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Fig 1.7 Schematic diagram of chemical enhancement of SERS. 





















Biosensors are principally employed in extensive fields of biotechnology such as 

medicine, agriculture, environment and so on. Biosensors are used for these purposes 

when the concentration of target analytes are monitored or evaluated. In the following 

paragraphs, the history, principle, different types of biosensors will be introduced. 

1.1.2.1 History 

The history of biosensors is back to as early as 1906. The concentration of an acid 

in a liquid is proportional to the electric potential was demonstrated by M. Cremer [1]. 

After three years, the concept of pH (hydrogen ion concentration) was introduced by 

Soren Peder Lauritz Sorensen. Before 1922, Griffin and Nelson first introduced 

immobilization of the enzyme invertase on charcoal and aluminum hydroxide [2], [3]. 

In the year 1922, W.S. Hughes put forward an electrode for pH measurements [4]. The 

first acknowledged biosensor was developed by Leland C. Clark, Jr in 1956. His 

invention was used for oxygen detection and named ‘Clark electrode’ [5]. In 1962, 

Leland Clark developed an amperometric enzyme electrode for the detection of glucose.  

Updike and Hicks discovered the first enzyme-based sensor which was reported by in 

1967 [6]–[12]. Two years later, the potentiometric biosensor was developed by 

Guilbault and Montalvo Jr which was used for detecting urea [13]. In 1970, the ion-

sensitive field effective transistor was discovered by Bergveld [14]. In 1975, the first 



commercial biosensor was eventually produced by Yellow Spring Instruments (YSI) 

[15]. In the same year, Lubbers and Opitz developed the fiber-optic biosensor for 

oxygen detection [16], and Suzuki et al. invented first microbe-based immunosensor 

[17]. In the year 1978, the first tissue based sensor for the determination of amino acid 

arginine was reported by Rechnitz [18]. Schultz achieved the fiber-optic biosensor for 

glucose detection in 1982 and surface plasmon resonance immunosensor was invented 

by Liedberg et al. in the next year [19]. In the following year, first mediated 

amperometric biosensor was developed for glucose detection [20]. The SPR-based 

biosensor was developed by Pharmacia Biacore [21] in 1990, and then Handheld blood 

biosensor was reported by i-STAT in 1992 [21]. Table 1 shows the historical overview 

of biosensors.  

Table 1.1 Important cornerstones in the development of biosensors 

 



1.2.2.2 Principle of biosensor 

A biosensor is an analytical device incorporating a deliberate and intimate 

combination of a specific biological element [16], [22]–[24]. Biosensors are employed 

in applications such as disease monitoring [25]–[33], drug discovery [34]–[41], and 

detection of pollutants [42]–[50], disease-causing [51]–[59] and so on. A typical 

biosensor is represented in the graph of Fig. 1, it consists of the following components 

which are bioreceptor and transducer. The analyte is the detection target which reacts 

with bioreceptor to generate the signals in the form of light, heat, current, pH change 

and so on. There are two different kinds of bioreceptor: nanostructure (nanoparticle, 

nanotube, and nanotip) and biomaterial (enzymes, cells, DNA and antibodies). The 

transducer is an element such as a photodiode, thermistor, electrode, quartz electrode 

etc. that converts bio-recognition into a measurable signal. Combination of electronics 

parts, display and software generates the result of the biosensor.

 

Fig 1.1 Schematic representation of a biosensor. 



The biosensors can be of many types such as: resonant biosensors [60]–[64], 

optical-detection biosensors [24], [65]–[68], thermal-detection biosensors [69], [70], 

ion-sensitive FET (ISFET) biosensors [14], [71]–[73] and electrochemical biosensors 

[74]–[76].  

Resonant biosensors are usually coupled with antibodies as bioreceptor. When the 

analyte (antigen) gets attached to the antibodies, the changes of the resonant frequency 

can be measured. For optical biosensor, extensively wide biomaterials can be used such 

as enzymes, receptors, antibodies, nucleic acids and so on. It is a compact analytical 

device containing an optical transducer system, which detects the light change of the 

analyte during the reaction and proportionate to the concentration. Thermal-detection 

biosensors composed by immobilized enzyme molecules as bioreceptor and 

temperature sensors as a transducer. During the biological reactions, heat is absorbed 

or produced which leads to the changes in temperature. Sensors measure the changes 

in temperature, and the relationship between temperature changes and the concentration 

of the analyte can be evaluated. These are semiconductor FETs having an ion-sensitive 

surface. The surface electrical potential changes when the ions and the semiconductor 

interact. This change in the potential can be subsequently measured. The 

electrochemical biosensors are mainly used for the detection of hybridized DNA, DNA-

binding drugs, glucose concentration, etc. The chemical reactions of electrochemical 



biosensors generate the electron or consume ions which affect the electrical properties 

of the solution. Finally, the change of the electrical properties can be detected. 

