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    “The fundamental importance of the subject of molecular diffraction came first to be recognized through the theoretical work of the late Lord Rayleigh on the blue light of the sky, which he showed to be the result of the scattering of sunlight by the gases of the atmosphere.” CV Raman.




    “…the highly interesting result that the colour of sunlight scattered in a highly purified sample of glycerine was a brilliant green instead of the usual blue.”




    Sir CV Raman




    The quest to find the unknown drives scientists working in all possible conditions to unravel the mystery created through the fusion of natural phenomena. Sir Chandrasekhara Venkata Raman’s path breaking discovery and its theoretical prediction conceptualized into a spectroscopic technique impertinently used in the chemical world. Raman spectroscopy is like panning for gold. A wealth of information is there if you can just sift through the rock, dirt, and sand obscuring it. In the 1970’s, another astounding revelation was made about light scattering. Experiments conducted by Fleischmann from University of Southampton led to a chance discovery of SERS phenomenon where the unexpected rise in Raman signals was reported when the sample of interest was added onto silver metallic particles. This phenomenon was later explained and detailed by Prof. Richard Van Duyne whois credited with the discovery of SERS technique – explanation of magnificent rise of Raman signals, postulation of enhancement factor - electromagnetic theory for SERS and its eventual applications in analytical and bioanalytical chemistry. Over the years, the perspective in SERS has dramatically changed owing to highly advanced synthetic methods developed for the preparation of novel nanomaterials, which become the bed for the creation of ‘hot-spot’ suitable for signal enhancement. Thus, SERS has gained equitable momentum in the biological world as chemical analysis, where the possibility of single molecule detection has been proposed.




    This e-book is intended as a nodal point for budding researchers, senior academicians and scientists who will gain a different perspective in the field of SERS based biosensing. It gave me immense pleasure when Dr. Swati and Dr. Sruti approached me for writing the foreword of this book as this book intends to bridge the fissure between physical and biological aspects of SERS and thus is easily readable for people from different scientific backgrounds. This book feature ‘updated and recent’, details on colloids and nanostructures, their fabrication, surface engineering and immobilization methods, all in context to SERS based biosensing.




    The framework of the book is in the order of hierarchy with different sections devoted for each subject in the SERS technique. Each section comprising of 1-2 chapters, is designed to move from basic concepts of technique towards its real biological applications. The preface sets the stage, which duals as introductory chapter moves to chapter 1 about Raman vibrational spectroscopy technique authored by Dr. Mittal, who has long experience with the technique and its chemical analysis. This chapter also introduces SERS to readers. The second chapter is devoted to the theoretical understanding of SERS and enhancement factors. The creation of hot-spots and two-photon excited SERS are also explained in this chapter. Section B begins with 3rd chapter highlighting the role of novel nanoarchitecture materials, plasmonic and non-plasmonic nanomaterials and progression in nanofabrication procedures for the development of nanomaterials written in detail by Dr. Ranu Nayak. Proceeding chapters included in section C include biomedical and biosensing applications of SERS. In the first chapter of the section, consecrated efforts are directed to illustrate the significance of SERS for amyloid research by Dr. Nakul Maity. Amyloids have become ubiquitous in understanding disease pathogenesis and hence are quite useful for understanding disease and therapeutic interventions. The proceeding chapters orient the readers toward SERS biosensing of pathogens and other clinically relevant biomolecules for real applicability of the technique in healthcare settings as detailed in Chapters 5 and 6. This section concludes with the design of smartphone biosensors with SERS technique for point of care testing devices. Last section D of the e-book elucidates problems encountered by researchers in academia and companies working towards realising SERS technique for making commercially feasible tools. It also details improvising strategies such as tip enhanced, interference enhanced (TIRS); shell isolated nanoparticle-enhanced (SINRS) and spatially offset Raman spectroscopy (SORS) by authors hailing from both academic institutes and companies.




    I hope this book stimulates thought and presents engaging rationale of SERS and its multiple diverse applications primarily in the biological system. The e-Book has the potential to channelize a deeper understanding of basic science as well as its applications in analysis and sensing, in nano sciences, surface chemistry, as a biological probe as well as in daughter disciplines such as plasmonics and near-field optics.
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    Million-fold enhancement of characteristic Raman signal of molecules presented as a monolayer on the surface of rough nanostructured metals refuelled the interest in Raman spectroscopy which initially was reserved for pure sample analysis. The amplification in signal now referred to as surface enhanced Raman spectroscopy (SERS) has been explored for numerous applications in physical, analytical, chemical, material, surface/topographical and biomedical sciences. The aim of this book is to comprehensively understand the concept of biological applications using SERS technique for sensing and imaging various analytes in in-vitro as well as in-vivo conditions.




    Individual bonds in molecules give rise to unique vibrations by inelastic scattering resulting in molecularly specific spectra, namely Raman spectra. These inherently weak signals were later on developed by researchers into highly intense peaks using metallic nanostructures and this SERS phenomenon gained popularity, particularly in healthcare and medical applications. SERS offers high sensitivity, fingerprint analysis, optimization towards near infra-red signal, minimization of photo-bleaching and photo-degradation.




