) which abruptly changes to fast 

migrating form (F) at pH values less than 4.3, as this form moves “fast” upon gel 

electrophoresis [31]. Upon further reduction in pH to less than 2.7 the F-form changes to the 

fully extended form (E). On the basic side of the normal pH (above pH = 8), the N-form 

changes to basic form (B) and above pH = 10, the structure changes to the aged form (A). 

Serum albumin undergoes an ageing process when stored at low ionic strength and alkaline 

pH. The ageing process is catalyzed by the free sulfhydryl group and involves sulfhydryl-

disulfide interchange that results in the conservation of the sulfhydryl at its original position. 

 

Figure 2.6. Structure of hemoglobin. There are four subunits as shown by the various colors. The heme groups are 
shown in predominantly gray. Protein Data Bank ID-4hhb.  

2.2.2.2. Hemoglobin: Found in red blood cells, hemoglobin (Figure 2.6) is globular protein 

that ferry oxygen (O2) molecules and carbon dioxide (CO2) molecules throughout the body. 

Each hemoglobin protein structure consists of four polypeptide subunits, which are held 

http://en.wikipedia.org/wiki/Protein_Data_Bank
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together by ionic bonds, hydrogen bonds, hydrophobic interactions, and van der Waals forces, 

as well as four heme pigments, one in each of the subunits [32, 33]. These heme groups 

contain positively-charged iron (Fe2+) molecules which can reversibly bind to oxygen 

molecules and transport them to various areas of the body [32, 33]. As the heme groups bind 

or release their oxygen loads, the overall hemoglobin undergoes conformational changes 

which alters their affinity for oxygen. Hemoglobin tetramers are comprised of the four 

subunits, two α-globin chains and two β-globin chains all of which take the form of alpha 

helices [32]. Found in each chain is a non-protein heme group, which is an assembly of cyclic 

ring structures surrounding an iron ion that is tethered by nitrogen atoms. The heme group, 

which is typically hidden within the various subunits, is covalently bound to yet a different 

nitrogen atom that belongs to a nearby histidine group. This histidine chain, combined with 

other hydrophobic interactions, stabilize the heme group within each subunit. Oxygen 

molecules bind to the side of the iron ion that is opposite of the proximal histidine. Located 

near this opposite side is a different histidine chain, which serves two important function even 

though it is not directly bound to the heme group [34]. 

2.2.2.3. Deoxyribonucleic acid (DNA): Nucleic acids form the central molecules in 

transmission, expression and conservation of genetic information. DNA serves as carrier of 

genetic information [35]. The classic example of how biological function follows from 

biomolecular structure comes from the elucidation of double helical structure of DNA by 

Watson and Crick [36]. DNAs are polynucleotides with each nucleotide comprising of 

deoxyribose sugar, purine and pyrimidine bases and phosphate groups. The main bases whose 

 

 

Figure 2.7. Schematic representation of deoxyribonucleic acid (DNA). 
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intermolecular hydrogen bonding holds the DNA strands together are adenine, guanine, 

thymine and cytosine. There are generally three forms of DNA: the A, B and Z-form. Native 

DNA, however, exists in B-form. Native DNA is about a metre long and comprises of 

hundreds of base pairs. The distance between two base pairs in B-DNA is 3.4 Å [37]. In about 

4 M NaCl, B-form is converted into Z-form. DNA structures consist of major and minor 

grooves and intercalation spaces through which DNA interacts with ligands. There are two 

modes of interaction of DNA with ligands: (i) intercalation, where the planar polycyclic 

heteroaromatic ligands occupy the space in between the base pairs of DNA (Figure 2.5) and 

interact through - interaction [38, 39], and (ii) groove binding where the ligands bind in 

the major and minor grooves of DNA [40]. The water molecules at the surface of DNA are 

critical to the structure and to the recognition by other molecules, proteins and drugs. In one 

of our study, a synthetic DNA oligomer having sequence CTTTTGCAAAAG was used. 
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Chapter 3 

Instrumentation and Sample Preparation 

In this chapter we will describe the details of instrumental setup for the spectroscopic 

investigation of biomedically relevant samples and corresponding preparation techniques used 

in our studies. 

3.1. Instrumental Setup 

3.1.1. Steady-state Absorption and Fluorescence Spectroscopy: Steady-state UV-vis 

absorption and emission spectra of the probe molecules were measured with Shimadzu UV-

2450 spectrophotometer and Jobin Yvon Fluoromax-3 fluorimeter, respectively. Schematic 

ray diagrams of these two instruments are shown in Figures 3.1 and 3.2. 

 

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

 

Figure 3.3. Basic internal ray diagram of CCD array detector based STS-VIS and HR4000 spectrographs. 
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For the studies on development of a noncontact device for monitoring bilirubin level 

in human subjects [1] we have used STS-VIS spectrograph from ocean optics. While, for the 

development of evanescent filed based theranostics tool [2] HR4000 spectrograph from ocean 

optics was used. The basic ray diagram of the devices is represented in the Figure 3.3. 

3.1.2. Circular Dichroism (CD) Spectroscopy: Circular Dichroism (CD) is a form of 

spectroscopy based on the differential absorption of left and right-handed circularly polarized 

light. It can be used to determine the structure of macromolecules (including the secondary 

structure of proteins and the handedness of DNA). The CD measurements were done in a 

JASCO spectropolarimeter with a temperature controller attachment (Peltier) (Figure 3.4). 

The CD spectra were acquired using a quartz cell of 1 cm path length. For proteins, the typical 

concentration used for CD measurements were within 10 M while that for DNA were about 

20 M. 

 

Figure 3.4. Schematic ray diagram of a circular dichroism (CD) spectropolarimeter. M1, M2, P1, S, PMT, CDM, 
O-ray and E-ray represent concave mirror, plain mirror, reflecting prism, shutter, photomultiplier tube, CD-modulator, 
ordinary ray and extraordinary ray, respectively. 
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3.1.3. Time Correlated Single Photon Counting (TCSPC): All the picosecond-resolved 

fluorescence transients were recorded using TCSPC technique. The schematic block diagram 

of a TCSPC system is shown in Figure 3.5. Primarily, TCSPC setup from Edinburgh 

instruments, U.K., was used during fluorescence decay acquisitions. The instrument response 

functions (IRFs) of the laser sources at different excitation wavelengths varied between 70 ps 

to 80 ps. The fluorescence from the sample was detected by a photomultiplier after dispersion 

through a grating monochromator. For all transients, the polarizer in the emission side was 

adjusted to be at 54.70 (magic angle) with respect to the polarization axis of excitation beam. 

 

Figure 3.5. Schematic ray diagram of a time correlated single photon counting (TCSPC) spectrophotometer. A signal 
from 16 channel photomultiplier tube (PMT) is amplified (Amp) and connected to start channel of time to amplitude 
converter (TAC) via constant fraction discriminator (CFD) and delay. The stop channel of the TAC is connected to the 
laser driver via a delay line. L, M, G and HV represent lens, mirror, grating and high voltage source, respectively. 

           For tryptophan excitation of protein, femtosecond-coupled TCSPC setup were 

employed in which the sample was excited by the third harmonic laser beam (300 nm) of the 

900 nm (0.5 nJ per pulse) using a mode-locked Ti-sapphire laser with an 80 MHz repetition 

rate (Tsunami, spectra physics), pumped by a 10 W Millennia (Spectra physics) followed by a 
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third harmonic generator (Spectra-physics, model 3980). The third harmonic beam was used 

for excitation of the sample inside the TCSPC instrument and the second harmonic beam was 

collected as for the start pulse. 

3.1.4. Transmission Electron Microscope (TEM): An FEI Tecnai TF20 field-emission 

high-resolution transmission electron microscope (HRTEM) (Figure 3.6) equipped with an 

Energy Dispersive X-ray (EDAX) spectrometer was used to characterize the microscopic 

structures of samples and to analyze their elemental composition. The size of the 

nanoparticles was determined from the TEM images obtained at 200 kV. Samples for TEM 

were prepared by placing a drop of the colloidal solution on a carbon-coated copper grid and 

allowing the film to evaporate overnight at room temperature. 

 

Figure 3.6. Schematic diagram of a typical transmission electron microscope (TEM). After the transmission of electron 
beam through a specimen, the magnified image is formed either in the fluorescent screen or can be detected by a CCD 
camera. 
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3.1.5. Scanning Electron Microscope (SEM): Surface characteristics of Porous silicon 

samples were done by scanning electron microscope FE-SEM; JEOL. Ltd., JSM-6500F. A 

electron-gun is attached to SEM and the electrons from filament triggered by 0 KV to 30 KV. 

These electrons go first through a condenser lens and then through an objective lens, then 

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

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

detected by detector and amplified. The ray diagram of the SEM setup is shown in Figure 3.7. 

 

Figure 3.7. Schematic diagram of typical scanning electron microscope (SEM). 

3.1.6. Fluorescence Microscope: A fluorescence microscope is much the same as a 

conventional light microscope with added features to enhance its capabilities. The 

conventional microscope uses visible light (400-700 nanometers) to illuminate and produce a 

magnified image of a sample. A fluorescence microscope, on the other hand, uses a much 

higher intensity light source which excites a fluorescent species in a sample of interest. This 

fluorescent species in turn emits a lower energy light of a longer wavelength that produces the 

magnified image instead of the original light source. In most cases the sample of interest is 

labelled with a fluorescent substance known as a fluorophore and then illuminated through 

the lens with the higher energy source. The illuminating light is absorbed by the fluorophores 

(now attached to the sample specimen) and causes them to emit a longer lower energy 

wavelength light. This fluorescent light can be separated from the surrounding radiation with 

filters designed for that specific wavelength allowing the viewer to see only the fluorescence. 
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The basic task of the fluorescence microscope is to let excitation light radiate the specimen 

and then sort out the much weaker emitted light from the image. First, the microscope has a 

filter that only lets through radiation with the specific wavelength that matches your 

fluorescing material. The radiation collides with the atoms of the sample specimen and 

electrons are excited to a higher energy level. When they relax to a lower level, 

 

 

Figure 3.8. Optical system of a fluorescence microscope. 

they emit light. Fluorescence from the sample is separated from the excitation light by a 

second filter (Figure 3.8) to make it detectable (visible to the human eye). Most of the 

fluorescence microscopes used in biology today are epi-fluorescence microscopes, meaning 

that both the excitation and the observation of the fluorescence occur above the sample. Most 

use a Xenon or Mercury arc-discharge lamp for more intense light. 
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3.1.7. Laser Raman Spectroscopy: Raman spectroscopy is a useful technique for the 

identification of a wide range of substances: solids, liquids, and gases. It is a straightforward, 

non-destructive technique requiring no sample preparation. Raman spectroscopy involves 

illuminating a sample with monochromatic light and using a spectrometer to examine light 

scattered by the sample. At the molecular level photons can interact with matter by absorption 

or scattering processes. Scattering may occur either elastically, or inelastically. The elastic 

process is termed Rayleigh scattering, whilst the inelastic process is termed Raman scattering. 

The electric field component of the scattering photon perturbs the electron cloud of the 

molecule and may be regarded as exciting the system to a ‘virtual’ state. Raman scattering 

occurs when the system exchanges energy with the photon, and the system subsequently 

decays to vibrational energy levels above or below that of the initial state. The frequency shift 

corresponding to the energy difference between the incident and scattered photon is termed 

the Raman shift. Depending on whether the system has lost or gained vibrational energy, the 

Raman shift occurs either as an up or down-shift of the scattered photon frequency relative to 

that of the incident photon. The down-shifted and up-shifted components are called, 

respectively, the Stokes and anti-Stokes lines. A plot of detected number of photons versus 

Raman shift from the incident laser energy gives a Raman spectrum. Different materials have 

different vibrational modes, and therefore characteristic Raman spectra. This makes Raman 

spectroscopy a useful technique for material identification. There is one important distinction 

to make between the Raman spectra of gases and liquids, and those taken from solids-in 

particular, crystals. For gases and liquids it is meaningful to speak of the vibrational energy 

levels of the individual molecules which make up the material. Crystals do not behave as if 

composed of molecules with specific vibrational energy levels, instead the crystal lattice 

undergoes vibration. These macroscopic vibrational modes are called phonons.  

In modern Raman spectrometers (LabRAM HR, Jobin Yvon), lasers are used as a 

photon source due to their highly monochromatic nature, and high beam fluxes (Figure 3.9). 

This is necessary as the Raman effect is weak, typically the Stokes lines are ~105 times weaker 

than the Rayleigh scattered component. In the visible spectral range, Raman spectrometers use 

notch filters to cut out the signal from a very narrow range centred on the frequency 

corresponding to the laser radiation. Most Raman spectrometers for material characterization 

use a microscope to focus the laser beam to a small spot (<1−100 m diameter). Light from 

the sample passes back through the microscope optics into the spectrometer. Raman shifted 
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radiation is detected with a charge-coupled device (CCD) detector, and a computer is used for 

data acquisition and curve fitting. These factors have helped Raman spectroscopy to become a 

very sensitive and accurate technique.  

 

Figure 3.9. Schematic diagram of a Raman spectrometer is shown. 

3.1.8. Native Gel Electrophoresis: Native gel (native polyacrylamide gel electrophoresis 
 

 

Figure 3.10. Schematic representation of the native gel electrophoresis sample chamber. 
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(PAGE)) electrophoresis studies was performed to discriminate between HSA and HSA-NP 

[3] (after 12 and 24 hours of incubation). The gel was prepared according to standard 

procedures [4], without the addition of SDS or β-mercaptoethanol. Gradient in the gels was 

non-linear. Electrophoresis was conducted in denaturing condition for about three hours in a 

vertical apparatus (Aplex 305II) at room temperature, at 120V. After completion protein 

bands were stained using coomassie blue. 

3.1.9. Light Sources and Optical Components: Light emitting diode (LED) light sources 

ware used in fiber optic based detection systems. For the studies on development of a 

noncontact device for monitoring bilirubin level in human subjects [1] we have used a LS 450 

white light source from ocean optics.  Whereas, for the project on development of evanescent 

filed based theranostics tool [2] in addition to the previous light source an additional 450 nm 

1W LED was used. All the optical parts used in our studies including optical fiber, collimator, 

fiber couplers etc. are from Ocean Optics. Whereas, the basic components like front surface 

reflecting mirrors, dichroic mirrors, parabolic mirrors and optical stands are from Thorlabs. 

3.1.10. Experimental Setup for Sensing Studies: In the following section we have 

elaborated the experimental setup used in optical fiber based spectroscopic detection 

techniques. The basic experimental setup is represented in the Figure 3.11. A light source and 

a detector are connected to the end of a bifurcated optical fiber. On the other end of the 

bifurcated fiber the sensitized fiber tip is connected through a SMA connector. For 

absorbance based sensing xenon light source and HR4000 spectrograph were used. For 

fluorescence based sensing ‘F-3000 Fiber Optic Mount’ was used as an external attachment of 

the FluoroLog to transmit the excitation and emission light to and from the sensitized fiber 

tip, respectively. For the time resolve measurement the detector is replaced by a TCSPC setup 

to monitor the change in the excited state lifetime of the probe attached to the fiber tip. The 

light source is being replaced by 375nm UV picosecond pulsed laser (LDH-P-C-375) driven 

by PDL-80-D PicoQuant laser driver with a repetition frequency of about 62.5 KHz. The 

pulsed laser beam passes through a dichroic mirror (which reflects <400 nm and passes 

wavelengths in the visible range) and a off-axis parabolic mirror (focal length 25 mm), and 

eventually enters into the proximal end of the bifurcated optical fiber. Finally the fluorescence  
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Figure 3.11. Schematic representation of the experimental setup for different optical fiber based sensing 
studies. For steady sate studies Xenon or LED has been used as light sources and a spectrograph as detector. For the 

time resolved studies the light source is being replaced by a pulsed laser and the detector by a TCSPC system. 

signal was collected by the fiber bundle (F-100), placed at the focal point of a condenser lens. 

Upon collection of the fluorescence signal by the 16 channel PMT (PML-16-1-C), 16 decays 

corresponding to 16 different wavelengths ware generated by using the Simple Tau-130EM 

module consisting of two special purpose data processing cards SPC-130EM and DCC-100. 

The processed electronic signal is fed to the Lenovo ThinkPad laptop-PC with pre installed 

SPCM64 software through Express Card 54. The steady state emission spectrum has been 

generated using the histogram plot, corresponding to maximum intensity of each channel 

(wavelength). All the experiments are performed in dark room to avoid any ambient light 

exposure. 
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3.2. Sample Preparation 

In this section the different sample preparation methods have been discussed. 

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

following sources. Analytical-grade chemicals were used for synthesis without further 

purification. All the aqueous solutions were prepared using deionized water from Millipore 

system. Human serum albumin (HSA), trisodium citrate, sodium hydroxide, manganese 

chloride, phosphate buffer, silymarin, heparin, acrylamide, bis-acrylamide, ammonium 

persulfate, isobutanol, tris base, bromophenol blue, dithiothreitol, tetramethylethylenediamine, 

calf thymus DNA, (3-aminopropyl) triethoxysilane, ethidium bromide, CTAB (cetyltrimethyl 

ammonium bromide; lipid), sodium borohydride, trisodium citrate , Hydro Fluoric acid as well 

as the nitrates and chlorides of various metal ions were purchased from Sigma-Aldrich. 2′, 7′-

Dichlorofluorescin diacetate, ethanol amine, hydrogen chloride, glycerol were received from 

Merck. Dansyl chloride, precursor of the probe dansyl and DAPI was received from 

Molecular Probes. All the kits for measurement of serum biochemical parameters were 

purchased from Autospan Liquid Gold, Span Diagnostics Ltd. (IND). All hematological tests 

were performed spectro-photometrically following the protocols described by the 

corresponding manufacturers. 

3.2.2. Synthesis of Citrate Functionalized-Mn3O4 Nanoparticles (NPs): Synthesis of bulk 

Mn3O4 nanoparticles was done following a reported ultrasonic-assisted approach for 

preparation of colloidal Mn3O4 nanoparticles at normal temperature and pressure without any 

additional surfactants or templates [5]. For functionalizing the as-prepared Mn3O4 NPs by 

Citrate ligand first, 0.5 M citrate (ligand) solution was prepared in Milli-Q (from Millipore) 

water. Then, the pH of the solutions at ~7 was adjusted by drop wise addition of 1 (M) 

sodium hydroxide (NaOH) solution. In the ligand solution of pH~7, as-prepared Mn3O4 NPs 

(approximately 100 mg powder Mn3O4 NPs in 5 mL ligand solution) were added and 

extensively mixed for 12 hrs in a cyclo-mixer. Finally, using a syringe filter of 0.22 µm 

diameter the non-functionalized bigger sized NPs were filtered out. The resulting filtrated 

solutions were used for our experiments, both in vivo and in vitro studies without further 

dilution [6]. 
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3.2.3. Donor Blood Study: Blood specimens were drawn under the ethical guidelines of 

Research Oversight Committee, IPGME&R, Kolkata (Memo No. Inst/IEC/333), from 

patients suffering from hyperbilirubinemia, those were not under any medications. 4 mL of 

blood specimen was drawn from each individual, 2 mL of which was collected in 2 plain 

VACUETTE vacutainer tubes (1 mL in each tube, for bilirubin and other liver function test 

parameters) and another 2 mL was collected in tubes containing K3EDTA (1 mL in each tube, 

for hemocompatibility test) as anticoagulant. 50 L aqueous citrate-Mn3O4 NPs solution in 

phosphate buffered saline (PBS) was added into one portion (~1 mL) of the freshly drawn 

blood specimen in a vacutainer tube (at a final concentration of 50M), another portion of 

the blood specimen was treated with citrate solution only (as reference), followed by 3 hrs of 

dark incubation at 2-8 oC. After incubation, to measure the total and conjugated BR content 

of both the blood specimens (NPs treated and reference), diazotised dichloroaniline has been 

used for diazo reaction photometry employing a pathological ABL 800 BASIC automated 

analyser (Radiometer). 