There are several bioanalytical techniques commonly used in bioanalysis studies which 

are listed in table 1.2. 

 

The hyphenated techniques include liquid chromatography-mass spectrometry 

(LC-MS), gas chromatography-mass spectrometry (GC-MS), liquid chromatography-

diode array detection (LC-DAD) and capillary electrophoresis–mass spectrometry (CE-

MS). Liquid chromatography-mass spectrometry (LC-MS) is an analytical chemistry 

technique that couples the physical division capacities of liquid chromatography (or 



HPLC) with the mass analysis capacities of mass spectrometry (MS) [83]–[87]  

 



dual polarisation interferometry (DPI)  enzyme-linked immunosorbent 

assay (ELISA) , magnetic immunoassay (MIA) and 

Radioimmunoassay (RIA) .



Electrochemi-luminescence (ECL) [139]–[142] UltraViolet - Near InfraRed 

(UV-NIR) [143], [144], Fluorescence detection, Raman spectroscopy and Localized 

Surface Plasmon Resonance (LSPR). Raman spectroscopy and localized surface 

plasmon resonance are related to the main topic of the dissertation. The details will be 

introduced from chapter 1.2.  



There are various applications of the biosensor which cover their use for food 

quality and safety, disease detection, environmental monitoring, plant biology, 

biodefense biosensing and many more. In the food processing industry, the 

development of biosensors is required to respond to the demand for quality and safety 

of food with real-time, selective, simple and inexpensive techniques [145]. Enzymatic 

biosensors which reported by Ghasemi-Varnamkhasti et al. are used for monitoring of 

aging of beer based on cobalt phthalocyanine [146]. Presence of Escherichia coli in 

vegetables is a bioindicator of fecal contamination in food [147]. In the medical field, 

the demands of biosensors are increasing significantly. Glucose biosensor is widely 

used by diabetes patients who require precise control over blood-glucose levels [148], 

[149]. Besides, a promising biosensor used for urinary inspection is under study. For 

environmental monitoring, the portable, rapid, and smart biosensors are required [150]. 

The cost-effective, fast, in situ and real-time biosensing device for multiplexed 

pollutant detection, shows the recent achievement of biosensors with the technique of 

new materials and nanotechnology. In plant biology, the revolution of new DNA 

sequencing technology achieves the significant improvement in plant science [151].

Cellular, subcellular localization and metabolite levels can be observed through the 

methods of mass spectroscopy. For biodefense applications, the biosensor is demanded 

to sensitively and real-timely detect the bacteria, toxins, and viruses. The nucleic acid-



based sensor can reach high sensitive detection without utilizing amplification steps 

[152]. 

Raman scattering is the inelastic scattering of a photon by molecules which are 

excited to different vibrations or rotational energy levels. When the incident light strikes 

on the molecule, most of the photon are elastically scattered which called Rayleigh 

scattering [153]. The tiny minority of the scattered photons are scattered inelastically 

by an excitation. The energy and frequency of scattered photons are different from those 

of incident photons [154].  



1.2.1 History 

The inelastic scattering of light was predicted by Adolf Smekal in 1923 [155]. In 

1922, Indian physicist C. V. Raman published his work on the "Molecular Diffraction 

of Light," which led to his discovery of the radiation effect. The Raman effect was first 

reported by C. V. Raman and K. S. Krishnan [156] on 21 February 1928. Raman 

received the Nobel Prize in 1930 [157]. In 1998 the Raman effect was designated 

a National Historic Chemical Landmark by the American Chemical Society. 

As shown in Fig 1.3, the photon from the laser beam produces an oscillating 

polarization in the molecules, exciting them to a virtual energy state. Also, then the 

photon is re-emitted as scattered light. Several kinds of the possible polarizations can 

be coupled with the oscillating polarization of the molecule such as vibrational and 

electronic excitations [158]. The following equations can calculate the dipole moment 

in a molecule: 

                  (1) 

where p is induced electric dipole moment of a molecule,  is polarizability and E is 

electric field. 