3.2.4. Preparation of Dichlorofluorescein and ROS Measurements: DCFH was prepared 

[7, 8] from DCFH-DA (dichlorofluorescin diacetate obtained from Calbiochem) by mixing 0.5 

mL of 1.0 mM DCFH-DA in methanol with 2.0 mL of 0.01 N NaOH. This deesterification 

of DCFH-DA proceeded at room temperature for 30 min and the mixture was then 

neutralized with 10 mL of 25 mM NaH2PO4, pH 7.4. This solution was kept on ice in the dark 

until use. 

3.2.5. Preparation of Aqueous Bilirubin Solution: Bilirubin was dissolved in water (from 

Millipore) at pH~ 10 to prepare the stock solution. To prepare our test solution we diluted a 

small portion of this stock solution by water and the final pH of the test solution was adjusted 

around 7.5 (close to physiological pH). We have used freshly prepared aqueous solution of the 

test pigment for our experiments. 

3.2.6. Sensitization of Fiber Tip with Dansyl Chloride: For the sensitization, we have 

etched the clad (1 cm) manually at the distal end of a 1 m long silicon fiber following the 

methodology reported in the literature [9, 10]. The SEM images of the fiber tips before and 

after the etching are represented in the Figure 3.12a and Figure 3.12b, respectively (Figure 

3.12). The fiber diameters (core and clad) are found to be consistent with the supplier’s 
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specification (Thorlabs, Inc., Newton, New Jersey, USA). After etching, the fiber tips were 

cleaned carefully. For cleaning, first the fiber tips were cleaned by bath sonication in acetone 

for 30 min to remove any residual clad material from the fiber core. Then another  

 

 

Figure 3.12. Sensitization of the fiber tip: (a-b) Scanning electron micrographs (SEM) image of the fiber before and 
after etching respectively. (c) Schematic of a cleaned fiber tip. (d) Hydroxylated fiber tip. (e) APTES sensitized tip (d) 
Dansylated fiber for the final use. 



52 

 

cleaning cycle with water-ethanol mixture in bath sonicator was run for the next 30 minutes. A 

typical fiber surface after the cleaning process is represented in Figure 3.12c. In order to start 

the sensitization process, as reported in the literature [10-12], the fiber tips were then 

immersed into H2SO4 solution maintaining a constant temperature at 800C using a hot plate. 

After H2O2 was added into the H2SO4 solution with a concentration ratio of H2SO4:H2O2=3:1 

(also known as the piranha solution) the fiber tip was kept for another 20 min. This solution is 

a strong oxidizing agent that can remove the residual clad and organic constituents from the 

fiber tip surface. At the same time, the solution also serves as hydroxylating agent revealing 

the surface extremely hydrophilic as shown in Figure 3.12d. After thoroughly rinsing with 

millipore water several times, the fiber tips were immersed in APTES solution for 40 minutes 

at 45 0C to conjugate the APTES molecules with the surface hydroxyl groups of the fiber 

through dehydroxylation reaction (Figure 3.12e). Next, we have covalently functionalized the 

terminal amine functional groups of the conjugated APTES molecules with a fluorescent dye 

(dansyl chloride) by exploiting the nucleophilic reactivity of the amine groups. After 

thoroughly rinsing the fiber tips with water (to remove any free APTES molecule from the 

surface), for the attachment of dansyl group (dansylation), the tips were immersed in an 

aqueous solution of pH~10. Then, dansyl chloride solution in acetonitrile was added drop 

wise into the aqueous solution under continuous stirring. This dansylation process was 

performed in dark, at low temperature (4 0C), and after complete addition of dansyl chloride 

the system was kept overnight for proper dansylation. The fiber tips were finally taken out 

from the aqueous solution and properly rinsed with acetonitrile to remove the excess and 

unreacted dansyl chloride from the fiber surface. In this study, we have used these dansylated 

fiber tips (Figure 3.12f) as an efficient FRET based sensor and tool for monitoring the polarity 

(dielectric constant) of a test environment. 

3.2.7. Preparation of the Silver Nanoparticles Impregnated DNA-lipid Films: The bio-

films (DNA-DAPI-CTAB-Ag-NPs) were produced with minute modification of the 

procedure reported in earlier literature [13]. Ag-NPs were synthesized by reduction of AgNO3 

with NaBH4 and stabilized using trisodium citrate [14]. For the preparation of the DNA-

DAPI solution, first the DNA stock was prepared by dissolving the fiber-like NaDNA in 50 

mM phosphate buffer (6.5 gm/L), followed by shaking incubation overnight at room 

temperature. Then, DAPI solution (in water) was added into the DNA with concentration 
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ratio 1:100 to ensure absence of free DAPI in the solution [15]. The DNA, DAPI mixture is 

left overnight in dark under stirring condition at room temperature for complete 

complexation. For the preparation of the DNA-DAPI-CTAB-Ag-NPs complex, the DNA-

DAPI was added to a 5 mL volumetric flask containing as-prepared Ag-NPs with a volume 

ratio 1:3. Under stirring condition 500 l of 40 mM CTAB solution (in water) was added. The 

DNA-DAPI-CTAB complex starts to form spontaneously and accumulate around the stirring 

bid. Simultaneously the complex starts to entrap the Ag-NPs in the solution and becomes pale 

yellow. The precipitate was collected by filtration, washed with distilled water and then 

lyophilized overnight. The resultant material is dissolved in ethanol upon vortexing for 8-10 

hrs. The straw colored mixture is stored at 4 0C and used without further modifications. The 

DNA-CTAB, DNA-DAPI-CTAB, DNA-CTAB-Ag-NPs film materials were prepared using 

the same procedure described above with required modifications. 

3.2.8. Preparation of the DNA-lipid Film on Fiber Tip: The optical fibers were taken with 

a length of 10 cm. Upon removal of jacket and clad (manual etching [2, 16]) from the tip (~1 

cm) the fibers were dipped into HF (the tip portion) and kept overnight. The chemical etching 

[17] of the fibers leads to a sharp needle like fiber tips. The bio-film was coated on the etched 

fiber tip by dipping the tip into the bio-film material and by environmental drying for few 

minutes (dip-coating). 

3.2.9. Human Studies for Noninvasive Bilirubin Measurement: A total of 90 patients 

arrived at the pathology section for Liver Function Test (LFT) in the Calcutta Medical 

Research Institute (CMRI) hospital, Kolkata were recruited in our study. Data were collected 

in two stages: first, for calibration of the device; second, for measuring the precision of the 

software driver device in contrast to the standard biochemical method. Soon after the blood 

sample collection, the volunteers were taken for the bilirubin assessment using our setup with 

a five minutes time window. Due to non-invasive and non contact nature of the test there is 

no need of disinfecting the measuring probe. Approval of the local medical ethical committee 

(Ref: IEC/07/2014/APRV/23) and informed consent from the patient’s legally authorized 

representative ware obtained. Blood samples were taken only for clinical reasons and were 

obtained by professional technicians from CMRI hospital. A wide variety of age group of the 

recruited patients with mean age of 45 years (SD 14 years) with different skin toning is the 

subjects of the present study. 
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3.2.9.1. Stage I: For calibration: For the calibration purpose, 60 patients were incorporated 

in this set of study. After placing the probe close to the conjunctiva (~2 cm apart) of the 

patient’s eye, the spectral response was generated and stored in the laptop computer for 

further processing. In order to avoid light interferences, minimum light was used to illuminate 

the place during collection of the data from the subjects. 

3.2.9.2. Stage II: Assessment of the device: We studied statistically significant number of 

patients (n=30) for the assessment of the calibrated device. After placing the probe close to 

the conjunctiva (~ 2 cm apart) of the eye, the device acquires data and displays bilirubin value. 

The information is stored and a comprehensive medical report is generated for further study. 

In order to establish the potential of the device in terms of reproducibility, 20 patients from 

the total 30 patients in this stage were repetitively examined by our device by two independent 

examiners. 

3.2.10. Animals Studies: Swiss albino mice of either sex (5-8 weeks old, weighing 28±4 gm) 

were procured from a CPCSEA approved animal house (Registration. No.-

50/PO/99/CPCSEA) and housed in standard, clean polypropylene cages in a temperature 

controlled animal room (temperature 22±3 °C; relative humidity 45-60±1%; 12 hrs light/dark 

cycle). Water and standard laboratory pellet diet for mice (Hindustan Lever, Kolkata) were 

available ad libitum. All mice were allowed to acclimatize for one week prior to 

experimentation. The animals were maintained according to the guidelines recommended by 

Committee for the Purpose of Control and Supervision of Experiments on Animals 

(CPCSEA), New Delhi, India and approved by the Institutional Animal Ethics Committee 

(IAEC) (Approval No. JU-Dey’s/IAEC/09/14, dated 31.01.2014). 

3.2.10.1. Acute toxicity study: Single-dose intraperitoneal toxicity study was conducted to 

determine the possible acute toxicity of surface modified Mn3O4 NPs following the general 

principles of the organisation for economic co-operation and development (OECD) guideline 

423 with some adjustments [18]. Twelve female mice were divided in four groups: 1 control 

group (received 0.2 mL Milli-Q water) and 3 experimental groups (received either 600, 2000 or 

5000 mg/kg body weight of NP dissolved in 0.2 mL Milli-Q water). All the animals were kept 

in fasting condition overnight prior to the injection. Behavior, mortality and body weight 

(BW) were monitored daily for a period of 14 days. 
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3.2.10.2. Treatment protocol; phase I: Forty eight mice of either sex were randomly divided 

into six groups of eight mice each. Group I served as the vehicle control and was given olive 

oil daily (0.5 mL/kg body weight) for a period of two weeks. Group III served as NP control 

and left untreated for first two weeks, then received citrate capped Mn3O4 NPs (500 mg/kg 

BW dissolved in 0.2mL Milli-Q water) daily for last 7 days. For inducing hyperbilirubinemia 

and hepatotoxicity (in vivo), animals of Groups II, IV, V and VI were administered with 

carbon tetrachloride solution (50% CCl4 in olive oil) 1 mL/kg BW daily for a period of two 

weeks. CCl4 is a well-known hepatotoxic agent frequently used to study hepatoprotective 

activity of new drugs in in vivo experimental model. CCl4 administration induces critical liver 

damage in mice which in turn simulates a condition of acute hepatitis showing similar 

symptoms as humans [19-21]. CCl4 activated by liver enzyme cytochrome P450 forms the 

trichloromethyl free radical (CCl3
•
) that damages hepatic cells [22]. These radicals binds 

covalently to sulfhydryl groups of glutathione and protein thiols in cells to initiate a chain of 

events leading to membrane lipid peroxidation and cell necrosis [23-25]. After CCl4 

intoxication, Group III served as the CCl4 control and was left untreated. Group IV was 

administered with citrate capped Mn3O4 NP (500 mg/kg BW dissolved in 0.2mL Milli-Q 

water) for seven days. Group V served as citrate control and was treated with citrate (100 

µL/mice; 1:1 solution in water). Group VI served as the positive control and was administered 

silymarin (100 mg/kg BW) [26, 27] daily for a period of one week. All the treatments were 

executed by intraperitoneal injection. At the end of the experiment, the animals were kept in 

fasting condition overnight and sacrificed by cervical dislocation. 

3.2.10.3. Treatment protocol; phase II: For studying the efficiency of bilirubin degradation 

by citrate capped Mn3O4 NPs over standard drug silymarin forty eight mice were divided into 

four groups (n=12 per group). Group I served as vehicle control and received olive oil daily 

(0.5 mL/kg body weight) for a period of three weeks. Other four groups were administered 

with CCl4 solution (50% CCl4 in olive oil) 1mL/kg BW daily for a period of three weeks to 

induce hyperbilirubinemia. After induction Group II left untreated, Group III was 

administered with citrate capped Mn3O4 NPs (500 mg/kg BW dissolved in 0.2mL Milli-Q 

water) twice daily and Group IV received silymarin (100 mg/kg BW) twice daily. Serum 

biochemical tests were performed from blood collected at 2, 6, 12 and 24 hrs. 
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3.2.10.4. Sample preparation for the measurement of serum biochemical parameters: 

For biochemical studies blood samples were collected just before sacrifice in sterile tubes 

(non-heparinized) from retro-orbital plexus and allowed to clot for 45 min. Serum was 

separated by centrifugation at 3000 rpm for 15 min. All serum samples were sterile, hemolysis-

free, and were kept at 4 ºC before determination of the biochemical parameters. Serum 

bilirubin concentration (Total and Direct) was measured using commercially available test kits 

and results were expressed as mg/dL. Liver damage was assessed by the estimation of serum 

activities of alanine aminotransferase (ALT, EC 2.6.1.2), aspartate aminotransferase (AST, EC 

2.6.1.1), and alkaline phosphatase (ALP, EC 3.1.3.1), ɣ-glutamyltranferase (GGT, 2.3.2.2) 

using commercially available test kits. The results were expressed as units/liter (IU/L). Total 

protein concentration (TP) was estimated and expressed as gm/dL. 

3.2.10.5. Hematological study: For hematological studies the blood was collected in 

heparinized tubes. Blood cell count was done using blood smears in Sysmax-K1000 Cell 

Counter. Parameters studied were Hemoglobin (Hb), Total Red Blood Corpuscles (RBC), 

Reticulocyte (Rt), Hematocrit (HCT), Mean Corpuscular Volume (MCV), Mean Corpuscular 

Hemoglobin (MCH), Mean Corpuscular Hemoglobin Concentration (MCHC), Platelets, Total 

White Blood Corpuscles (WHC), Neutrophils (N), Lymphocytes (L), Eosinophils (E) and 

Monocytes (M). 

3.2.10.6. Histopathological examination: The liver was excised immediately after collection 

of blood, washed with ice-cold phosphate buffer and dried with tissue paper. It was weighed 

and fixed in neutral formalin solution (10%), dehydrated in graduated ethanol (50–100%), 

cleared in xylene, and embedded in paraffin. Sections 4–5 µm thick were prepared using 

microtome and then stained with hematoxylin and eosin (H–E) dye and examined for 

histopathological changes under the microscope. 
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Chapter 4 

Optical Spectroscopy for Clinical Diagnostics of 

Hyperbilirubinemia 

4.1. Introduction 

Recent world health organization (WHO) fact sheets (updated in June 2014) on global 

statistics of hepatitis (A, B ,C & E) show that out of more than 400 million detected cases of 

potentially life-threatening liver infection, more than 1.3 million people die every year due to 

acute or chronic consequences of advanced liver damage. The global statistics of child 

mortality due to liver malfunction are also very alarming. It is stated in United Nations 

Children’s Fund report (2012) that twenty one children die per minute, mostly from 

preventive causes including neonatal jaundice, in most underdeveloped/developing countries. 

Jaundice is a yellowish pigmentation of the skin and conjunctiva caused by high blood 

bilirubin levels [1, 2] and is an indicator of liver disease such as hepatitis or liver cancer [3]. An 

early diagnosis of the neonatal and maternal (particularly due to hepatitis E) jaundice is a 

proven means of prevention and cure. 

The current gold standard to measure the total serum bilirubin (TSB) is determined 

from a blood sample obtained in an invasive way. Although the method is approved for 

monitoring jaundice [4, 5], it has several drawbacks. Invasive blood sampling is painful and 

stressful for the neonates, resulting in blood loss and an increased risk of osteomyelitis [5-7] 

and infection at the site of sampling. In addition, a factor which is of particular concern is that 

in the developing world, the conventional method is expensive, laborious, time consuming 

and dilatory which prevents the possibility of immediate diagnosis [5]. In the case of neonates, 

the possible alternative for invasive blood sampling is a transcutaneous bilirubinometer 

(BiliChek and JM-103 are the commercial version of the device) that provides instantaneous 

cutaneous bilirubin concentration (TcB). The method is based on optical spectroscopy that 

relates the amount of light absorption by bilirubin (yellow skin) to the concentration of 

bilirubin in the skin. Since the discovery of the method in 1980 [8], several more devices have 

been developed in order to improve the accuracy of the device. However, even after 30 years 
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of development [5], no subcutaneous bilirubinometer can replace blood sampling for the 

following reasons. The first is the variation of accuracy in different skin color. Most 

importantly, the bilirubin measured by transcutaneous bilirubinometry (TcB) is a completely 

different physiological parameter from TSB in blood because TcB consists for over 99% of 

the concentration of extravascular bilirubin. Due to largely unpredictable processes that 

regulate the supply and clearance of bilirubin in the extravascular space, one-to-one 

comparison of the TcB with TSB is impossible. Therefore, an uncertainty in the replacement 

of blood sampling by TcB still exists. To date there are few other techniques described in the 

literature for non invasive assessment of bilirubin level in adults i.e., assessment of the jaundice 

by image acquisition of both the eyes of the patients [9-11]. The system is not capable of 

making quantitative estimation of bilirubin and is not portable either. It is important to note 

that in adults, the elevated level of bilirubin and its oxidative products cause various serious 

diseases including Gilbert syndrome (> 6 mg/dL), Crigler-Najjar type I disease (> 30 mg/dL) 

[12] and bilirubin-induced neurologic dysfunction (BIND) [13]. Severe neurotoxicity in case of 

neonates (Kernicterus) and damage in white matter of adult brain are also the consequences of 

higher bilirubin levels [14]. In case of Hepatitis E infection in pregnant women, associated 

hyperbilirubinemia itself is found to increase the risk of preterm delivery [15]. 

In order to surmount the above mentioned limitations of a noninvasive bilirubin 

monitoring device, the following two strategies are viable alternatives: (1) a medical approach, 

requiring extensive risk analysis for the predictive value of TcB for mortality/morbidity. (2) A 

technological approach, where measurement volume of the device is essentially confined to 

intra vascular space, enabling a one-to-one comparison of TcB and TSB. Our present work 

basically adopts the latter strategy where the spectroscopic signal essentially comes from the 

vascular bed of bulbar conjunctiva [16]. As the sclera, duly covered by transparent conjunctiva 

is white in all human subjects across variety of races, the accuracy of the proposed device is 

independent of skin color. The light power in the visible region (400-700 nm) which is 

required (~20 microwatts) for such investigation is much lower than that used in 

commercially available ophthalmoscope (~100 microwatts) for regular eye check-up, given the 

sensitivity of the state of the art spectrograph used in the proposed device. Thus the features 

of the setup which make the device distinct from the existing non-invasive devices for 

jaundice detection are as follows: (1) directly monitors amount of bilirubin in blood (intensity 
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of the absorption peak at 460 nm) with extremely high precision without any interference 

from other pathological condition. (2) Non-contact device does not need any mechanical 

attachment to the subject, which is very important for the friendly use of the device in 

neonates/young infants and also virus infected maternal subjects. (3) Signal from conjunctiva, 

which is white in all human subjects independent of skin color offers uniform sensitivity 

across different communities in a country. (4) Very limited or almost no training would be 

required for the healthcare provider. Moreover, the ease of operation with precision in the 

detection strategy offers future development of the device for low-cost diagnosis of jaundice 

with minimal manual intervention. 

4.2. Result and Discussion 

4.2.1. Development and Optimization of a Non-contact Optical Device for Online 

Monitoring of Jaundice in Human Subjects [17]: The diffused reflectance spectroscopy 

based absorbance setup (Patented, Patent No. 467/KOL/2009) for monitoring the spectral 

response of the conjunctiva is represented in Figure 4.1a. A white light source (Model No. LS-

450) and a spectrograph (Model No. STS-VIS) with wavelength resolution of 0.47 nm (both 

are from Ocean Optics, Florida) were used in our study. Lab-grade optical fibers from Ocean 

Optics were used for the transmission and collection of light to and from the sample 

(Conjunctiva) respectively. The light from the source is transmitted through the 6 surrounding 

fibers (Figure 4.1a, excitation fiber) and is incident on the conjunctiva while the single fiber, in 

the middle of the probe (Figure 4.1a, detection fiber) collects the diffused light and sends it 

back to the spectrograph. The corresponding spectral response as generated in the 

spectrograph is then transferred to a laptop computer through USB interface where it is 

processed in our developed software. The wavelength calibration of our setup has been 

established with a He-Ne Laser (632.8 nm), fluorescent lamp and emission/absorption of a 

number of dyes including aqueous bilirubin solution as shown in Figure 4.1b [18, 19]. The 

comparative spectral response of a normal volunteer and a jaundice patient is represented in 

the Figure 4.1b. A distinct difference in their spectral appearance is visible; the contribution of 

yellow pigment deposited in the conjunctiva of the jaundice patients is higher compared to the 

normal volunteer. 
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A total of 90 patients arrived at the pathology section for Liver Function Test (LFT) in 

the Calcutta Medical Research Institute (CMRI) hospital, Kolkata were recruited in our study. 

Data were collected in two stages: first, for calibration of the device; second, for measuring 

the precision of the software driver device in contrast to the standard biochemical method. 

Soon after the blood sample collection, the volunteers were taken for the bilirubin assessment  

 

Figure 4.1. (a) Schematic representation of our working device. The light from the source is transmitted through the six 
excitation fibers of the excitation arm and incident on the subject (conjunctiva). The diffused light is collected by the 
detection fiber and transmitted through detection arm to the spectrograph. The spectral response corresponding to the 
conjunctiva is processed and generated in the laptop computer. (b) The comparative spectral response of conjunctiva of a 
normal volunteer and jaundice patient has been represented. An absorption spectrum of aqueous bilirubin solution is also 
included as reference. 
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using our setup with a 5 min time window. Due to the noninvasive and non contact nature of 

the test there is no need of disinfecting the measuring probe. Approval of the local medical 

ethical committee (Ref: IEC/07/2014/APRV/23) and informed consent from the patient’s 

legally authorized representative were obtained. Blood samples were taken only for clinical 

reasons and were obtained by professional technicians from CMRI hospital. A wide variety of 

age group of the recruited patients with mean age of 45 years (SD 14 years) with different skin 

tones were the subjects of the present study. 

For the calibration purpose, 60 patients were incorporated in this set of study. We studied 

statistically significant number of patients (n=30) for the assessment of the calibrated device. 

After placing the probe close to the conjunctiva (~2 cm apart) of the eye, the device acquires 

data and displays bilirubin value. The information is stored and a comprehensive medical 

report is generated for further study. In order to establish the potential of the device in terms 

of reproducibility, 20 patients from the total 30 patients in this stage were repetitively 

examined by our device by two independent examiners. 

 

Figure 4.2. Flow chart of the software designed in LABVIEW platform for non-contact online monitoring of 
bilirubin level in humans (see text for details). 
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The optomechanical components have been connected to a laptop computer using a 

USB interface. The spectrometer (STS-VIS), which is the active detector in this set-up, has 

been programmed on LabVIEW platform and can be modified for user defined data 

acquisition. The online display of the acquired data has been used to analyze the data quality 

and asses the medical condition of the patients. Finally, the bilirubin level of the patient is 

displayed with a suggested medical attention on the monitor of DAQ laptop computer. The 

software for automatic data acquisition has been designed in LabVIEW platform. Figure 4.2 

shows the sequential program flow or the algorithm of the developed software. The 

instrument is first re-initialized to its power on status programmatically to remove any 

previous custom settings. The software then sets the proper integration time for data 

acquisition to build up the right S/N ratio of the acquired data. This can either be set 

manually or automatically as decided by the software using an iterative algorithm. For a 

particular distance between the probe and the reference surface the software adjusts the 

integration time using the mentioned iterative algorithm until the peak count reaches the 

maximum allowed value (here 14000). The information is acquired through the raw socket of 

the USB port and the size of the array is determined, thus the wavelength array is calculated 

on the basis of instrument specifications. The “dark spectrum” and “reference spectrum” 

which can either be pre-acquired or can be determined in-situ are then loaded for spectrum 

processing. The software now acquires data, produces the processed spectrum, generates an 

online graph and displays the appropriate bilirubin value. The bilirubin value is calculated 

using the calibration equation. The data safety level of the patient is determined by the 

differential absorption values of wavelength 460 nm and 600 nm. The online display also 

suggests the condition of the patient being within or above the safety limits. The information 

is stored and a comprehensive medical report is generated for offline use for medical 

practitioners and patients. Complete care has been taken for the software to be simple on the 

front panel for the ease of operation even with non scientific personnel having no or minimal 

medical or instrumentation knowledge. 

The stored data (stage I, n = 60) ware then processed to find the correlation between 

the TSB level of the volunteer with the spectral information obtained from the conjunctiva of 

the eye. It has already been reported that the spectral contribution near 460 nm wavelength is 

due to bilirubin, the yellow pigment [19-21]. Different characteristic wavelengths over the 
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conjunctival spectrum were selected for assessment but it was found that the differential 

absorbance of 460 nm (a1) to 600 nm (a4) and ratiometric values of 470 nm (a2) to 576 nm (a3) 

were found to be more consistent with the TSB level. The differential absorbance of 460 nm 

to 600 nm (a1-a4) was chosen as the index value (xi) to calibrate the setup with the TSB level. 

The dependency of the of index value (xi) with TSB level is represented in the Figure 4.3a. 

The correlation coefficient (r) is found to be 0.84; P<0.0001, which shows a significant 

relationship between the two methods (TSB and xi). Further calibration was done in order to  

 

 

Figure 4.3. Calibration: (a) The dependency of the total serum bilirubin (TSB) value from blood test with the index 
value from our instrument (n=60) has been represented graphically. The correlation between them is found to follow a 
second order polynomial equation with R2 value of 0.89. (b) Correlation between the TSB value from blood test and from 
our instrument (correlation factor (r) = 0.96) with the 95% confidence limits and the 95% prediction interval have been 
represented. 
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achieve a nearly perfect relationship. The xi value is found to follow second order polynomial 

equation yi = 74.67xi
2 - 7.686xi + 0.748 (calibration equation), where yi is the individual TSB 

level. We used this calibration equation to calculate bilirubin level from the spectral 

information (xi) obtained by our device. This modification greatly improved the correlation to 

almost perfect (correlation coefficient, r=0.96; P<0.0001). Corresponding linear regression 

curve is represented in the Figure 4.3b with Pearson correlation coefficient, r=0.96; P<0.0001 

and F=627.1; slope 0.932; y intercept 0.118. 

In order to find the statistical significance of the non contact optical device for online 

assessment of the bilirubin level correlation and regression analyses were used [22-24]. We 

have also used the Bland-Altman method for assessing agreement between the conventional 

biochemical technique and our non contact optical device [25]. Two crucial factors decide 

whether a new method can be used interchangeably with an already established method: the 

amount of agreement between the methods and its clinical evaluation. We compared our 

proposed non-invasive bilirubin detection method to an established biochemical method using 

the approach described by Bland and Altman [25, 26] in order to assess the statistical 

agreement. 30 patients (stage II, n=30) of all age groups were included in our study. Linear 

regression analysis and Bland-Altman plots are shown in Figure 4.4. Data obtained from the 

linear regression analysis (Figure 4.4a) show that the two methods show strong correlation as 

the Pearson correlation coefficient, r=0.99; P<0.0001 and F=1588; slope 1.026; y intercept 

0.018. 

For adequate comparison of the two methods the difference in measurement of the 

two methods are plotted against their average (Figure 4.4b). The mean difference between the 

two methods is depicted as a horizontal line and is rated as bias. The other two horizontal 

lines represent limits of agreement which explains that 95% of the differences were assumed 

to lie within these limits. The results exhibit reasonable agreement between our proposed 

method and the conventional pathological method of bilirubin detection. The difference in 

two methods (conventional-proposed) has mean value of -0.06 mg/dL and SD value of 0.182. 

The limits of agreement are from -0.42 to 0.30 mg/dL. Hence, it can be inferred that for 95% 

of individuals, a measurement by our method would be between 0.42 units less and 0.30 units 

greater than a measurement by the conventional method. This small difference has no serious 

clinical significance in the diagnosis of jaundice. The mean value of the differences indicates a 



68 
 

small bias of approximately -0.06 mg/dL. The 95% confidence interval (CI) for the bias 

represented in Figure 4.4b is -0.12 to 0.00. As the CI includes 0.00, the bias is statistically 

 

 

Figure 4.4. Statistical significance: (a) The linear regression plot of the total serum bilirubin (TSB) level measured in 
both the ways. (b) Bland-Altman analysis: Difference against mean for the TSB data (see text). 

insignificant [27]. The negative bias along with CI indicates that the predominant tendency of 

our instrument is to overestimate the bilirubin levels, so dangerous clinical errors are unlikely 

to occur. In addition, the coefficient of variation (CV) between our method and conventional 

biochemical method found to be 1.81% which is comparable to the CV range of 0.35-1.96 % 
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for laboratory chemical analyzers in repeatability studies [28]. This clearly states the bias to be 

non-significant in clinical diagnosis. 

In order to establish the potential of the device in terms of reproducibility, 20 patients 

were repetitively examined by our device. We found excellent precision between the bilirubin 

 

 
Figure 4.5. Reproducibility: (a) The linear regression plot of the total serum bilirubin (TSB) level measured 
successively by two different observers (b) Bland-Altman analysis: Reproducibility in measuring the TSB level 
by the device (see text). 
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levels detected from the same subject by two independent observers. Mean and SD were 

almost the same in both observations and the intra-class correlation values were highly 

significant (r=0.98; P<0.0001). Linear regression analysis also illustrates the accuracy of the 

two measurements (F=557.8; slope 1.04; y intercept -0.06) (Figure 4.5a). Furthermore, the 

Bland-Altman plot of the two successive measurements by two different observers is 

represented in Figure 4.5b (mean 0.01 mg/dL and SD 0.18). The bias should be zero for an 

ideal instrument [25]. However, in our case the bias is 0.01 mg/dL and CV in between 

repetitive measurements is 0.79%, which have insignificant contributions in clinical diagnosis. 

4.3. Conclusion 

In conclusion, we have demonstrated that the conjunctiva could be a targeted organ to 

diagnose jaundice independent of race, age and sex by using a simple diffused reflection 

measurement technique. Based on the aforementioned principle, we have also developed a 

non-invasive, easy, expeditious, reliable and practical device for routine measurement of 

bilirubin level. Although serum bilirubin measurements are still required for precise diagnosis, 

the proposed device has the potential to reduce frequent blood sampling. The setup would be 

particularly useful for the initial screening of the patients for the blood test and routine 

examination of the prognosis of some therapeutic strategies including phototherapy in 

neonates. It has to be noted that evaluation of the instrument with a much larger data set with 

a wide range of serum bilirubin concentration, various degrees of medical severity, and a 

variety of age groups including neonates are our immediate future plan. We have also realized 

that there is an enormous scope for the development of the setup including the use of two-

color LED (460 nm and 600 nm) instead of spectrograph in a very low-cost version. Different 

calibration equation for different age group of subjects would also increase the sensitivity in 

measurement. In the future, our study is expected to find relevance in quick, non contact 

diagnosis of jaundice in rural areas as well as in urban clinics. 
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Chapter 5 

Development of Nanoparticle-based Therapeutic 

Strategy for Hyperbilirubinemia Control 

5.1. Introduction 

The term hyperbilirubinemia is defined as increased bilirubin (BR) level (>1.3 mg/dL in 

human) in blood. Hyperbilirubinemia is caused when there is an imbalance between 

production of BR (resulting from hemolysis, sepsis, blood extravasation or polycythemia) and 

decrease in BR excretion due to inadequate hepatic conjugation and increased enterohepatic 

reabsorption (resulting from pyloric stenosis, delayed bacterial gut colonization, 

gastrointestinal tract immobility or obstruction) [1-3]. Although at micromoler concentrations 

BR acts as an antioxidant for scavenging peroxyl radicals in blood [4], yet it can be toxic and 

harmful to cells at higher concentration [5, 6]. Elevated level of BR and its oxidative products 

in human blood causes various diseases including neonatal jaundice (>10 mg/dL), Gilbert 

Syndrome (with bilirubin level reaching > 6 mg/dL), Crigler-Najjar type I disease (> 30 

mg/dL) [7] and BR-induced neurologic dysfunction (BIND) [8]. Severe neurotoxicity in case 

of neonates (Kernicterus) and damage in white matter of adult brain are also the consequences 

of higher bilirubin level [9]. In case of Hepatitis E infection in pregnant women, associated 

hyperbilirubinemia itself is found to increase the risk of pre-term delivery [10]. Treatment 

options for hyperbilirubinemia include phototherapy [11], haemoperfusion, haemodialysis and 

exchange blood transfusion [12]. Although phototherapy is widely used and one of the best 

choice for the treatment of hyperbilirubinemia in neonates, its efficacy is noted to diminish as 

children with Crigler-Najjar syndrome advance in age and in particular during adolescence [11, 

13, 14]. Hemoperfusion and exchange blood transfusion have significant morbidity and even 

mortality [1]. Apart from the mentioned therapeutic procedures various organic, inorganic and 

phytochemicals have been used for reduction of elevated BR level in blood [15-18]. All these 

therapeutic drugs function in hepatoprotective way and lack the ability to degrade BR directly 

[2]. So, none of those became very fruitful in effective and quick reduction of serum BR level. 
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In the above context a safe, symptomatic and effective therapeutic strategy is extremely 

needed, and is the principal motive of the present work. 

Manganese (Mn), one of the safest materials is a natural constituent, and often a 

cofactor for enzymes and receptors [19]. Herein, we describe a convenient nanochemistry 

based approach for highly efficient catalytic decomposition of bilirubin by citrate 

functionalized Mn3O4 NPs (citrate-Mn3O4 NPs), in absence of any photo-activation. It is 

revealed that the mixed valence state of Mn (+2, +3 and +4) along with the functional groups 

on the surface coordinating ligands of Mn3O4 NPs lead to the exceptional catalytic activity. 

The in vitro studies of citrate-Mn3O4 NPs on the whole blood specimens of hyperbilirubimia 

patients as well as the in vivo study in mice model show that, the NPs can selectively reduce 

the bilirubin level (both conjugated and unconjugated) in the blood specimens very fast and 

without any significant alteration of other essential blood parameters. Given the remarkable 

efficiency of the NPs towards the suppression of the blood bilirubin level combined with their 

colloidal stability and biocompatibility indicates the promise of this NPs in direct therapeutic 

applications against hyperbilirubinemia. 

In the present study we have synthesized citrate capped Mn3O4 NPs by ligand etching 

technique as described in earlier studies [20]. The structural characterization and the 

interaction of the NPs with a model blood protein have been performed using high resolution 

transmission electron microscopy (HRTEM), steady state and time resolved optical 

spectroscopy. Ultrahigh efficacy of generation of reactive oxygen species (ROS) and surface 

mediated catalysis of the synthesized NPs, have also been established. We have also 

performed systematic in vitro and in vivo preclinical studies on the toxicity of the functionalized 

NPs. All the measurements confirm that the Mn-based nanomedicine is safe and 

biocompatible due to lack of any potential toxicity. In order to assess the effectiveness of the 

NPs as symptomatic nanomedicine (NPs) in managing hyperbilirubinemia in mice, we have 

checked the BR concentration and found to become almost normal in 6 hours after 

intraperitoneal injection of the NPs. Therefore, these results demonstrate that the 

functionalized NPs are strong candidate as effective drug for hyperbilirubinemia treatment, 

and superior to the commercially available drug, silymarin in terms of efficacy with a 

satisfactory biocompatibility. 
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5.2. Result and Discussion 

5.2.1. Unprecedented Catalytic Activity of Mn3O4 Nanoparticles: Potential Lead of a 

Sustainable Therapeutic Agent for Hyperbilirubinemia [21]: TEM study has been carried 

out in order to characterize the water soluble citrate-Mn3O4 NPs in details. As shown in  

 

 

Figure 5.1. (a) TEM image of citrate-Mn3O4 NPs. (b) Lattice fringes in the corresponding HRTEM image 
indicating high crystalline nature of the NPs. (c) Size distribution of citrate-Mn3O4 NPs. (d) UV-Vis absorption 
spectrum for citrate-Mn3O4 NPs and citrate at pH ~7. Inset shows higher energy strong absorption band due to LMCT 
for very dilute citrate-Mn3O4 NPs solution. 
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Figure 5.1a, citrate-Mn3O4 NPs are nearly spherical in shape with an average diameter of 

3.63±0.28 nm (Figure 5.1c). The HRTEM image (Figure 5.1b) confirms the crystalline nature 

of the citrate-Mn3O4 NPs having interplanar distance of 0.310 nm, corresponding to the (112) 

plane of the crystal lattice. Figure 5.1d illustrates the UV-Vis absorption spectrum of citrate-

Mn3O4 NPs and citrate, at pH ∼ 7. The observed peak at around 290 nm (in the inset) could 

be assigned to the possible high energy ligand-to-metal charge transfer transition (LMCT) 

involving citrate-Mn4+ interaction. The other bands at 430, 565 and 752 nm are attributed to 

the Jahn-Teller (J-T) distorted d-d transitions centered over Mn3+ ions in citrate-Mn3O4 NPs 

[22, 23]. 

To determine the catalytic performance of citrate-Mn3O4 NPs in BR decomposition at 

pH=7.4 and without any photo-activation, the characteristic absorbance of BR at 450 nm has 

been chosen for monitoring the kinetic study using UV-Vis spectroscopy. Figure 5.2a shows 

the relative concentration (Ct/C0) of BR plotted against reaction time. As shown in the Figure, 

in absence of catalyst, only a slight decomposition (less than 3%) of BR can be observed after 

50 min, whereas about 92% of BR is decomposed in the presence of citrate-Mn3O4 NPs and a 

concomitant colour change of BR from bright yellow to colourless was observed. Therefore, 

the observed colour change is attributed to catalytic decomposition of BR and the 

decomposition curve has been found to follow a first-order exponential equation with kinetic 

rate constant (k) of 6.62x10-2 min-1. Time dependent Raman study of aqueous solution of BR 

(Figure 5.2b) also reveals significant perturbations of its main characteristic bands for lactam 

and pyrrole moities lie within 1100-1700 cm-1 [24], upon addition of catalyst into the solution. 

To ensure that the catalyst could be recycled without any significant loss of activity, we have 

tested the recyclability of the catalyst up to 20 cycles (inset of Figure 5.2a represents data up to 

10 cycles and Figure 5.2c)). Through comparing the morphology of the fresh and used citrate-

Mn3O4 NPs catalyst it is found that there is no obvious change in the morphology before and 

after the catalytic process, which is in line with its repeated catalytic activity. 
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Figure 5.2. (a) Catalytic decomposition of the aqueous solution of bilirubin in absence of any photo activation. Relative 
concentration (Ct/C0) versus time plots for the catalytic decomposition of bilirubin (UV-Vis absorbance of bilirubin 
monitored at 450 nm) in the absence (a) and presence (b) of citrate-Mn3O4 NPs are shown. Inset shows the cycling 
curves of bilirubin decomposition kinetics upto 10 cycles. (b) Time dependent Raman study of the aqueous solution of 
bilirubin (0 min spectrum) in presence of citrate-Mn3O4 NPs (c) Percentage of catalytic decomposition up to 20 cycles. 
Where, decomposition of the first cycle has been normalized to 100%. 

To elucidate the nature of the catalytic decomposition products, we have phase 

transferred the products from aqueous to chloroform medium, in order to avoid possible 

interference of the catalyst in the characterization process and also considering solubility of 

previously reported BR degradation products in less polar solvents [25]. Figure 5.3a shows the 

UV-Vis absorption spectrum of the decomposition products in chloroform and the inset 

represents photoluminescence spectra (ex=350 nm) of the same. UV-Vis absorption bands at 

248 and 312 nm along with the ~450 nm photoluminescence peaks are closely resembled with 

previously reported photo-oxidation product of BR, methylvinylmaleimide (MVM) [25]. The 

identity of the 278 nm absorption band is not known at this time, which could possibly be due 

to the formation of other decomposition products. To investigate the mechanistic insight of 

the catalytic process and the active sites of the nanoparticles involved, we have monitored the 

changes in the characteristic ligand to metal charge transfer bands (LMCT, which are 

originated due to the interaction of Mn3+/4+ centres in the NPs with the surface bound citrate 

ligands) of citrate-Mn3O4 NPs employing UV-Vis spectroscopy, upon stepwise addition of 

BR. Figure 5.3b illustrates the UV-Vis absorption spectra of 10 M aqueous solution of 

citrate-Mn3O4 NPs (catalyst) after complete decomposition (takes 2 hrs) of each dose of BR 
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into the solution at pH=7.4. The characteristic absorption bands of the catalyst at 242 and 288 

nm are attributed to the LMCT bands originated due to Mn3+-citrate and Mn4+-citrate 

interactions, respectively [23, 26]. The stepwise addition of BR to the aqueous solution of 

catalyst resulted in a monotonous decrease of absorption at 242 nm and subsequent increase 

in absorption at 288 and 368 nm, accompanied by the formation of an isosbestic point at 270 

nm (Figure 5.3b). The decrease of absorption at 242 nm could be due to the possibility that, 

upon stepwise addition of BR, more and more Mn3+ ions at the NPs surface are converted to 

Mn4+ state and the growing amount of Mn4+-citrate charge transfer states has been witnessed 

by the increase in absorption at 288 and 368 nm [23]. The appearance of an isosbestic point at 

270 nm is evidence for two absorbing systems namely the Mn3+-citrate LMCT band at 242 nm 

and Mn4+-citrate LMCT bands at 288 and 368 nm. 