                (2) 

               (3) 

                 (4) 



    (5) 

where  is molecule equilibrium polarizability,  is a maximum electric field, 

 is excitation frequency,  is vibrational frequency and  maximum 

vibrational amplitude. The vibrational state will change if the polarization in the 

molecule couples 

 

state, the energy of a scattered photon is different from that of the incident photon. The 

energy difference between the absorbed and emitted photon corresponds to the energy 

difference between two resonant states of the material and is independent of the 

absolute energy of the photon. Raman scattering can be classified as two types, Stokes 

Raman scattering, and anti-Stokes Raman scattering. If the energy of a scattered photon 

is higher than an incident photon, this type of scattering is known as Stokes Raman 

scattering. By contrast, anti-Stokes Raman scattering is a process that electron is excited 
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         (8)
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The significantly substantial SERS enhancement can be created when two 

nanoparticles are brought close enough to each other, which is called a hot spot. The 

hot spots usually exist in the gaps between nanoparticle aggregates. A model to describe 

the highly enhanced EM field in the hot spot is shown in Fig 1.6a [172]. When two 

nanoparticles with a diameter of D and a gap distance of d are arranged 

 

(10)



Fig 1.6 (a) Simplified model to understand the high electromagnetic field inside the gap 

of two nanoparticles. (b) Gap-size dependent SERS enhancement of AuNPs dimer 

[172].  

1.2.3.3 Chemical enhancement 

The chemical mechanism comes from the charge transfer between the chemisorbed 

species and the metal surface [192], [193]. When a molecule is covalently bound to the 

metal surface, the electron can be exchanged through a photo-excited electronic 

transition, which generates a resonance Raman process in the molecule. This transition 

is called a CT transition, and the enhancement of the Raman intensity by the resonance 

is called CT effect. Fig 1.7 shows the schematic diagram of the CT effect of SERS. 

Surface plasmon resonance generates the relative energies of excited electron-hole pairs 

via in the metal nanoparticle relative to the highest occupied molecular orbital (HOMO) 

to the lowest unoccupied molecular orbital (LUMO) of the chemisorbed molecule [213]. 

As a result, the SERS signal of a chemisorbed molecule is strongly enhanced compared 

with the Raman spectrum.   



 

Fig 1.7 Schematic diagram of chemical enhancement of SERS.  

A theory of Raman intensities based on the Herzberg-Teller coupling mechanism 

was presented by Lombardi et al. [194]. Both molecule-to-metal and metal-to-molecule 

charge transfer are included in this theory. In equation (11), term B shows molecule-to-

metal charge transfer from the molecular ground state to one of the unfilled metal levels 

M.  

 (11) 

In equation (12), term c shows the metal-to-molecule charge transfer from one of the 

filled metal levels M to the excited state K.  

              (12) 



where  and  each represent the three spatial directions in the tensor. I, K, F to be 

vibronic in that they are assumed to be products of purely electronic functions with 

 

(assumed) allowed transition I->K as shown in equation (11). Equation (12) shows that 

transition obtains its intensity via MMK through intensity borrowing from the allowed 

I->K transition. The borrowing mechanism is vibronic coupling through hKM. It 

represents the coupling of the metal to excited molecular states through some 

vibrational mode. From the equation (11) and the equation (12), the enhancements are 

considered that it comes through the resonance denominator  and 

, respectively.  

The electrochemical surface-enhanced Raman scattering (EC-SERS) is like the 

branches of SERS study. For the characterization, EC-SERS provides useful 

information for revealing the adsorption configuration and electrochemical reaction of 

the analyte. The electromagnetic field enhancement (EM) and chemical enhancement 

(CE) contributes the SERS enhancement as mentioned above. The EM makes a great 

effort to SERS signal in most SERS system. For EC-SERS system, the CE plays an 

important role especially in the characterization of chemical species. There are several 

features of EC-SERS study which are introduced below. 





























































































The EC-SERS spectral of 100 μM uric acid in aqueous solution were recorded by 

collecting the spectrum at open circuit potential at first, and then stepping the applied 

voltage in the negative direction from 0 mV to -2000 mV in 200 mV increment.  




















































































































