The definite proof of the involvement of Mn3+ and its conversion into Mn4+ state 

during the catalytic process was obtained from pH dependent study. We have evaluated the 

catalytic efficiency of citrate-Mn3O4 NPs at pH-7 and pH-10. As shown in Figure 5.4, at pH-

10, catalytic efficiency of the NPs reduced very significantly.  This phenomenon is consistent 

with the fact that, in acidic/neutral pH, Mn3+ ions are unstable and tend to disproportionate 

into Mn2+ and Mn4+, whereas it is stabilized by the comproportionation of Mn2+ and Mn4+ in 

alkaline conditions [27]. Thus, due to its stability, Mn3+ in the NPs surface dose not tends to  

 

 

Figure 5.3. (a) Shows the UV-Vis absorption spectrum of bilirubin decomposition products in chloroform. Inset 

represents the photoluminescence spectra (ex=350 nm) of the products at room temperature. (b) Illustrates the UV-Vis 

absorption spectra of 10 M aqueous solution of citrate-Mn3O4 NPs after complete decomposition (takes 2 hrs) of each 
dose of bilirubin into the solution at pH=7.4. Inset shows the plots of relative concentration (Ct/C0) versus time for 
bilirubin decomposition (monitored at 450 nm) in presence of citrate-Mn3O4 NPs, citrate-Mn3O4@H2O2 and citrate-
Mn3O4@EtOH. 
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react with BR at higher pH. Given the valence state conversion of Mn from +3 to +4 states 

upon increasing dose of BR, we anticipated that the catalytic outcome would be the reductive 

decomposition products of BR. 

 

Figure 5.4. pH dependent catalytic decomposition of the aqueous solution of bilirubin in presence of citrate-Mn3O4 
NPs. Relative concentration (Ct/C0) versus time plots for the catalytic decomposition of bilirubin (UV-Vis absorbance 
of bilirubin monitored at 450 nm) in the presence of citrate-Mn3O4 NPs are shown. 

However, as discussed earlier we have found that, spectroscopic signature of the 

resulting compound closely resemble with the oxidative decomposition product (MVM) of 

BR. Thus the catalytic process followed a different pathway other than a direct redox reaction 

involving Mn3+/4+ metal ions at the NPs surface and BR molecules. To investigate whether the 

catalytic process is associated with any radical pathways, we have performed the BR 

decomposition study in presence of a radical initiator (H2O2, a source of •OH radical) and a 

radical scavenger (ethanol) separately. As shown in the inset of Figure 5.3b, in both cases, a 

slower catalytic rates have been observed, which validates the role of •OH radicals in the 

catalytic process. Although, slower rate in case of H2O2 seems unexpected, however, this 

result can be explained by the fact that, H2O2 itself can influence the conversion of Mn+3 to 

Mn+4 states to a great extent and consequently diminish the number of active catalytic sites on 

the NPs surface. Therefore, we hypothesized that, the origin of such unprecedented catalytic 

activity might be initiated by the conversion of Mn3+ to Mn+4 states at the NPs surface and 

subsequent formation of reactive oxygen species [28] (such as •OH radicals), that ultimately 

leads to the decomposition of the analyte, BR. 
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Figure 5.5. Assay results of different parameters in the blood specimens, with and without treatment (reference) with 
citrate-Mn3O4 NPs. Data are plotted as mean + standard error of the mean (SEM) [n=12]. 

Having developed the highly active citrate-Mn3O4 NPs for BR decomposition, we 

sought to test their in vitro effectiveness by adding the catalyst to human peripheral blood 

specimens collected from hyperbilirubinemia patients. Our primary objective was to evaluate 

the BR levels of the blood specimens with and without treatment by citrate-Mn3O4 NPs. 

Figure 5.5 represents the assay results, performed over blood specimens of hyperbilirubinemia 

patients. As shown in Figure 5.5a, average BR level (total, conjugated and unconjugated) in the 

blood specimens of 12 patients, treated with citrate-Mn3O4 NPs, reduced down remarkably 

with respect to the reference (Table 5.1). It has also been observed that conjugated portion of 

the total BR decreases more than its unconjugated counterpart, this is expected, as the water 

soluble glucuronic acid conjugated portion get higher chance to interact with NPs than the 

albumin bound unconjugated part. In the same blood specimens where we have evaluated BR 

level, simultaneously, we have also checked the effects of citrate-Mn3O4 NPs on other liver 

function parameters such as total protein, albumin, globulin, alkaline phosphatase, -glutamyl 

transferase, SGOT and SGPT. As shown in Figure 5.5b and 5.5c, the change in the 

parameters upon interaction with citrate-Mn3O4 NPs is statistically insignificant (Table 5.2, P 

value > 0.05), except in case of SGPT. Exact reason for the increase of SGPT upon 

interaction with the NPs is not known in the present time and needs further investigation. In 

case of different haematological parameters such as haemoglobin, red blood cell (RBC) count 
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and total leukocyte count (Figure 5.5d and Table 5.3), it has been found that there is also 

insignificant variation (P value > 0.05) upon treatment of the blood specimens with citrate-

Mn3O4 NPs. Nominal variation in the count of RBC and total leukocyte cells in the NPs 

treated specimens, directly indicates the blood biocompatibility of citrate-Mn3O4 NPs. 

Table 5.1. In vitro effect of citrate-Mn3O4 NPs on the bilirubin level of blood specimen. Data are expressed as mean ± 
standard deviation [n=12]. P values indicating statistical significance, were determined by Student’s unpaired t-test. P 
values less than 0.05 considered statistically significant. 

Parameters (mg/dL) Reference specimen NP treated specimen P Value 

Total bilirubin 7.01±6.80 0.42±0.29 <0.0001 

Conjugated bilirubin 4.40±4.81 0.10±0 <0.0001 

Unconjugated bilirubin 2.62±2.36 0.32±0.29 0.0001 

Table 5.2. In vitro effect of citrate-Mn3O4 NPs on other liver function parameters of blood specimen. Data are 
expressed as mean ± standard deviation [n=12]. P values were determined by Mann–Whitney test. 

Parameters Reference specimen NP treated specimen P Value 

Total protein (gm/dL) 6.47±0.90 5.91±0.87 0.22 

Albumin (gm/dL) 2.85±1.02 2.43±1.27 0.48 

Globulin (gm/dL) 3.62±0.91 3.12±0.89 0.28 

SGOT (AST) (U/L) 100.25±76.06 134.12±60.85 0.27 

SGPT (ALT) (U/L) 53.75±28.70 133.25±27.62 0.0003 

Alkaline phosphatase (U/L) 579.37±823.58 463.37±672.70 0.57 

-Glutamyl transferase (U/L) 256.62±407.92 213.50±340.16 0.50 

Table 5.3. In vitro effect of citrate-Mn3O4 NPs on haemoglobin and different blood cells. Data are expressed as mean 
± standard deviation [n=12]. P values were determined by Student’s unpaired t-test. 

Parameters  Reference specimen NP treated specimen P Value 

Haemoglobin (gm/dL) 8.70±1.93 8.36±1.85 0.70 

RBC count ( x106/L) 2.97±0.64 2.50±0.67 0.13 

Total leukocyte count (x 109/L) 14.23±9.01 13.86±8.83 0.92 

 

Moreover, we have also evaluated the effectiveness of citrate-Mn3O4 NPs against the 

conventional blue light used in phototherapy, towards BR decomposition. As shown in Figure 

5.6, citrate-Mn3O4 NPs exhibit comparable efficiency against blue light along with an added 

advantage of dark reactivity.  
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Figure 5.6. (a) Schematic view of bilirubin decomposition study in presence of blue light (wavelength 460 
nm) and citrate-Mn3O4 NPs, separately. We have used a strip of chromatography paper to maintain bilirubin 
flow in both cases. (b) Plots of time dependent UV-Vis absorbance of BR in presence of blue light and citrate-
Mn3O4 NPs (in dark). Proposed potential future use of nanotherapy as an alternative to phototherapy is 
justified (see text). 

5.2.2. Safe & Symptomatic Medicinal Use of Surface Functionalized Mn3O4 

Nanoparticles for Hyperbilirubinemia Treatment in Mice [29]: The spherical Mn3O4 

NPs were imaged by transmission electron microscopy (Figure 5.7a) and statistical evaluation 

found a size distribution of about 3.69±0.12 nm (Figure 5.7b). Figure 5.7c is the HRTEM 

image of an isolated Mn3O4 NPs. The observed inter-fringe distance of 0.314 nm is consistent  
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Figure 5.7. (a) The particle distribution of the NPs recorded under TEM; (b) The particle size distribution is shown 
with average size of 3.69 ± 0.12 nm and (c) High resolution electron micrograph (HRTEM) of the NPs with a clear 
inter-planer distance of 0.314 nm for 112 planes in the Mn3O4 NPs is evident. (d) The absorption spectra of citrate 
capped NPs used as nano-medicine in the present study and the capping agent citrate are shown in panel. A magnified 
version of the absorption spectrum of the NPs in the rage of 400 to 800 nm is shown in the inset. Different absorption 
peaks due to d-d transitions (see text) are evident. Fluorescence microscopic view of the liquid solution of the NPs with 
different excitation is shown in the inset (II). The corresponding emission and excitation spectra of the solution are shown 
in the insets (III) and (IV) respectively. 
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with Mn3O4 inter-planar distance of 112 plane revealing crystalline nature of the nanoparticle 

[21]. The absorbance spectra of the NPs and the capping ligand citrate are represented in 

Figure 5.7d. A magnified view of the absorption spectrum of the NPs in the range of 400-800 

nm is shown in the inset 5.7d-I. The absorbance maxima at around 290 nm and 429 nm, 526 

nm, 746 nm correspond to the high energy ligand-to-metal charge transfer transition (LMCT) 

involving citrate–Mn4+interaction and Jahn–Teller (J–T) distorted d–d transitions centered 

over Mn3+ions respectively [21]. The NPs are also found to be fluorescent under various 

excitation wavelengths as reported earlier [22]. A fluorescence microscopic image containing 

bright field and fluorescence from the NPs solution under UV (365 nm), blue (436 nm) and 

green (546 nm) excitation is shown in the inset 5.7d-II. The corresponding emission spectra of 

the NPs-solution are shown in Figure 5.7d-III revealing distinct emission peaks for different 

excitation wavelengths. Different peaks in the excitation spectra (Figure 5.7d-IV) form the 

solution for different detection wavelengths, confirm the multiple excited state in the emission 

from the NPs as detailed in earlier literature. 

In order to investigate the efficacy of the NPs in bilirubin (BR) degradation in vitro, we 

have monitored BR decomposition at pH=7.4 in presence and absence of the serum protein 

HSA (Figure 5.8a). We have maintained the concentration of the NPs similar to that used in 

the in vivo experiment (from same stock solution). The characteristic absorbance of BR at 450 

nm has been chosen for monitoring the kinetic study using UV-Vis spectroscopy. Figure 5.8a 

shows the relative concentration (Ct/C0) of BR plotted against reaction time. In absence of 

HSA decomposition of BR after 60 minutes by the NPs can be observed to be around 80%, 

whereas in presence of HSA the decomposition reduced to 40%. In contrast to the catalytic 

decomposition of BR, only 2-5 % of BR degradation is observed without the NPs. These 

results are self-explanatory since, the water soluble bilirubin gets either higher chance to 

interact with NPs than the in the albumin protein or more accessible to the NPs-generated 

radical in the aqueous solution [21]. Here, we have found that the NPs are efficient generator 

of ROS in aqueous solution. Enhanced emission of a ROS indicator DCFH is used for the 

monitoring of oxidative stress in the solution. The emission maxima of DCFH (520 nm) upon 

excitation at ex= 488 nm was plotted against time to generate the fluorescence kinetic plot 

(Figure 5.8b) for repetitive addition of DCFH in the solution. The NPs were capable of 

producing ROS for at least 8 cycles as highlighted in Figure 5.8b-I. The reduction in oxidative 
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stress generation has also been observed in presence of well known ROS quencher Ethanol 

(EtOH) [21] in the medium Figure 5.8b-II. Figure 5.8c clearly indicates that the generated 

ROS was inefficient to degrade the bilirubin with increased level of ethanol concentration. 

 

Figure 5.8. Degradation kinetics of bilirubin in solution (in vitro) in presence of the NPs are shown in panel (a). 
Effect of encapsulation of bilirubin in HSA protein and the controlled kinetics of bilirubin in absence of NPs in our 
experimental condition are also shown in the panel. The efficacy of generation of reactive oxygen species (ROS), the key 
for the degradation of bilirubin for a number of cycles are shown in panel (b). Re-usability of the NPs (inset I) over 8 
cycles and reduction of the efficacy in presence of ROS quencher ethanol (inset II) are also shown. A linear dependency 
concentration of bilirubin degradation in one hour on the concentration of ethanol is shown in panel (c). 

The observed reduction efficacy of the NPs in presence of HSA (Figure 5.8a) could be 

rationalized in the following two ways. Firstly, the BR may interact directly with the NPs and 
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undergoes surface mediated catalysis (Langmuir-Henselwood type) and encapsulation of the 

bilirubin in the presence of HSA hinders the interaction leading to less degradation of BR. 

Secondly, the NPs could be encapsulated by the protein, HSA for the less interaction with the 

BR in the aqueous solution. We have ruled out the first possibility by an attempt to study the 

rate of bilirubin degradation kinetics with the concentration of the NPs in the solution. The 

rate of the kinetics was found to be independent of the NPs concentration, which should not 

be the case of surface mediated catalysis. In order to address the second possibility, we have 

investigated the interaction of the NPs with the protein HSA as shown in Figure 5.9. The far-

UV circular dichroism (CD)spectra of HSA, exhibited two negative bands in the UV region at 

208 and 220 nm (Figure 5.9a), characteristic of an α-helical structure of protein [30]. The 

percentage of helix content of HSA both in presence and absence of NPs is found to be 

similar revealing insignificant conformational alteration in α-helical structure of HSA in 

presence of the NPs. The molecular mass of the protein HSA in presence of the NPs is also 

found to be intact as shown in native get electrophoresis study (Figure 5.9b). A direct 

evidence of the nature of interaction of the NPs with the protein is clear from picosecond 

resolved fluorescence transient of the single tryptophan Trp-214 (excitation 283 nm) in 

absence and presence of the NPs as shown in Figure 5.9c (average lifetime of 1.95 ns). In case 

of proximity of the NPs to Trp-214, a quenching of the fluorescence is unavoidable due to 

Förster resonance energy transfer (FRET) [31] as a result of strong spectral overlap of the 

Trp-214 emission with the absorption of the NPs (Figure 5.7d). Insignificant change in the 

Trp-214 emission transient in presence of the NPs, clearly rules out proximal interaction of 

the protein with the NPs. 

For assessing the maximal-tolerated dose of surface functionalized Mn3O4 NPs we 

performed single dose acute toxicity study as per OECD guideline. Intraperitoneal injection of 

Mn3O4 NPs did not cause any mortality throughout the experimental period for all three dose 

groups. Behavioral and physical symptoms of acute toxicity such as decreased activity or 

decreased uptake of food and water were not also been observed during the study period. As 

no clinical signs of toxicity were observed upto 5000 mg/kg BW, hence 1/10th of the 

maximum dose administered (i.e., 500 mg/kg BW) was selected for the present study. 
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Figure 5.9. (a) Circular dichroism (CD) spectra of HSA without and with the NPs (see text). An insignificant effect 
of the NPs in the secondary structure of the serum protein is evident. (b) The overall structural integrity of the protein 
upon interaction with the NPs with various incubation time is shown from the mobility of the protein in a native gel. (c) 
Picosecond resolved transient of the single tryptophan (Trp-214) of the serum protein without and with the NPs. In case 
of direct interaction of the NPs with the protein, quenching (due to FRET) of the transient in presence of the NPs is 
unavoidable because of the strong spectral overlap of the tryptophan emission and absorption of the NPs. However, 
insignificant quenching of Trp-214 in presence of NPs rules out the possibility of direct interaction (see text). 
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In the phase I study the total serum BR (TSB) level of CCl4 treated group (Group II) 

increased to 0.89±0.07 mg/dL which is far higher than the control group (Group I; 0.32±0.04 

mg/dL), indicative of hyperbilirubinemia. This group (Group II) was left untreated for a week 

to see the auto recovery. The serum biochemical tests were done after treatment of seven days 

and represented in Table 5.4. The results show that treatment with the NPs significantly 

decreased BR level (total and direct) even lower than the sham control (Figure 5.10a and 

5.10b). But for Group II, we have seen very mild decrease in serum BR concentration even 

after removal of the hepatoxin, indicating slow recovery process. However in case of direct 

BR level the reduction is not significantly different from the clinical standard silymarin (Table 

5.4). The NPs directly interacts with the BR and degrade the same. In the case of direct BR 

(soluble in aqueous environments and complex with glucuronic acid), hindrance of the 

interaction with NPs could be possible reason of lower efficacy of the NP in reducing direct 

BR. 

 

Figure 5.10. Assay results of total and direct bilirubin concentration in the blood specimens of mice in Phase I (a and 
b) and Phase II (c and d). In Phase II study single dose of NPs was able to restore normal serum bilirubin level in less 
than 6 hours from hyperbilirubinemia condition. Data are plotted as mean ± standard error of the mean (SEM). 
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For assessing the efficiency of BR degradation in vivo by NPs over standard drug 

silymarin we performed the second phase of experiment. Here, BR concentration was 

monitored for a period of 24 hrs after intoxication. Three weeks’ CCl4 intoxication increased 

the total serum BR level upto 1.28±0.14 mg/dL. Single dose of Mn3O4 NPs decreases TSB to 

0.40±0.07 mg/dL within 2 hrs and back to normal level (0.32±0.05 mg/dL) within 6 hrs 

compared to the silymarin treated group 1.22±0.16 mg/dL (2 hrs) and 1.10±0.14 mg/dL (6 

hrs), respectively. The results are represented in Figure 5.10c & 5.10d. Treatment with NPs 

decreased TSB level almost 70% compared to that of silymarin (8%) in 2 hrs and restored 

normal TSB concentration within six hrs. The results suggests the efficiency of citrate 

functionalized Mn3O4 NPs in targeted degradation of BR in a much faster rate compared to 

that of standard drug silymarin in in vivo experimental system. 

For assessment of liver injury, serum activity of various hepatic lysosomal enzymes are 

used as diagnostic indicators [32]. Earlier studies have shown that CCl4 administration 

increases serum levels of AST, ALT, ALP and GGT [15-18, 33-36]. Normal liver contains 

high concentrations of these enzymes. When there is hepatocyte necrosis or membrane 

damage, these enzymes are released into the circulation, as indicated by elevated serum 

enzyme levels [37]. The hepatotoxicity of CCl4 was confirmed in our study by a significant 

elevation of serum ALT (197.86%), AST (157.63 %), ALP (106.77%) and GGT (105.36%) 

activities in the CCl4-treated group as compared to the vehicle control which are summarized 

in Table 5.5. However, treatment with NPs at a dose of 500 mg/kg BW for seven days 

decreased the percentages of AST, ALP and GGT by 53.93%, 13.01%, and 10.82%, 

respectively, compared to the CCl4-treated group. The liver function parameters for the NPs 

control group (Group III) remain almost same as the vehicle control group indicating no 

toxicity of the NPs on liver. Furthermore, no significant change in serum protein 

concentration indicates the non-toxic effect of NPs which is in agreement with the in vitro 

study involving HAS, described in the earlier section. The statistical analysis of the all liver 

biochemical-parameters (except BR) is represented in Table 5.5. The hematological status of 

animals of Group I, Group II Group III and Group IV has been assessed and are given in the 

Table 5.6. It is evident that there is insignificant change in the hematological parameters across 

the four groups. The result clearly shows that the presence of NPs does not affect 

hematological system. 



 

91 
 

 

Figure 5.11. (CV- Central Vein, MI- Mononuclear cell Infiltration, - Hemorrhage) 
Effect of NPs on hepatic morphological analysis in CCl4-intoxicated mice. Livers were sectioned and stained with 
hematoxylin eosin by standard techniques (taken under 100X magnification). (I) Sham control, (II) CCl4 control, (III) 
NP control (IV) NP treated (V) Citrate Control (VI) Silymarin.  

The histopathological observations also support the results obtained from serum 

biochemical assays (Figure 5.11).The liver lobules of the vehicle control animals (Group I) 

showed a classical structure with hepatocyte plates directed from the portal triads towards the 

central vein, where they freely anastomose. The liver sinusoids are normally irregularly dilated, 

and spaces of Disse can be seen. The liver sections of this group showed normal hepatic cells 

i.e., with well-preserved cytoplasm and prominent nucleus, nucleolus (Figure 5.11-I). The 
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livers of CCl4-intoxicated mice(Group II, Figure 5.11-II) revealed moderate to severe 

hepatocellular vacuolization, hepatic necrosis and swelling, bile-duct hyperplasia, and 

increasing cellular mitosis as well as dilation of Disse spaces with focal disruption of the 

sinusoidal endothelium, inflammatory infiltrations of the portal triads (Figure 5.11-II), and 

distortion of the central venules. Mononuclear cell infiltration, hemorrhage, fatty degeneration 

and formation of regenerative nodules were also observed in CCl4 treated group indicating 

that CCl4-induced severe damage to the hepatic cells. The animals treated with NPs (Group 

IV ) and silymarin (Group VI) (Figure 5.11-IV and Figure 5.11-VI, respectively) revealed 

slight to mild hepatocellular vacuolation and better preservation of the normal liver 

architecture, with moderate hepatocyte plate disorganizations and smaller dilations of Disse 

spaces. These treated animals displayed rare periportal inflammatory infiltrate in the liver 

lobules. The animals treated with only NPs (Group III) showed normal liver architecture 

comparable to the vehicle control group. This indicates the non-toxic effect of citrate capped 

Mn3O4 on hepatocytes which are in good correlation with the liver function tests. It has been 

reported that CCl4 causes necrosis, [33, 38-41] fibrosis, [38, 42-44] mononuclear cell 

infiltration, [40, 44] steatosis and foamy degeneration of hepatocytes, increase in mitotic 

activity [45] and cirrhosis [33, 40] in liver. Therefore, our histopathological findings in the liver 

due to CCl4 administration are in agreement with previous studies. However, treatment with 

NPs significantly decreased these hepatotoxicity characteristics in mouse liver, suggesting that 

NPs provided protection against CCl4-induced liver injury. So, according to the microscopic 

examinations, severe liver damage induced by CCl4 was remarkably reduced by the 

administration of the NPs, which was in good correlation with the results of the liver 

functional parameters of the serum. 

Table 5.4. Effect of NPs on serum Bilirubin level in CCl4-intoxicated mice. 

NPs: nanoparticle. Data are expressed as mean ± SD (n=8) 
One-way ANOVA Tukey post hoc: a p< 0.05 compared with vehicle control. b p< 0.05 compared with CCl4. c p< 0.05 compared with 
silymarin. 
Dosage:- Olive Oil: 0.5 mL/kg body weight.CCl4 + Olive Oil Sol.: 1ml/kg body weight. NPs: 500 mg/kg BW. Silymarin: 100 mg/kg body 
weight. Citrate (1:1 sol. in water): 100 µL/mice. 

Gr. Design of 
treatment 

Total Bilirubin (mg/dL) Direct Bilirubin (mg/dL) 

After induction After treatment After induction After treatment 

I Sham Control 0.33 ± 0.05 0.32 ± 0.04b 0.19 ± 0.008 0.20 ± 0.009b,c 

II CCl4 Control 0.89 ± 0.07 0.58 ± 0.04a,c 0.39 ± 0.054 0.33 ± 0.044a,c 

III NP Control 0.34 ± 0.04 0.18 ± 0.04a,b,c 0.21 ± 0.009 0.11 ± 0.019a,b 

IV CCl4 + NPs 0.93 ± 0.06 0.19 ± 0.03a,b,c 0.42 ± 0.045 0.13 ± 0.019a,b 

V CCl4 + Citrate 0.88 ± 0.06 0.52 ± 0.05a,c 0.38 ± 0.036 0.32 ± 0.034a,c 

VI CCl4 + Silymarin 0.87 ± 0.07 0.33 ± 0.04b 0.38 ± 0.038 0.13 ± 0.019a,b 
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Scheme 5.1. Schematic representation of the nano-therapy using surface modified Mn3O4 nanoparticles (NPs). The 
efficacy of the NPs in reducing serum bilirubin in mice in hours without any side effect is also represented (see text). 

Table 5.5. Effect of NPs on ALT, AST, ALP, GGT, and Total Protein in CCl4 intoxicated mice. 
 

Data are expressed as mean ± SD (n=8) 
One-way ANOVA Tukey post hoc:  
a p< 0.05 compared with vehicle control.  
b p< 0.05 compared with CCl4. 
c p< 0.05 compared with silymarin. 
Dosage:- Olive Oil: 0.5 ml/kg body weight.CCl4 + Olive Oil Sol.: 1 mL/kg body weight. NPs: 200 µL/mice. Silymarin: 100 mg/kg body 
weight. Citrate (1:1 sol. in water): 100 µL/mice. 
ALP: Alkaline phosphatase; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; GGT: γ-glutamyltranferase; NPs: 
Nanoparticle. 

 

Gr. Design of 
treatment 

AST 
(IU/L) 

ALT 
(IU/L) 

ALP 
(IU/L) 

GGT 
(IU/L) 

Total 
Protein 

(gm/dL) 

I Sham Control 81.43 ± 7.31b 19.67 ± 
1.67b,c 

26.30 ± 
2.63b 

2.61 ± 
0.30b,c 

6.28 ± 0.54 

II CCl4 Control 209.78 ± 
22.77a,c 

58.58 ± 
3.28a,c 

54.38 ± 
5.48a,c 

5.36 ± 
0.66a 

5.78 ± 0.40 

III NP Control 79.45 ± 8.32b 17.95 ± 
1.92b,c 

24.58 ± 
3.14b 

2.60 ± 
0.42b,c 

6.12 ± 0.64 

IV CCl4 + NPs 96.65 ± 7.72b 59.58 ± 
3.81a,c 

47.30 ± 
5.88a,b 

4.78 ± 
0.53a 

5.88 ± 0.44 

V CCl4 + Citrate 66.98 ± 
10.19b 

42.72 ± 
3.28a,b,c 

40.23 ± 
4.41a,b 

4.78 ± 
0.48a 

5.78 ± 0.44 

VI CCl4 + Silymarin 86.43 ± 9.44b 26.79 ± 
2.89a,b 

45.98 ± 
4.69a,b 

4.61 ± 
0.47a,b 

5.78 ± 0.42 
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Table 5.6. Hematological parameters as studied across the Group I (Sham control), Group II (CCl4 control), Group 
III (NP control), Group IV (CCl4+NP). Data are expressed as mean ± SD (n=8). 

Hematological 
Parameters 

Groups 

I II III IV 

Hb (gm/dL) 13.57 ±1.04 13.95±0.89 13.84±0.92 13.90±0.85 

RBC (x106/L) 6.48±0.56 6.40±0.52 6.45±0.48 6.50±0.58 

Rt (%) 1.25±0.19 1.18±0.21 1.22±0.32 1.22±0.23 

HCT (%) 40.50±3.42 41.12±3.09 39.85±3.16 40.63±2.13 

MCV (fl) 62.72±6.06 64.67±7.81 62.42±5.54 63.02±7.32 

MCH (pg) 21.02±2.05 21.94±2.46 21.36±2.48 21.52±2.21 

MCHC (gm/dL) 40.50±0.61 33.96±0.85 38.54±3.12 34.23±1.68 

Platelets (x103/L) 6.53±0.56 6.50±0.55 6.55±0.61 6.42±0.58 

WBC (x105/l) 6.38±0.58 6.65±1.05 6.36±0.95 6.78±0.85 

 

5.3. Conclusion 

We have for the first time demonstrated that highly water-soluble citrate-Mn3O4 NPs can 

catalytically decompose yellow aqueous solution of bilirubin to its colourless oxidative break 

down products in a very quick time and most importantly, without any photo-activation. 

Mechanistic studies on the catalytic process have resulted in greater understanding of the 

catalytic cycle and additional insight into the active sites of the nanoparticles involved. 

Furthermore, the remarkable in vitro reactivity of the catalyst towards the suppression of 

bilirubin level in the whole blood specimens of hyperbilirubinemia patients, without much 

affecting other important blood constituents, represents a great promise of citrate-Mn3O4 NPs 

in direct therapeutic applications against hyperbilirubinemia. We further demonstrated that 

these Mn-based NPs are safe, biocompatible and effective targeted probes for 

hyperbilirubinemia in mice model based on the in vitro and in vivo assessments, especially 

without any toxicological implications. The study to compare the efficacy of the NPs with that 

of a commercially available drug silymarin shows that in hyperbilirubinemia mice, 

administration of the NPs brings the bilirubin level to normal limits in 6 hours whereas 

silymarin needs several days to control hyperbilirubinemia in mice. The overall therapeutic 

procedure is pictorially presented in scheme 5.1. These findings break through the bottleneck 

in therapeutic procedures for the treatment of hyperbilirubinemia by fast and direct 

degradation of bilirubin and pave the way for the practical clinical therapy of Mn-based NPs 

as safe nano-medicines.  
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Chapter 6 

Development of an Online, Simultaneous Diagnosis and 

Therapeutic Strategy of Hyperbilirubinemia for Potential 

Application in Neonatal Subjects 

6.1. Introduction 

Importance of light in the medical diagnosis and therapy is unanimous. Starting from 

invention of light microscope in sixteenth century for the pathological use till “bloodless” 

laser surgery in the twentieth century are the few exemplary evidences [1-5]. Advent of 

nanotechnology further opens up the scope of light for the diagnosis and therapy. For 

example, use of quantum dots (QDs) for the early diagnosis and photodynamic therapy of 

cancer are reported in the literature [6-8]. Potentiality in the use of zinc oxide nanoparticle in 

the light-assisted treatment of hyperbilirubinemia is also reported from this group [9]. Light as 

universal excitation source of spectroscopy in optical biopsy is evident in the literature [10, 

11]. Use of optical fiber in the biomedical instrumentation for guiding light is also found to be 

another important way for the medical use of light in endoscopy [12-14]. A significant portion 

of fiber optic-based biosensors relies on the efficient interaction of evanescent field with the 

environments under investigation [15-19]. Several good reviews on the use and control of 

evanescent field are reported in the present literature [17, 20, 21]. The studies are mainly 

focused on the sensing of biomedically important analytes, aiming to develop novel diagnostic 

protocol. However, use of evanescent field for a potential therapeutic use is sparse in the 

literature [15-23]. In one of the application based works, a pad of woven fibers used to 

transport light from a light source to the neonatal skin through leaky modes for the treatment 

of neonatal jaundice [24]. Other products for the sensing of variety of physical parameters 

including oxygen level, pH of a solution, temperature based on fiber optic absorption and 

fluorescence techniques are also reported in the literature [25-28]. Nonetheless, to the best of 

our knowledge, use of evanescent field for the simultaneous diagnosis and therapy is absent in 

the literature and is the motive of present work. 
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In the present study, we have used evanescent field of a silica fiber for probing a bile 

pigment bilirubin in aqueous solution. Bilirubin is a metabolic waste product that generally 

excreted through bile and urine, but for some disease conditions in liver and biliary tract, 

bilirubin starts to accumulate in tissues and blood, leading to jaundice [29]. Accumulation of 

bilirubin is very much common in neonates, causing neonatal jaundice. During the first week 

of life, around half of the all neonates are affected by jaundice [30]. Till date phototherapy is 

the most effective treatment for neonatal jaundice [30, 31]. In phototherapy the neonates are 

placed under blue light, since, bilirubin absorbs light in the blue region of the optical spectrum 

[32-35]. In conventional phototherapy, bilirubin level of the patients is recommended to be 

monitored time to time through blood test, in order to determine the required dosage and 

future course of action. In this context, a noninvasive/minimally invasive procedure for the 

phototherapy can be very helpful. In the present study, we have shown that the evanescent 

field coupled to the aqueous environment can efficiently be used for degradation of bilirubin. 

Our method offers a strategy for continuous monitoring the level of bilirubin during the 

degradation process, which is extremely important for the immediate course of action. We 

have found that deposition of our test pigment bilirubin on the surface of the sensor silica 

core fiber due to the presence of unavoidable hydroxyl functional groups [26] at physiological 

pH (~7.4). Apparent masking of the sensitivity of fiber optic biosensors due to deposition and 

extraction of relevant information, have also been addressed in our studies. We have 

successfully demonstrated our strategy in the removal of clinically significant amount of 

bilirubin in blood-phantom solution (hemoglobin and human serum albumin (HSA)). In a 

model study using chromatography paper as biological membrane mimic, we have established 

the efficacy of the developed technique, in vitro. Briefly, the developed evanescent optical 

approaches are expected to unite diagnosis, treatment and potential treatment-guidance in one 

procedure for the management of hyperbilirubinemia. 

6.2. Result and Discussion 

6.2.1. Evanescent Field: A Potential Light-tool for Theranostics Application [36]: In the 

present work, we have used evanescent field of the optical fibers for the potential theranostics 

application in hyperbilirubinemia. It has to be noted that the evanescent wave is a near-field 

wave with an intensity that exhibits exponential decay without absorption as a function of the 

distance from the core-clad boundary of the optical fiber as shown in Figure 6.1. The standard 
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practice for the estimation of penetration depth (dp) of the evanescent field in a “non-

absorbing” medium has been illustrated in the section 2.1.4. 

 

Figure 6.1. Schematic representation of our experimental setup. For the spectroscopic monitoring of photodegradation by 
an external blue LED (of 450 nm wavelength) a white light as “Source” and a spectrograph as “Detector” was used for 
bilirubin sensing. Potential use of the setup in theranostics application has been demonstrated by replacing the white light 
with blue LED (source) and optical power meter (detector) at the other end of the fiber, without employing any external 
light source for photodegradation of bilirubin. The upper insets in left and right represent the irradiation spectra of the 
LED and its stability respectively. The lower inset shows mechanistic details of evanescent field for the detection of 
bilirubin. 

In order to investigate the quality of the surface of optical fibers and their 

modification after the treatment of physical etching (silica) and heating (plastic), we have 

observed the fibers under scanning electron microscope (SEM). Figure 6.2 depicts the SEM 

images of the optical fibers before and after etching. From the Figure, the surface of the base 

fibers (6.2a and 6.2c) and the modifications (6.2b and 6.2d) due to physical etching/heating 

are evident. It is also clear that the measured diameters of the silica and plastic fibers (223 m 

and 997m respectively) are consistent with the literature values provided by the manufacturer 

(225 m and 1000m respectively). The thickness of the clad (12m, Figure 6.2b) in the case 

of silica fiber is also similar to that of the literature value of 12.5m. Figure 6.3a shows  
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Figure 6.2. Scanning electron microscopic image of bare silica (a), plastic (c) fibers. The modified surface of the silica 

(b) and plastic (d) fibers after manual etching/heating are also shown. 

absorption spectrum of aqueous bilirubin solution (9.2M at pH~7.5) measured in Shimadzu 

spectrophotometer having a peak around 450 nm and consistent with reported literature [37]. 

In order to study the spectral response of bilirubin white light was introduced into the fiber, 

the absorption spectrum of aqueous bilirubin solution (concentration 10M, pH 7.5) using 

the spectrograph at the end of the fiber is shown in Figure 6.3b. The spectra of 6.3a and 6.3b 

are apparently looking different and the spectrum in Figure 6.3b is similar to that of the solid 

bilirubin as shown in the inset of Figure 6.3a. The observation is consistent with the fact that 

the evanescent field essentially monitors solid form of bilirubin deposited at the surface of the 

fiber. The deposition can be rationalized from the fact that the surface of the fiber is heavily 

hydroxylated at pH 7.4 [26] and deposition of bilirubin on the hydroxylated surface is 

unavoidable [18]. In order to further investigate the possibility of deposition of bilirubin, we 

have checked the precipitation of bilirubin on a hydroxylated glass slide at different pH values. 

As shown in the inset of Figure 6.3b, a significant amount of bilirubin can be deposited on the 

plate at physiological pH (7.4). It is to be noted that the deposition of bilirubin on the fiber 

surface may augment the evanescent field to the environments as indicated in Equation 2.18, 

reducing the penetration depth of the probe field. In earlier studies the deposition issue of the 
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test analytes in fiber optic sensors is concluded to be a limiting factor for the overall sensitivity 

of detection [18, 22, 23]. However, detail investigation of the deposition of the test analytes in 

the optical fiber sensors was beyond the scope of the earlier studies. 

 

Figure 6.3. (a) Absorption spectrum of bilirubin in aqueous solution (pH~7.5). (b) Absorption spectrum of bilirubin 
solution (pH~7.5) detected at the end of etched silica fiber. Similarity of the spectra with that of the solid bilirubin (inset 
of (a)) is clearly evident. Deposition effect of bilirubin at different pH values is shown in the inset of (b). 

For the potential application of optical fiber as a theranostics tool, the deposition may 

work in a positive manner. The proximity of bilirubin to the evanescent field significantly 

increases the possibility of photodegradation of bilirubin. In our studies we have found that 

the spectroscopic signature of the photodegradation product is closely resemble with 

previously reported photo-oxidation product of bilirubin, methylvinylmaleimide (MVM) [38]. 

After the photodegradation of bilirubin at the fiber surface, the evanescent field may “search” 

for new bilirubin molecule in the solution by increasing the depth of penetration (Equation 
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2.16). Deposition and degradation of bilirubin in aqueous solution under an external blue light 

(Figure 6.1) is shown in Figure 6.4. The efficacy of the optical fiber sensor to monitor the  

 

 

Figure 6.4. (a) Time dependent absorption kinetics of aqueous bilirubin solution (12 M, pH 7.5) as detected at the 
end of the silica fiber. The growth in the absence of external blue light (Off) and subsequent decay in presence of blue light 
(On) over three cycles is evident from the figure. (b) A comparison of the kinetics detected at the end of the silica fiber (as 
shown in panel (a)) by the spectrograph with that of the time dependent concentration of the same solution measured with 
Shimadzu-2600 spectrophotometer, is demonstrated. 

concentration of bilirubin in the solution for several cycles is demonstrated in Figure 6.4a. 

Figure 6.4b shows a comparative study of monitoring the bilirubin concentrations in solution 

by spectrograph in the fiber sensor, with that of the readings obtained from Shimadzu 

spectrophotometer. From Figure 6.4b it is evident that the spectrophotometer unable to 

monitor the deposition of the bilirubin, which is very local effect at the surface of the fiber 

only, however, very important for the sensing efficiency. Numerical fitting of the deposition  
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Figure 6.5. Deposition of bilirubin in aqueous solution (pH 7.5, 12M), detected at the end of the fiber in (a) 
absence and (b) presence of an external blue light (1W, 460nm). 

(Figure 6.4b) in absence of light reveal exponential rise of time constant 21.00 min. In 

presence of blue light the decay kinetics can be fitted with bi-exponential function with a rise 

component of 21.00 min followed by a decay of time constant 42.05 min with residual 

component (y0) of 0.46. It has to be noted that the kinetics measured with the 

spectrophotometer can be fitted with a single exponential decay with time constant of 42.44 

min, which is consistent with the decay component measured with spectrograph (2=42.00 

min). The observation reveals that fiber sensor attached with the spectrograph measures 

similar decay kinetics, convoluted with a rise component due to the deposition of bilirubin at 

the surface and invites care for the interpretation of kinetics data from a fiber sensor used to 

measure concentration of an analyte in solution phase. 
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Figure 6.6. Concentration dependent deposition and degradation (in absence and presence of blue light) of bilirubin as 

detected by fiber (panel (a)-(e)). Dominance of degradation kinetics in presence of blue light is evident. Panel (f) shows 

slower degradation with high bilirubin concentration. The effective dose of light at the fiber surface with bilirubin 

concentration is also shown. 

In order to investigate the deposition effect on the surface of the fiber, we have 

studied the signal from the fiber sensor in absence and presence of external blue light source, 

as shown in Figure 6.5a and 5b. Table 6.1 represents the fitting kinetics data. It is clear that the 

deposition is also an integral part of the decay kinetics and needs numerical fitting for the  
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Figure 6.7. Efficacy of the setup in potential theranostics application is demonstrated in a prototype experiment. It is 
clear from both the figures that, degradation of bilirubin depends on the amount of light coupled to the silica fiber. 

interpretation of the kinetics. The deposition and the degradation (in absence and presence of 

blue light) of bilirubin at various concentrations are shown in Figure 6.6. Corresponding 

kinetics data are tabulated in Table 6.1. As evident from Table 6.1 and Figure 6.6f, with 

increasing the concentration of bilirubin, the decay kinetics gradually becomes slower. This 

observation can be rationalized in term of our experimental set up (Figure 6.1), revealing 

lowers effective dose of light at the fiber surface with the increase in solution concentration 

(inner filter effect). From Figure 6.6 and corresponding fitting data in Table 6.1, it is also clear 

that the rise time constants almost remain unperturbed in the range of solution concentrations 
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in our study. While the faster rise time constants 2-4 min may be consistent with 

homogenization of the solution, long time constants in the range of 20-40 min account for 

deposition of bilirubin at the fiber surface. 

 

Figure 6.8. The theranostics applicability of the prototype is represented using 1mm fiber as sensor and Coherent 
FieldMate with OP-2 VIS sensor as detector. (a) The detected signal from the fiber end. (b) Comparative solution 
concentration measured in Shimadzu spectrophotometer in presence and absence of blue light. (c) The linear dependency 
between the signals detected at the fiber end and the solution concentration. 

In real theranostics application there is very little scope to use external light source 

rather use of the light through the fiber for both sensing and phototherapy. Figure 6.7 shows 

the efficacy of the setup, in which a blue LED is coupled to the etched silica fiber and the 

javascript:openTextWindow('index.cfm?fuseaction=popups.ShowAttributes&ID=971')
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transmitted optical power is detected by a spectrograph (Figure 6.7a) and a power meter 

(Figure 6.7b). It is evident from Figure 6.7a, the degradation depends on the amount of power 

coupled to the fiber which can be differentiated in terms of light intensity at the detector end 

of the fiber. Although, sensing of bilirubin is irrespective of the coupling efficiency, bilirubin 

degradation very much depends on the coupled light to the fiber. 

In our experimental condition (e.g. fiber end polishing, surface etching) the coupling 

efficiency varies revealing output power of the blue LED light at the fiber end in the range of 

22-25 W (higher coupling) to 4-5 W (lower coupling). Figure 6.7b clearly indicates that for 

moderately coupled systems someone has to wait significant amount of time in order to get 

reasonable degradation effect. These observations clearly justify the increased amount of 

modes coupled to the optical fiber for potential application in theranostics. Figure 6.8 shows 

the data obtained using plastic fiber of diameter 1 mm. As shown in Figures 6.8a and 6.8b, a 

significant amount of photodegradation can be achieved in 60 minutes. It has to be noted that 

we have calibrated the concentration of bilirubin measured by the fiber sensor with that 

measured using spectrophotometer. In 60 minutes of experimental time span we have found 

reasonable linearity (Figure 6.8c), revealing the reliability of the data reported by the fiber 

sensor. In order to address the specific question, whether the sensor able to degrade bilirubin 

up to clinically meaningful amount in a physiologically relevant environment so that it can be 

actually used for therapy. We also have studied the photodegradation of bilirubin in a mixture 

of human serum albumin (HSA) and Hemoglobin (100 µM/L of each protein), two major 

ingredients of human blood. As shown in Figure 6.9 (a), the removal of bilirubin from the 

“blood-phantom” solution is significant revealing bilirubin degradation from 77 µM/L to 

30µM/L. It has to be noted that the level of bilirubin in the human blood in normal and 

jaundice conditions are ~20 µM/L and >50 µM/L respectively. The spectral deconvolution of 

the absorption spectra (solid lines) in the range from 390 nm to 550 nm shows the presence 

of hemoglobin (soret band peak at 404 nm) and bilirubin (peak at 450 nm). The peak of HSA 

is supposed to be at 350 nm and beyond the spectral range. The deposition followed by the 

degradation measured from the optical power meter is clear from the inset of Figure 6.9a. The 

deconvoluted spectra peaking at 404 nm (hemoglobin) and 450 nm (bilirubin) at different time 

of irradiation are shown in Figure 6.9b. A clear decrease of the spectrum peaking at 450 nm 

with time, as a consequence of photodegradation of bilirubin is evident from the inset Figure 
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6.9b without affecting the hemoglobin count in the blood-phantom. Our observation further 

justifies the potentiality of our strategy for novel theranostics tool in future applications. 

 

Figure 6.9. (a) Absorption spectra of bilirubin (77 µM/L) in blood-phantom (HSA and hemoglobin mixture) 

solution before (0H) and after 4 hours of photodegradation (4H) by blue LED evanescent field. Solid lines indicate the 

goodness of spectral deconvolution the experimental data with two peaks at 404 nm (soret band of hemoglobin) and 450 

nm (bilirubin). The inset represents time dependence of detected absorbance signal at the fiber end. Initial rise in the signal 

depicts the dominance of deposition of bilirubin and following photodegradationt leads the consequent decrease. (b) The 

deconvoluted spectra peaking at 404 nm (soret band of hemoglobin) and 450 nm (bilirubin) before and after the photo 

(450 nm) irradiation of the blood phantom are shown. Inset shows a clear decrease in the bilirubin (estimated value from 

77 µM/L to 30 µM/L) and intactness of hemoglobin concentration. 

The promising experimental observation as shown in Figures 6.8 and 6.9, directed us 

for an in vitro theranostics application on a wet-chromatography paper as membrane mimic. 

Cellulose or polysaccharides are the primary constituent of chromatography paper, which are 

also the major components of fibrous extracellular matrix of skin dermis of green plants, 
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many forms of algae and eukaryotic microorganisms. Thus in order to effectively simulate the 

structure and composition of native skin, we have used wet-chromatography paper. Since, 

cellulose is significantly amphiphilic in nature, incorporation of bilirubin (which is generally 

considered as a lipophilic substance) in to the chromatography paper is primarily governed by 

the lipophilic or hydrophobic interactions [39-41]. 

 

Figure 6.10. The in vitro theranostics application for hyperbilirubinemia is represented using 1mm fiber as sensor and 
Coherent FieldMate with OP-2 VIS sensor as detector. (a) The schematic presentation of the experimental setup. (b) 
The signal detected at the Fiber end by the power meter. (c) The comparative solution concentration measured in 
Shimadzu spectrophotometer in presence and absence of blue light. 

The experimental set up for the in vitro studies is shown in Figure 6.10a. The 

experimental data on the bilirubin degradation measured with power meter (Figure 6.10b) and 

spectrophotometer (Figure 6.10c) are shown. From both the model experiments, it is clear 

that the degradation monitored by the power meter is apparent after sufficient 

photodegradation of the test pigment in the solution as monitored by the spectrophotometer. 
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Continuous deposition of the bilirubin on the plastic fiber surface is concluded to be reason 

for such observation. In a separate experiment on the deposition of bilirubin on the plastic 

fiber (data not shown), a time constant of 46.00 min is evident. It has to be noted that the 

degradation time constant is also in the similar order as monitored from spectrophotometer 

(Figures 6.8b and 6.10c). The model experiments also suggest that concentration monitored 

by the power-meter at the end of the fiber starts showing the decrease of bilirubin level in test 

medium, when the concentration of the pigment is significantly lower than the starting value. 

The observation clearly reveals the efficacy of continuous monitoring the level of bilirubin in 

the test environments during phototherapy. 

Table 6.1: Numerical fitting parameter of the bilirubin deposition (No Blue light) and Photo-degradation (in presence 

Blue light) kinetics as shown in Figure 6.5 and Figure 6.6. 

Sample Con. 
(µM) 

y0 A1 1 
(min) 

A2 2  
(min) 

A3 3 
(min) 

Silica Fiber in 
Aqueous 
Solution   

(Figure 6.5) 

Absence of 
blue light 

10.00 0.97 -0.28 2.74 -0.70 19.71 0.08 170.57 

Presence of 
blue light 

10.00 0.029 -0.27 2.66 -2.01 16.00 2.26 51.66 

Bilirubin 
Deposition/ 

Degradation on 
Silica Fiber (No 

Blue Light) 

Figure 6.6a 11.04 1.02 -0.27 3.22 -0.51 40.00 0.10 200.00 

Figure 6.6b 19.14 0.96 -0.23 0.78 -0.67 22.40 0.10 200.00 

Figure 6.6c 29.08 0.96 -0.23 0.77 -0.66 22.26 0.10 200.00 

Figure 6.6d 36.04 0.95 -0.27 2.63 -0.71 19.32 0.10 196.43 

Figure 6.6e 35.64 1.03 -0.39 3.92 -0.76 30.28 0.10 186.61 

Bilirubin 
Deposition/ 

Degradation on 
Silica Fiber (In 

Blue Light) 

Figure 6.6a 11.04 0.00 -0.20 3.2 -0.1 40.00 6.15 33.51 

Figure 6.6b 19.14 0.00 -1.55 1.34 -3.23 17.98 2.00 103.03 

Figure 6.6c 29.08 0.00 -0.03 2.95 -1.32 30.79 1.81 150.00 

Figure 6.6d 36.04 0.00 -0.20 2.30 -0.34 27.33 1.27 289.70 

Figure 6.6e 35.64 0.00 -0.79 4.79 -1.07 14.06 1.15 472.00 

 

6.4. Conclusion 

In the present study, we have developed a fiber optic evanescent field-based sensor for the 

detection of bilirubin in an aqueous medium. Our pH dependent studies show the efficacy of 

our developed fiber sensor depends on the deposition of bilirubin on the fiber surface due to 

the presence of unavoidable hydroxyl moieties on the silica surface. Our studies clearly reveal 

the importance of numerical fitting considering the deposition effect on the kinetics data 

obtained from the fiber sensor. We have demonstrated the efficacy of our strategy in the 
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maintenance of controlled bilirubin level in a blood-phantom solution (mixture of hemoglobin 

and HSA). We have also shown that bilirubin deposited at the fiber surface can be removed 

using the evanescent field. In a prototype experiment we have designed a way to detect the 

level of bilirubin (diagnosis) and its photodegradation (therapy) simultaneously, using a single 

fiber. The method could be useful for both noninvasive (on skin, like phototherapy) and 

invasive (in contact with blood); however, actual therapeutic strategy may be determined after 

a rigorous clinical trial. Apart from its fundamental importance, we believe that this work 

represents a step forward in the use of evanescent field (light) for potential theranostics 

application in hyperbilirubinemia. 
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Chapter 7 

Detection of a Picosecond-resolved Dipole-dipole 

Interaction on Optical Fiber Surface for Potential 

Application in Sensing at Molecular Level 

7.1. Introduction 

Immediately after development of the quantitative theory for the resonance energy transfer by 

Theodor Förster in 1948, the state of Förster resonance energy transfer (FRET) became 

popular in biophysical research [1]. However, the use of FRET in fiber optics is evident in 

1990s [2, 3], which is relatively late given the first development of the field in the mid-20th 

century [4]. FRET is a photophysical process where the excited state energy from a donor is 

transferred ‘non-radiatively’ to an acceptor molecule at close distance via dipole-dipole 

coupling. Till date the reports on the FRET based fiber sensors rely on the fluorescence 

quenching of the donor (probe) molecule in sensitized fiber [5-9]. However, fluorescence 

quenching of a donor molecule may result from the radiative energy transfer, which is just a 

re-absorption of the donor radiation by the acceptor in the medium due to spectral overlap 

between donor emission and acceptor absorption spectra. The potential danger of concluding 

resonance type energy transfer has been discussed in a recent literature [10]. The study shows 

[10] that faster excited state lifetime in the presence of an acceptor is the only way to conclude 

a resonance type energy transfer in a donor-acceptor system. This issue is addressed pictorially 

in Figure 7.1. Although from the definition of the resonance type energy transfer, the 

importance of excited state lifetime of donor molecule is clearly evident, no report on the use 

of lifetime in the FRET based fiber optic sensor is surprisingly evident in contemporary 

literature. 

In a typical development of FRET based fiber optic biosensors for the biomedical 

diagnostics, a specific fluorophore (energy donor) conjugated antibody is immobilized to the 

distal end of an optical fiber. Another fluorophore (energy acceptor) in the antibody specific 

antigen in the medium under test quenches the emission of donor fluorophore. The proximal 
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end of the fiber is connected to a fluorometer in order to monitor the quenching as FRET 

signal concluding the presence of the specific antigen in the medium [6]. Such sensing scheme 

has been successfully used for the detection of pathogenic microbes [8] in ground pork 

samples. In all the sensors, evanescent field of the propagating light is used to deliver 

excitation energy to the donor molecules and eventually collect FRET signal from the distal 

sensitized end to the proximal end of the fiber. Sensible use of the evanescent field of an 

optical fiber for the simultaneous use of potential diagnostics and therapy (theranostics) of 

hyperbilirubinemia is recently reported from our group [11]. In the above mentioned 

applications, the time resolved fluorescence properties remain unexplored. However, 

validation of FRET and consequent use of the formulism for the estimation of the molecular 

distance between the donor and the acceptor demands a careful analysis of the excited state 

lifetime of the fluorophores with picosecond resolution [12]. In some of the recent studies, 

the usefulness of the picosecond resolved fluorescence measurement for the FRET based 

sensor (not using an optical fiber) has been recognized [13-15]. In a report using quantum  

 

 

Figure 7.1. Two mechanisms of fluorescence quenching namely non-radiative and radiative are shown. In the non-
radiative-type (resonance) fluorescence quenching dipolar interaction between energy donor and acceptor is unavoidable due 
to their close proximity. Quenching of fluorescence transient of the donor in the presence of acceptor should be evident. On 
the other hand radiative type fluorescence quenching could be mere re-absorption of energy donor emission by the acceptor 
molecule due to significant donor-acceptor spectral overlap. Neither close-proximity of the donor-acceptor pair nor 
quenching of the fluorescence transient of the donor is required. 

dots linked to DNA have been used in an ultrasensitive nanosensor based on fluorescence 

resonance energy transfer (FRET) capable of detecting low concentrations of DNA in a 

separation-free format [13]. Another study demonstrated that fluorescence lifetime data 

accurately be recorded via miniature fiber endoscopes that can discriminate dichotomous 
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labeled structures and cells [14]. In a recent study, FRET between donor nanoparticle and 

acceptor quantum dots is utilized in protein quantification [15]. 

In the present study, we have sensitized the distal end of a silicon fiber tip by 

covalently tethering the well known biological probe dansyl [16]. A self developed optical 

setup containing two off-axis parabolic mirrors and a dichroic mirror has been used to launch 

light from a picosecond laser to the proximal end of the fiber tip and to collect fluorescence 

signal for a 16-channel PMT array connected to picosecond resolved time correlated single 

photon counting (TCSPC) modules. Ethidium labeled genomic DNA (from calf thymus) [17-

19] is used as a model analyte for the sensing application. The absorption spectrum of the well 

known DNA-label ethidium has strong spectral overlap with the emission spectrum of the 

probe dansyl at the fiber tip, which is the prerequisite of efficient resonance energy transfer 

from dansyl (donor) to ethidium (acceptor) in the test DNA. We have observed that the fiber 

itself is having an intrinsic emission at the wavelength around 460 nm, which is close to the 

emission (505 nm) of the probe dansyl at the fiber tip. Our picosecond resolved measurement 

strategy allows us to distinguish the background emission from the fluorescence signal of the 

probe dansyl. A significant shortening of the donor fluorescence lifetime in presence of 

ethidium labeled DNA at the sensor tip not only validates the resonance type sensing 

mechanism (FRET), also estimates the distance between the donor at the fiber surface to the 

test DNA using dipole-dipole coupling formulism. The advantage of using dansyl as a probe is 

also evident in our use of the sensitized fiber tip as remote sensor of polarity (dielectric 

constant) of a liquid mixture of two miscible solvents (water and 1,4-dioxane). A molecular 

pathway in the surface desorption of DNA from the fiber tip in saline solution is evident 

during our studies on the reusability of the sensor tip for the repetitive measurement. On the 

other hand synthetic dyes like Methylene Blue (MB) are being extensively used in various 

industries such as textile, paper and plastics with harmful effect in the environment [20]. The 

released aromatic amines from MB (benzidine, methylene etc) are found to be potential 

carcinogen. Extensive research has been devoted to remove MB from waste water 

(adsorption, filtration or chemical reaction) before dumping. However, monitoring the 

concentration of MB present in the waste water before or after the treatment is relatively less 

emphasized. The advantageous aspect of our detection mechanism has been further proven 

by detecting methyl blue (MB) in water after attachment of the DNA-EtBr in the fiber tip. 



122 
 

7.2. Results and Discussion 

7.2.1. Ultrafast FRET at Fiber Tips: Potential Applications in Sensitive Remote 

Sensing of Molecular Interaction [21]: The instrumentation with TCSPC is designed to 

monitor the change in the excited state lifetime of the dansyl probe due to Förster resonance 

energy transfer (FRET) from the sensitized fiber tip. The schematic representation of the 

setup is shown in Figure 7.2. A picosecond (pulse width of 70 ps) laser beam passes through 

L1 (an aspheric condenser lens of 30 mm focal length), M1 (a dichroic mirror, which reflects 

<400 nm and passes wavelengths in the visible light) and a pair of off-axis parabolic mirrors 

(M2 and M3 of focal lengths 132 mm and 25 mm, respectively), and eventually enters into the 

proximal end of the sensitized fiber. For the collection of the fluorescence signal from the 

sensitized fiber tip, the fiber bundle (F-100) is placed at the focal point of M2, which carries 

the signal to the polychromator-PMT array and finally to the TCSPC module. The 16 channel 

PMT was used to measure simultaneous time resolved decays corresponding to 16 different 

wavelengths. From maximum counts of the channels, in a given acquisition time, the steady 

state emission spectrum of the probe dansyl (fluorescence intensity versus wavelength) can be 

generated. All the experiments were performed in dark condition to avoid any ambient light 

interference. The schematic of the sensitized fiber tip and the sensing strategy is shown in the 

inset of Figure 7.2. 

 

Figure 7.2. Schematic ray diagram of the ultrafast FRET instrumentation used in the study. (Inset) The FRET 
mechanism between the sensitized fiber tip and ethidium (EtBr) labeled DNA is represented, where the Förster distance 
is found to be 26.8 Å. 
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We have observed that bare fiber without sensitization shows a fluorescence signal 

(peak around 460 nm) under 375 nm excitation, which is close to the emission from the probe 

dansyl (peak at 505 nm) as shown in the inset of Figure 7.3a. Coupling of laser beam and 

eventually collecting signal from fiber without sensitization also reveal fluorescence transient. 

For the optimization of the fiber length in our application, first we have used a 30 cm long 

optical fiber with one end sensitized with dansyl. The sensitized fiber reveals two peaks in the 

 

 

Figure 7.3. Optimization of fiber length for sensor application: (a) The fluorescence decay from the fiber tip (fiber length 
30 cm) before (blue line) and after dansylation (green line). For both the cases the first decay (peak 1) is present, however, 
the second decay (peak 2) is present only for the dansylated fiber. (Inset) Steady state fluorescence spectra of the fiber with 
(peak at 505 nm) and without (peak at 460 nm) dansylation are shown in the inset of the Figure. (b) The fluorescence 
transient of the 1 meter dansylated fiber, where the distance travelled by the light is approximately twice the length of the 
fiber. (Inset) fluorescence decay from the fiber tip (fiber length 11 cm). Inter-peak time interval decrease with the decrease 
in fiber length. Justification of using 1 meter long fiber for any practical sensing application is clearly evident (see text). 
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fluorescence transient measurement (Figure 7.3a). Our control experiment with the fiber of 

similar length without sensitization shows only one peak (peak 1) with lifetime of 2.65 ns, 

revealing the contribution of the background emission from the bare fiber. 2.65 ns lifetime 

value is found to be consistent with that of the clad only, which is made of technology 

enhanced clad silica (TECS) polymer (details of the spectroscopic properties are not available 

from the vendor) upon UV excitation (data not shown). Upon sensitization of the fiber tip 

with dansyl, we have observed two peaks in the time resolved studies as shown in Figure 7.3a. 

While numerical fitting of peak 1 reveals time constant of 2.65 ns, peak 2 shows a lifetime of 

3.83 ns (Table 7.1). The lifetime of peak 2 is also found to be consistent with that of the fully 

dansylated short fiber, essentially confirming the signal from the fiber tip. In order to further 

confirm the origin of the peak 2 to be from the fiber tip we have performed the time resolved 

studies with optical fiber of different lengths. For the fiber of 30 cm length the time interval 

between two peaks (peak1 and peak 2 in Figure 7.3a) is measured to be 2.58 ns, which is 

consistent with the estimated time interval (  
                

 
, where   and   are the 

refractive index of fiber core and the speed of light in vacuum, respectively) of 2.82 ns. For 

fibers of lengths 1 meter (Figure 7.3b) and 11 cm (Inset of Figure 7.3b) the measured time 

intervals of 9.17 ns and 0.82 ns respectively are in agreement with the estimated values of 9.74 

ns and 0.97 ns. The observation clearly justifies the optimization of the length of the optical 

fiber for the sensing application and confirms peak 2 in the Figure 7.3 to be the signal from 

sensitized fiber tip in the distal end. For example, our studies on a fiber of length around 11 

cm shows that background emission is very close to the signal from the sensitized fiber tip 

(Figure 7.3b inset). Here, we have used a fiber length of 1 m with one end sensitized with 

dansyl probe and transient signal obtained is shown in Figure 7.3b. 

After the optimization of the required length of the fiber, we use the sensitized fiber 

tip as FRET based sensor for the detection of DNA. A strong spectral overlap between the 

donor emission with that of the absorption spectrum of the acceptor is the prerequisite of 

FRET [12] and is evident from Figure 7.4a. From Figure 7.4a, we have estimated the overlap 

integral of dansyl (donor) emission spectrum with that of the ethidium (acceptor) labeled 

DNA absorption (Equation 2.4) to be 1.36 × 1013 M−1cm−1nm4. A significant steady state 

quenching of dansyl emission at the fiber tip is evident from Figure 7.4b, where the emission  
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Figure 7.4. (a) Spectral overlap between the emission spectrum of dansylated fiber tip and the absorption spectrum of 
ethidium tagged DNA. (b) Steady-state fluorescence quenching of dansylated fiber tip in presence of the acceptor ethidium 
labeled DNA. (c) Picosecond-resolved fluorescence transients of dansylated fiber tip in absence (green line) and presence 

(red line) of ethidium labeled DNA monitored at em = 505 nm. (Inset) Picosecond-resolved fluorescence transients of 

dansylated fiber tip in absence (orange line) and presence (violet line) of unlabeled DNA, monitored at em = 505 nm. 
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peaking at 610 nm is the energy acceptor ethidium in the DNA. In a controlled experiment 

the magnitude of the steady state quenching of the dansyl emission upon surface adsorption 

of EtBr-labeled DNA the concentration of DNA in the solution could be measured. An 

earlier report from this group shows that the concentration of a model analyte bilirubin in an 

aqueous solution can be measured from the surface adsorption of the analyte on a sensing 

optical fiber dipped in the solution [11]. A direct evidence of the resonance type energy 

transfer is evident from both the steady state quenching (Figure 7.4b) and time resolved 

fluorescence transients of the donor dansyl at the fiber tip as shown in Figure 7.4c. The faster 

fluorescence decay of the dansyl in ethidium labeled DNA solution is evident from Figure 

7.4c and Table 7.1, which confirms the proximity of the biomolecule to the fiber surface. Inset 

of Figure 7.4c shows similar fluorescence decay transients of dansylated fiber tip in absence 

and presence of unlabelled DNA in water, monitored at em = 505 nm eliminating the 

possibility of the steady state and temporal quenching due to electron transfer [22]. On taking 

a quantum yield of dansylated fiber tips in absence of acceptor ethidium to be 0.7 [23], we 

have estimated a FRET efficiency of 49% using Equation 2.7b which is found to be 

reproducible within 5% error limit. The estimated Förster distance, R0, for the FRET pair is 

found to be 26.4 Å. The donor–acceptor distance (r) using Equation 2.2 is calculated to be 

26.8 Å, indicating a very close proximity of the DNA molecules to the fiber tip. 

Monitoring the polarity in a hazardous environment including petroleum processing 

column is reported to be important for the quality control of the petroleum product [24]. 

However, the remote sensing of the polarity in the reaction chamber (column) is unavoidable 

for the very hazardous nature of the reaction chamber. The remote sensing ability of the 

sensitized fiber tip using the picosecond resolved TCSPC strategy is evident from Figure 7.5a 

and Table 7.1. Here, we have used a liquid mixture of two different miscible solvents 1,4-

dioxane and water with different proportions. It has been reported earlier [25] that a solution 

of different dielectric constants can easily be prepared by mixing various proportions if 1,4-

dioxane (dielectric constant = 4) and water (dielectric constant = 80). We have used the liquid 

mixture as model environment for the remote sensing studies. As shown in Figure 7.5a 

(numerical fitting is shown in Table 7.1), a distinct change in the lifetime of the probe dansyl 

at the fiber tip is evident with the change in dielectric constant of the liquid mixture. While  
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Figure 7.5. (a) Fluorescence transients of the fiber tip in liquid mixture of water and dioxane revealing different 
dielectric constants of the medium. (Inset) Red shift of the steady state emission maxima of the sensitized fiber from 486 
nm to 505 nm with increase in water content is represented. (b) Exponential increase of the measured non radiative rates 
of the dansyl probes at the fiber tip with increase in dielectric constant of the test medium. One may use the calibration 
(see text) for the remote sensing of an medium of unknown dielectric constant.(c) Fluorescence transients of the used (with 
ethidium labeled DNA) fiber tips in 1 M NaCl solution for 10 min. Surface desorption of DNA at molecular level is 
clear (see text). 
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longer lifetime in environment with lower dielectric constant is evident from the Figure 7.5a, 

the inset of the Figure 7.5a shows gradual red-shifting of the steady state emission spectrum 

of the dansyl probe at the fiber tip with the increase in the water content of the medium 

(higher dielectric constant). The observation is consistent with the fact that the excited state of 

the probe is heavily dependent on the dielectric constant of the host medium (polarity) due to 

the nonradiative twisted intra-molecular charge transfer (TICT) events upon photo-excitation 

[16]. In Figure 7.5b we have plotted the dielectric constant of the medium with the 

nonradiative TICT rate (knr) estimated in the following way [22]:      


 
   


    

 , 

where s is the average lifetime of the probe dansyl in any medium and diox is that in pure 

dioxane. As evident in Figure 7.5b, the rate constants follow an exponential rise function with 

the increase in dielectric constant of the medium. The dielectric constant of the medium can 

be estimated by using the empirical formula:                     , where D is the 

dielectric constant of the test medium. 

 In order to investigate the efficacy of the sensitized fiber tip for repetitive usage, we 

have investigated the surface desorption of ethidium labeled DNA from the fiber tip. The 

detachment of the DNA from the fiber tip is achieved by dipping the used dansylated fiber tip 

(sensor) in 1 M sodium chloride (NaCl) solution for 10 min [16]. DNA initially attached to the 

fiber tip by electrostatic interaction between the positively charged amine (NH3
+) groups of 

APTES and negatively charged phosphate (PO3
-) backbone of DNA itself. NaCl detaches the 

DNA molecules from the dansylated fiber surface and interestingly the average excited state 

lifetime of the sensor also recovered subsequently from 1.97 ns to 2.46 ns (tending towards its 

original value of 3.83 ns in absence of DNA), as shown in Figure 7.5c. Surface desorption of 

DNA from the sensor tip is evident from the observation. Involvement of multiple steps in 

the desorption revealing different DNA distances from the fiber surface in presence of NaCl 

is also clear from the studies. We have estimated that the intermediate distance of the test 

DNA from the surface (Equation 2.2) is 30 Å in 10 minutes, before the biomolecule goes 80-

100 Å from the surface, which is beyond the scope of a FRET based sensor [12]. The 

exploration of such molecular details can only be achieved using picosecond resolved FRET 

sensors. 
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Table 7.1. Numerical fitting of the fluorescence transients shown in Figures 7.3-7.6.  Numbers in parenthesis indicate 
relative contributions of correnponding decay time constants. 

Figure Description 1 (%) 
(ns) 

2 (%) 
(ns) 

3 (%) 
(ns) 

avg 

(ns) 

Figure 7.3(a) 1st Decay 0.27 
(45%) 

0.71 
(33%) 

10.42 
(22%) 

2.65 

2nd Decay 0.50 
(36%) 

2.46 
(37%) 

10.16 
(27%) 

3.83 

Figure 7.4(c) Sensitized fiber tip in water 0.50 
(36%) 

2.46 
(37%) 

10.16 
(27%) 

3.83 

Sensitized fiber tip in 
Ethidium labeled DNA 

0.37 
(57%) 

2.10 
(26%) 

7.19 
(17%) 

1.98 

(Inset) Sensitized fiber tip in 
unlabeled DNA 

0.50 
(37%) 

2.94 
(38%) 

13.10 
(19%) 

3.79 

Figure 7.5(a), 
Sensitized fiber  
tip in 

Dioxane 0.43 
(19%) 

2.55 
(32%) 

10.30 
(49%) 

5.94 

Dioxane: Water = 3:1 0.41 
(30%) 

2.22 
(30%) 

9.91 
(40%) 

4.75 

Dioxane: Water = 1:1 0.40 
(38%) 

1.91 
(31%) 

7.84 
(31%) 

3.17 

Dioxane: Water = 1:3 0.38 
(73%) 

2.00 
(25%) 

6.71 
(2%) 

0.91 

Water 0.32 
(22%) 

0.95 
(6%) 

3.34 
(72%) 

2.53 

Figure 7.5(c), 
Sensitized fiber tip in 

In 1M NaCl (saline) solution 0.38 
(49%) 

2.37 
(31%) 

7.69 
(20%) 

2.46 

Figure 7.8(c)  Fiber tip with DNA-EtBr 1.34 
(57%) 

11.50 
(43%) 

- 5.68 

In MB solution 1.12 
(50%) 

5.14 
(50%) 

- 3.13 

 

7.2.2. Medical Diagnosis and Remote Sensing at Fiber-Tip: Picosecond Resolved 

FRET Sensor [26]: Upon simplification of the earlier reported TCSPC setup [21] we were 

able to monitor the change in the excited state lifetime of the probe attached to the fiber tip. 

The schematic representation of the TCSPC setup is shown in the Figure 7.6. The PDL-80-D 

PicoQuant laser driver was used to drive the 375nm UV picosecond pulsed laser (LDH-P-C-

375) with a repetition frequency of about 62.5 KHz. The pulsed laser beam passes through a 

dichroic mirror (which reflects <400 nm and passes wavelengths in the visible range) and a 

off-axis parabolic mirror (focal length 25 mm), and eventually enters into the proximal end of 

the sensitized fiber. Finally the fluorescence signal was collected by the fiber bundle (F-100), 
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Figure 7.6. Experimental setup: Schematic diagram of the instrumentation based on time resolved based Förster 
resonance energy transfer (FRET) sensor. 

placed at the focal point of a condenser lens. Upon collection of the fluorescence signal by the 

16 channel PMT (PML-16-1-C), 16 decays corresponding to 16 different wavelengths ware 

generated by using the Simple Tau-130EM module consisting of two special purpose data 

processing cards SPC-130EM and DCC-100. The processed electronic signal is fed to the 

Lenovo ThinkPad laptop-PC with pre installed SPCM64 software through Express Card 54. 

The steady state emission spectrum has been generated using the histogram plot, 

corresponding to maximum intensity of each channel (wavelength) (inset Figure 7.7). All the 

experiments are performed in dark room to avoid any ambient light exposure. 

The decay transients from the dansylated fiber (1 m) corresponding to 16 different 

wavelengths are represented in Figure 7.7. It is evident that the decay pattern consists of two 

decay peaks. The detail investigation of such observation is already reported [21]. The 

histogram plot of the intensity maximas (inset Figure 7.7) revealed two different emission 

peaks at 460 nm and 505 nm for peak 1 and peak 2 respectively. At em= 505 nm the decay of 

peak 1 has an average lifetime of 2.68 ns, where as peak 2 was observed with an average 

excited state life time of 3.84 ns. Additionally, the path traveled (~ 2m) by light during the 

time difference (10 ns) between peak 1 and peak 2 is twice the length of the fiber (1 m), which 

confirms the origin of the second decay (peak 2) is from the sensitized tip. 
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Figure 7.7. Characterization of the fiber sensor: 16 channel decay (400nm -600 nm) from the sensor (Fiber length 1 
m) with dansylated fiber tip. (Inset) The histogram plot of the 16 channel decay maxima from both the decays with 
emission peak at 460 nm and 505 nm respectively. 

After validating the FRET in optical fiber tip by following the previously mentioned 

instrumental and experimental techniques, the application of the sensor was extended to 

detection of methylene blue solution in aqueous environment. DNA-EtBr was attached to the 

fiber tip by dipping the APTES modified tip in the solution. A strong spectral overall between 

the emission of donor (DNA-EtBr) with that of the absorption spectrum of the acceptor 

(MB) is evident from Figure 7.8a. From the Figure 7.8a the overlap integral of DNA-EtBr 

(donor) emission spectrum with that of the MB (acceptor) absorption (Equation 2.4) was 

estimated to be 5.2 × 1015 M−1cm−1nm4. A significant steady state quenching of DNA-EtBr 

emission at 600 nm at the fiber tip is evident from Figure 7.6b. A direct evidence of the 

resonance type energy transfer is obtained from both the steady state quenching (Figure 7.8b) 

and time resolved fluorescence transients of the donor DNA-EtBr at the fiber tip as shown in 

Figure 7.8c. The faster fluorescence decay of the DNA-EtBr in MB solution is evident from 

the Figure 7.8c and corresponding bi-exponential decay flitting has been represented in Table 

7.1, which confirms proximity of the synthetic dye at the fiber surface. On taking quantum  
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Figure 7.8. Methylene blue (MB) sensing: (a) Spectral overlap between emission spectrum of EtBr-labeled DNA 
attached fiber tip and the absorption spectrum MB. (b) Steady-state fluorescence quenching of EtBr-labeled DNA 
attached fiber tip in presence of the acceptor MB (c) Picosecond-resolved PL transients of EtBr-labeled DNA attached 

fiber tip in presence and absence of MB monitored at em = 600 nm. 

yield of DNA-EtBr in absence of acceptor MB to be 0.2, we have estimated a FRET 

efficiency of 44% using Equation 2.7b. The estimated Förster distance, R0, for the FRET pair 

is found to be 49.16 Å. The donor–acceptor distance (r) using Equation 2.2 is calculated to be 

51.14 Å. 
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7.3. Conclusion 

In conclusion, we have validated resonance type energy transfer scheme in a model FRET 

based fiber optic sensor for the first time using picosecond resolved time correlated single 

photon counting (TCSPC) technique. The ultrafast time domain measurement strategy also 

avoids possible interference from the background emission of the bare fiber. Confirmation of 

the FRET mechanism allows us to use dipole-dipole coupling formulism for the estimation of 

proximity of ethidium labeled DNA with respect to the sensitized fiber tip in molecular 

resolution. The efficacy of the designed fiber sensor for the detection of various dielectric 

constants and the presence of MB, a model aqueous pollutant in water has also been 

established. The reusability of the sensor tip for repetitive application is confirmed. Stepwise 

surface desorption of DNA from the fiber tip is also evident from our studies. In future, our 

study is expected to find the relevance in the sensitive FRET based optical sensor 

development. 
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Chapter 8 

Development of a DNA-based Material for Potential 

Fiber Optic Sensing of Heavy Metals in Biomedically 

Relevant Environments 

8.1. Introduction 

DNA, ‘the molecule of life’ has been used extensively for the development of biomaterials in 

the last decade [1]. Applications of the biomaterial covers fully functional equivalents of the 

majority of electronic and photonics elements like light emitting diodes (LED), photovoltaic 

cells, transistors, memory chips, waveguides, laser, holographic gratings, elements of non-

linear optics etc [2]. Among the different types of DNA based biomaterials the water insoluble 

DNA–lipid (surfactant) complex, produced upon reaction between DNA and a cationic 

surfactant [3] (such as, cetyltrimethyl ammonium chloride: CTMA or cetyltrimethyl 

ammonium bromide: CTAB) is most popular. The optical properties including high 

transmission (~100% at λ =300–1600 nm) [3], low optical loss (0.05 dB/cm at λ =800 nm) 

and favorable index of refraction (1.535 at λ = 350 nm) [4] of the thin film motivates many 

optoelectronic applications of this material [4, 5]. In recent years considerable efforts have 

been devoted to utilize the materials as a sensor. Such as, dual detection of ultraviolet and 

visible light [6], chemical sensing using thin films as wave guides [7], metal-biopolymer-metal 

photodiode for light sensing [8]. On the other hand, optical fiber sensors (OFS) are popular 

since 1987 [9]. In a few recent reviews, the development of Fiber-Optic Chemical Sensors 

(FOCS) and Biosensors (FOBS) has been summarized [10-13]. Sensing by FOCS and FOBS 

includes temperature, humidity, different gases (oxygen, hydrogen, nitrogen, ammonia, carbon 

dioxide etc.), glucose, salinity and others [14, 15]. However, reports on elemental analysis like 

heavy metal ions dissolved in water is limited in the contemporary literature. There are few 

reports on potential OFS tools for the detection of mercury [16-20], with limited portability, 

versatility and cost-effectiveness. Though there are several reports on the solution based 

efficient mercury sensors [21-24], we have restricted our study in the development of in situ 

optical fiber based detection strategies. In the present work, we have used a DNA based thin 
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film on the tips of optical fibers for specific sensing of mercury ions (Hg2+) in dissolved water 

with 9 nM (~1.8 ppb) detection limit. The nano surface energy transfer (NSET) between 4', 6-

diamidino-2-phenylindole (DAPI), an efficient DNA minor-groove binding luminescent dye 

and silver-nanoparticle (Ag-NPs) in the thin film plays the key role in the nanomolar specific 

detection of Hg2+ in aqueous environments. Since, no external processing (sample collection, 

preparation, handling and measurement) is required, OFS based mercury sensor is highly 

efficient for field measurements in natural waters in contrast to the kits based ex situ 

measurement with standard field portable equipment. Additionally, in the kits based system 

the presence of an expert is required due to its very precise sample preparation process (which 

is the main source of erroneous results). Whereas, OFS based system can be handled by any 

non expert with little or no knowledge of instrument handling. 

DNA, the polymeric molecule with two intertwined spirals of sugar and phosphate 

molecules linked by hydrogen-bonded base pairs is shown to be useful in developing novel 

nanostructured materials [25]. Structural properties of biopolymers including DNA often have 

unusual properties that are not easily replicated using conventional organic or inorganic 

materials [1, 2]. Moreover, they are abundant in nature and can easily be degraded without 

 

 

Scheme 8.1. Schematic representation of the nano surface energy transfer (NSET) between DNA-DAPI and silver 
nanoparticles (Ag-NPs) and De-NSET upon interaction with mercury (Hg2+) due to amalgamation of Ag-NPs with 
Hg2+. 

causing any harm to the environment. In our study, we have used the salmon sperm DNA 

which is a waste product of fish-processing industry. The DNA is highly soluble in water but 

forms complex polymers upon interaction with cationic surfactants. The complex is insoluble 
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in water but soluble in alcohol [26], which is advantageous not only in terms of casting DNA 

thin-films over any surface but also ideal for sensing analytes in water. We have utilized the 

exceptional affinity of DNA towards different dyes to insert DAPI [27] into the DNA (DNA-

DAPI). Furthermore using DNA for templating inorganic nanostructures has been frequently 

reported in recent years [28-30]. We have used DNA to impregnate silver nanoparticles (Ag-

NPs) during the complexation reaction with surfactant CTAB. The lyophilized powder of 

DNA-DAPI-CTAB-Ag-NPs complex is dissolved in ethanol. Upon characterization of the 

thin film by optical spectroscopy and imaging, we have dip-coated a chemically etched fiber 

tip for sensing mercury (Hg2+) in water. The regenerative use of the fiber tip can be achieved 

by removing the coating using ethanol followed by further dip-coating of the tip. The 

phenomenon of nano surface energy transfer (NSET) in the bio-material of DNA-DAPI with 

Ag-NPs reduces the emission of DAPI significantly (Scheme 8.1). Upon interaction of Ag-

NPs in the fiber tip with the Hg2+ the Ag-NPs in the film undergoes an amalgamation reaction 

with Hg2+ and eventually lose the surface plasmon resonance (SPR) (Scheme 8.1). We have 

shown that the decrease in SPR, at the fiber tip has strong dependency on the Hg2+ 

concentration in the test water. On the other hand, due to the absence of the acceptor, SPR of 

the Ag-NPs, the emission of DAPI in the film is restored. 

8.2. Results and Discussion 

8.2.1. DNA Biomaterial Based Fiber Optic Sensor: Characterization and Application 

for Monitoring in situ Mercury Pollution [31]: Figure 8.1a presents a TEM image of Ag-

NPs impregnated bio-films. It is found that Ag-NPs are spherical in shape with an average 

diameter of 19.45 nm, which is slightly lager compare to earlier results of the followed 

synthesis procedure [32]. A reason for that could be an interaction of the citrate capped Ag-

NPs with CTAB during the preparation of the bio-films [33]. However, no change in the 

particle size distribution (lower inset of the Figure 8.1a) is observed even after few months 

from the synthesis of the bio-film material. The HRTEM image (Upper inset Figure 8.1a) has 

provided us further insight into the microstructure and crystallinity of the Ag-NPs in the bio-

films. The high crystalline nature of the Ag-NPs with lattice spacing of 0.23 nm corresponds 

to (111) planes of silver, which further corroborates the (111) planes as dominant faces of the 

silver spheres. The SEM image of the bio-film upon casting on a silicon wafer is shown in 

Figure 8.1b. The spherical Ag-NPs with an average diameter of 17.45 nm are observed on the 
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surface of the film. The particle size distribution is represented in the inset of Figure 8.1b. The 

apparent decrease in diameter of Ag-NPs compare to the TEM measurement 

 

 

Figure 8.1. (a) TEM image of Ag-NPs impregnated DNA-DAPI bio-film. (a-upper inset) Lattice fringes in the 
corresponding HRTEM image indicating high crystalline nature of the Ag-NPs. (a-lower inset) Size distribution of Ag-
NPs in the bio-film. (b) SEM image of Ag-NPs impregnated DNA-DAPI bio-film. (b-inset) Size distribution of Ag-
NPs in the bio-film. (c) Schematic representation of the bio-film based on spectroscopic and imaging studies. (d) Potential 
application of the bio-film has been schematically represented. 

is observed due to the fact that all the particles are submerged in the film and we are able to 

see only the rise part of the Ag-NPs. From both observations, in Figure 8.1a and 8.1b, the 

structure of the bio-films is represented schematically in Figure 8.1c. The water insoluble 

DNA-CTAB complex is formed due to the binding of CTAB cationic polar head to the 

negative phosphate sugar chain of the DNA strands. During the binding process of DNA 

with CTAB it impregnates Ag-NPs in the solution and precipitates. So the overall view of the 
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bio-material should be Ag-NPs are embedded in the water insoluble DNA-CTAB complex. 

We have highlighted only a section of the matrix in Figure 8.1c for clarity. Since the DNA is 

tagged with DAPI, the biomaterial fluoresce around 440 nm [27] under UV excitation. On the 

other hand the Ag-NPs have a SPR band around 400 nm [32]. Thus a strong overlap between 

the emission spectra of DNA-DAPI and SPR of Ag-NPs suggests the possibility of energy 

transfer (ET) upon close proximity, which could be utilized for sensing. Possible applications 

of the bio-films have been summarized pictorially in Figure 8.1d. Upon perturbation of the 

SPR band of Ag-NPs leads to change in color of the bio-films (absorbance) as well as 

fluorescence of the material, both can be utilized in sensing applications. 

The comparative study of different bio-film coated fiber tips under bright field and 

UV excitation is represented in Figure 8.2 (Integration time (IT) for photogtaphic images; 

Bright Filed = 20 ms, UV Excitation = 100 ms). In this study the fiber tips were first dip-

coated with the desired bio-film and placed under microscope. During imaging, the light 

 

 

Figure 8.2. The comparative study of different bio-film coated fiber tips under bright field (Integration time (t) = 20 

ms) and UV excitation (t = 100 ms) (a) DNA, (b) DNA-Ag-NPs, (c) DNA-DAPI, (d) DNA-DAPI-Ag-

NPs. The adjacent images represent the image of the other fiber end (Bright field t = 10 ms, UV excitation t = 40 ms). 

The rectangles on the right represent the blue channel area histogram data corresponding to the RGB analysis of the 

highlighted portions of (c) and (d). (e) SEM image of bio-film coated fiber optic sensor tip. 

coupled into the fiber through the tip and transmitted all the way to the other end of the fiber, 

image of this end (Bright field IT= 10 ms, UV excitation IT= 40 ms) of the fiber is 

represented in adjacent to each fiber tip images. We have considered four variants of bio-film 
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DNA (a), DNA-Ag-NPs (b), DNA-DAPI (c), DNA-DAPI-Ag-NPs (d) (CTAB is common 

for all). (a) And (b) both are invisible under UV excitation since there in no fluorescence but 

under bright field (b) is yellowish compare to (a) due to the presence of Ag-NPs in the tip. 

Since the Ag-NPs in the tip acts as a filter, for (b) the other end of the fiber is observed as 

bright yellow. In case of (c) and (d) the observation under bright field is the same as (a) and 

(b) respectively due to the same reason (presence of Ag-NPs in (d)) but they are both visible 

under UV excitation because of the DNA intercalating dye DAPI. Though the concentration 

of DAPI present in both the films are same but (d) fluoresce less due the presence of Ag-NPs 

in the film, which indicates the possibility of energy transfer between the DAPI and Ag-NPs 

in the film. The corresponding image of the fiber ends show that the intensity of (d) is much 

less compare to (c). This is also reflected in the RGB (red-green-blue) analysis of the selected 

area ((c) and (d) Yellow rectangle) of the fiber tip images under UV excitation. The blue 

channel data corresponding to the area histogram of the selected portions, represented in the 

Figure 8.2 (Left, yellow rectangle) reveals that the average blue channel intensity for (c) is 107 

whereas for (d) it is 35 only. The SEM image of the bio-film coated fiber tip is represented in 

Figure 8.2e. 

The experimantal set up (Figure 8.3) was used for the testing upon dip coating the 

optical fibers with the bio-material (details in the 3.1.10 section). The absorbance spectra of 

the DNA-DAPI-CTAB-Ag-NPs (DNA-D-Ag, Figure 8.4) film obtained in the experimental 

setup is represented in the Figure 8.4a. The SPR of the Ag-NPs is clearly observed, peaking at 

a wavelength of 400 nm. The spectra of the bio-film material (in ethanol) recorded in 

spectrophotometer is also provided in the inset of the Figure 8.4a. Along with the SPR of Ag-

NPs, the huge absorbance peak of the DNA at 260 nm is evident. The emission and 

excitation spectra of the bio-film recorded under the experimental setup are represented in 

Figure 8.4b. A strong blue (440 nm) emission is observed with the excitation of 350 nm (ex = 

350 nm). The excitation spectra corresponding to 440 nm (em= 440 nm) reveals the 

excitation wavelength at around 340 nm. The decrease in emission intensity with the presence 

of Ag-NPs (DNA-D-Ag) in the DNA-DAPI (DNA-D) bio-film is represented in the inset of 

of Figure 8.4b. Initially, time resolved Förster resonance energy transfer (FRET) 
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Figure 8.3. Schematic representation of the experimental setup. With the introduction of the white light in the bio-film 
region it starts to lose its intensity as well as spectral property with each interaction. The Ag-NPs present in the bio-film 
absorbs the SPR band from white light, as a result the exited light from the fiber becomes yellow (left). Whereas with the 
introduction of the UV light in the bio-film region, the DPAI present in the film fluoresces as a result the fiber end 
become blue, which is the signal measured by the fluorometer (right). 

technique was employed to detect and study the interaction of DNA-DAPI (DNA-D) with 

the Ag-NPs. Inset of Figure 8.4c shows the strong spectral overlap between the emission 

spectrum of DNA-DAPI (donor) and the SPR band of Ag-NPs (acceptor). Picosecond 

resolved photo luminescent transients (Figure 8.4c) of both donor and donor–acceptor 

systems, monitored at 440 nm, shows significant shortening in the DNA-DAPI fluorescence 

lifetime upon introduction of Ag-NPs in the system. The picosecond resolved fluorescence 

decay of DNA-DAPI revealed multi-exponential time constants of 0.06 ns (29%), 0.742 ns 

(14%) and 2.61 ns (57%) giving an average time constant (τavg) of 1.61 ns. For the donor–

acceptor system time constants are obtained as 0.03 ns (56%), 0.7 ns (11%) and 2.58 ns (33%) 
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Figure 8.4. (a) The absorbance spectra of the bio-film obtained from the proposed experimental setup. (inset) The 
absorbance spectra of the bio-material in ethanol with the DNA peak at 260 nm. (b) The emission upon excitation at 

350 nm (ex 350 nm) and excitation spectra corresponding to 440 nm (em= 440 nm) of the bio-film obtained from the 
proposed experimental setup. (inset) The emission quenches due to presence of Ag-NPs in the DNA-DAPI bio-film. (c) 
Picosecond-resolved PL transients of DNA-DAPI (Blue), DNA-DAPI-Ag-NPs (Red) bio-material coated fiber tips 

and monitored at em = 440 nm. (Inset) Spectral overlap between emission spectrum of DNA-DAPI and the surface 
plasmon resosnence (SPR) band of Ag-NPs. 
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giving an average time constant (avg) of 0.95 ns (Table 8.1). The substantial shortening in the 

excited state lifetime of DNA-DAPI upon conjugate formation indicates conclusively that 

efficient FRET could occur from the DNA-DAPI donor to the Ag-NPs acceptor. 

Considering the quantum yield of DNA-DAPI in absence of acceptor as 0.92 [34, 35] and 

based on the spectral overlap, we have estimated a FRET efficiency of 41% using Equation 

2.7b. The measured donor–acceptor distance (r) calculated using Equation 2.6 is 21 nm, which 

is greater than 100 Å. The phenomenon of Ag-NPs based surface energy transfer (SET) 

process serves as a ruler to unravel the distance range well beyond 10 nm, which follows 1/d4 

distance dependence [36-38]. In order to favor the NSET formulism, the distance between 

donor DAPI and acceptor Ag-NPs is calculated to be 8.05 nm (d0=7.40 nm) from Equation 

2.10 and 2.11, respectively. As the calculated donor-acceptor distance is in consonance with 

the size of the Ag-NPs (radius 10 nm), hence, it is worth emphasizing that the energy transfer 

from DAPI to Ag-NPs results in the reduced DAPI emission as observed in the 

figures(Figure 8.2 (variant d) and inset of Figure 8.4b). 

Sensitivity of the fiber sensor towards Hg2+ in water was first assessed through the 

absorbance pathway. The comparative kinetics (at 400 nm) of the SPR band with different 

concentration (9 nM, 90 nM, 500 nM, 900 nM, 1.4 µM, 9 µM, 25 µM and 50 µM) of mercury 

in water is represented in Figure 8.5a. The reduction in the amplitude of SPR band with time 

upon interaction of the bio-film coated optical fiber sensor with Hg2+ with time is observed 

(Figure 8.5a inset I). It has been also found that the change in absorbance is linearly 

proportional with the concentration of the mercury in the range of 0 to 1500 nM ((Figure 8.5a 

inset II, r = 0.96, slope 9.06×10-5 and Y intercept 0.05). The Sensing ability of the bio-film 

coated tip sensor toward Hg2+ in water was also assessed through the fluorescence pathway. 

The emission kinetics (at 440 nm) of sensor with different concentration of mercury in the 

range mentioned above is represented in Figure 8.5b. The increment in the intensity is clearly 

evident from the emission spectra obtained from the sensor (Figure 8.5b inset I). The linear 

dependency between the concentration of the mercury and intensity change establishes the 

potential of this detection mechanism ((Figure 8.5b inset II, r = 0.99, slope 4.97 and y 

intercept 4345.62). In order to investigate the probable reaction pathway the decay transient 
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Figure 8.5. (a) and (b) Absorbance and fluorescence kinetics of the bio-film coated fiber tip with different concentration 
of mercury from 9 nM to 50 µM respectively. (Inset aI) & (Inset bI) Reduction in amplitude of SPR band (absorbance) 
and increment in the emission of DAPI with time upon interaction of the sensor with mercury (Hg2+) respectively. (Inset 
aIl) & (Inset bIl) Change in absorbance and fluorescence is linearly proportional with the Hg2+ concentration in the 
range 0- 1600 nM.(c) The De-NSET of the DNA-DAPI and Ag-NPs due the amalgamation of Ag-NPs with 
Hg2+. 
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of sensors after interaction with Hg2+ were recorded. The average excited state lifetime (Table 

8.1) of the sensor recovered subsequently from 0.95 ns to 1.32 ns, (tending toward DNA-

DAPI value of 1.61 ns without Ag-NPs) revealing the possibility of de-NSET mechanism in 

the fiber tip sensor (Figure 8.5c). Or in other words the state of the acceptor (Ag-NPs) is 

perturbed. The possible reasons could be that the Ag-NPs leave the film or it is present in the 

film but due to interaction with the Hg2+ it loses the SPR, the observed results are justified in 

both the cases. To have a better insight into the reaction mechanism, following electron 

microscopic studies has been performed. 

In order to investigate the mechanism of action, we have performed the TEM, SEM 

as well as EDX study of the bio-film material before and after interaction with mercury 

(Hg2+). The TEM image (Figure 8.6a before and 8.6b after) suggests that upon interaction 

with the Hg2+ the average particle size of Ag-NPs has drastically increased from 20 nm to 

more than 200 nm. Same characteristic change of Ag-NPs has been reflected from the SEM 

study of the bio-film material (Figure 8.6c before and 8.6d after). The EDX study of the bio-

film (Figure 8.6e before and 8.6f after) reveals that though the amount of silver present in the 

film before and after the interaction remains almost same (4 wt%, Figure 8.6e and 6f inset) 

but the presence of Hg2+ increased from 0 wt% to 20 wt% (Figure 8.6f inset). The results 

clearly suggests that the Ag-NPs does not leave the film rather due to highly reactive nature of 

the Hg2+ it could be possible that they are undergoing for the amalgam formation. In earlier 

reports on silver nanoparticle based Hg2+ sensing, it has been concluded to form Ag-Hg 

amalgam [39-41]. The statement is also supported by the observation (Figure 8.5 a inset I) of 

simultaneous decrease in SPR peak due to larger NPs (~400 nm) followed by blue shift in the 

spectra due to the reduction of effective size of the NPs and formation of bimetallic NPs [39-

41]. 

The optical responses of the biosensor towards metal ions such as Ag (II), Ca(II), 

Cd(II), Co(II), Cu(II), Fe(II), K(I), Mg(II), Na(I), Ni(II), Pb(II), Zn(II), Hg(II), have been 

investigated. Among these ions, only Hg(II)/Hg2+ has a significant effect on the absorbance 

(Figure 8.7a) as well as in emission (Figure 8.7b) spectra of the bio-material. The changes of 

absorbance and fluorescence after the interaction (5 min) with different ions have  
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Figure 8.6. The TEM image of the Ag-NPs impregnated bio-film before and after interaction with Hg2+ (a) and (b) 
respectively. The SEM image of the Ag-NPs impregnated bio-film before and after interaction with mercury ions (Hg2+) 
(c) and (d) respectively. The EDX curve corresponding to the bio-films before and after interaction with Hg2+ with (inset) 
comparative presence (wt%) of silver (Ag) and mercury (Hg) in the bio-film. 

been represented in Figure 8.7 with a 5% error bar. The high selectivity of the biosensor 

towards Hg2+over other biologically relevant metal ions can be seen with the naked eye also 

(Figure 8.7, insets). The disappearance (or reduction) of SPR band of Ag-NPs in the bio-film 

upon interaction with Hg2+ (Figure 8.7a, inset) and consequent increase in intensity (Figure 

8.7b, inset) is evident from the images obtained from microscopic studies. 
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Figure 8.7. Specificity test of the bio-film coated fiber sensor towards Hg2+ in contrast to the other metal ions in both 
the absorbance and the fluorescence way is represented in (a) and (b) respectively. (a- inset) The disappearance (reduction) 
of SPR band of Ag-NPs in the bio-film upon interaction with mercury ions (Hg2+), (b-inset) the consequent increase in 
intensity of the bio-film is represented. 

Table 8.1. Tri-exponential decay fitting of bio-film coated fiber tip sensor before and after the interaction with mercurry 
corroesponding to Figure 8.4(c) and Figure 8.5 (c) respectively. 

Figures Description 1 [ns] 2 [ns] 3 [ns] avg [ns] 

 

Fig. 8.4c 

DNA-DAPI 0.06 (29%) 0.74 (14%) 2.61 (57%) 1.61 

DNA-DAPI-Ag-NPs 0.03 (56%) 0.70 (11%) 2.58 (23%) 0.95 

 

Fig. 8.5c 

DNA-DAPI-Ag-NPs 0.03 (56%) 0.70 (11%) 2.58 (23%) 0.95 

DNA-DAPI-Ag-NPs-Hg 0.10 (29%) 0.71 (18%) 2.25 (53%) 1.32 
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8.3. Conclusions 

In summary, we have developed a DNA-based optical fiber sensor for the in situ measurement 

of mercury pollution with nM detection efficiency. Impregnated citrate capped silver 

nanoparticles (Ag-NPs ~20 nm) in a water insoluble DNA-lipid complex at the tip of a 

multimodal optical fiber is shown to play crucial role in the ultra-sensitive sensing mechanism. 

While, loss of SPR of the Ag-NPs in the proximity of mercury ions due to amalgamation and 

size enhancement is shown to be a key factor for the absorption based-sensing. Simultaneous 

de-NSET from a minor groove binding dye (DAPI) to the impregnated Ag-NPs (due to 

amalgamation) revealing restoration of DAPI fluorescence in presence of Hg2+ ions is an 

important mechanism for fluorescence based sensing. Our study clearly shows that the sensor 

is extremely selective to mercury ions, even in presence of other interfering cations generally 

present in water of natural sources. We have also developed a prototype of the system for 

potential field trials. 
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