    Nowadays, dramatic emphasis is devoted towards rapid and sensitive detection methodologies as well as gaining insight into molecular dynamics in in-vivo conditions through imaging. SERS based nanomaterials and devices, including novel plasmonic and non-plasmonic nanostructures and the development of stable Raman Reporter Molecules (RRMs) have propelled amended signalling attributes in SERS biosensing and diagnostic procedures. The instrument design has also changed focus towards SERS hand-held devices, smart phone integration and point-care-devices applicable in remote and intermittent sensing of target analytes.




    Clearly, the time for a book is appropriate that summarizes basic notions and trends about thinking of SERS as a device for bioanalytical and biosensing tool defining what we know and understanding the deficiency in the technique in a way to harness this understanding into opportunities for the betterment of SERS and its biological applications. This is our ambition for assembling this e-book. International researchers in their respective sub-fields of SERS have contributed to this book. Their diverse background and training ranging from physics to inorganic chemistry to biomedical engineering, in my opinion, directly reflects the justification towards the multidisciplinary nature of SERS and its biological applications. The e-book is intended as a reference book for researchers and academicians working in SERS. It will also provide comprehensive concepts to newcomers starting to work in this field irrespective of their background in a simple manner.




    Updated and recent analysis of materials and processes are detailed, all in context with SERS spectroscopy and its applicability in biomedical and healthcare fields. The book is planned in a hierarchical scale with discussions on theoretical beginnings of Raman and SERS spectroscopy moving towards chemical structures in SERS. Hence, the selection of topics covered in the preceding 8 chapters is highly subjective. The e-book is categorically differentiated into specific sections, each containing chapters catering to various aspects of SERS technique and biosensing applications. The sections move from basic physics of Raman spectroscopy and SERS towards plasmonic colloids and rough metal nanostructures, highlighting their synthesis as well as advancement in nano-assemblies. This includes active nanomaterials and nanodevices, including plasmonic and non-plasmonic nanostructures as well as Raman Reporter Molecules (RRMs). The largest section is, however, reserved for biosensing and diagnostic applications of SERS in biology and medicine. We have also put efforts towards understanding the concept of SERS for ultimately gaining perspective in developing an improvised biosensing system in a clinical setting. The book covers all, from basic knowledge to new exciting research and development in the field of SERS and its application for biosensing, diagnostics and imaging techniques.




    Lastly, this book also summarizes lacunae of SERS technique, highlighting the need for optimization of signal acquisition parameters to prepare commercially viable and field deployable instruments. Remedial measures adopted for developing biosensing methodologies are also discussed with improved versions of SERS coming to the fore.




    We cordially thank all our authors for their hard work and commitment to this book that they have invested in, writing highly relevant as well as excellent chapters. This international project would not have been possible without their efforts and dedication. We thank Ms. Humaira Hashmi at Bentham Publications, who suggested initiating this project to edit this SERS based e-Book. Finally, Dr. Swati Jain and Dr. Sruti are extremely thankful and grateful to their families for the continual support and motivation. We have tremendous faith that this e-book has the potential to stimulate thought processes leading to in-depth understanding of SERS so as to fully exploit this technique in innumerable biological applications.
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      Abstract




      Raman spectroscopy depends on inelastic scattering of photons, known as Raman scattering. It uses monochromatic light using a laser and determines vibrational modes of molecules. This technique is commonly used for the identification of molecules by providing its structural fingerprint. Due to very low inelastic scattering, however, signals obtained by Raman spectroscopy are inherently weak and the problem is more with visible light. These weak Raman signals can be used by amplifying them by the method known as surface enhanced Raman spectroscopy (SERS). SERS is a powerful vibrational spectroscopy technique that allows for highly sensitive structural detection of low concentration analytes. The current chapter summarizes the basics of Raman spectroscopy and SERS, instrumentation, mechanisms differences and applications.
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      1.1. INTRODUCTION RAMAN VIBRATIONAL SPECTROSCOPY




      

        



        1.1.1. History




        Elastic light scattering has been observed since the 19th century by famous physicists Lord Rayleigh. Adolf Smekai [1]and for the first time, inelastic scattering of light was theoretically predicted, in 1923.Indian scientists C.V. Raman and K.S. Krishnan observed this effect in organic liquids by sunlight in 1928 [2, 3]. The effect was named as Raman effect. Due to this discovery, C.V. Raman won the Nobel prize in Physics in 1930.




        The same inelastic scattering phenomenon was observed by Grigory Landsberg and Leonid Mandelstam in inorganic crystals [4]. Franco Rasetti observed the




        Raman effect in gases using ultraviolet light from a mercury vapour lamp. George Plazek developed the systematic pioneering theory of the Raman effect [5].




        Despite the discovery of the Raman effect in 1930, its commercial application started after 1960 when the first laser was developed by T. Maiman [6]. Before laser as a source, Raman Spectroscopy suffered from the low intensity of the inelastic scattering (Raman scattering) and the much larger intensity of the Rayleigh scattering.




        A lot of effort was required to get Raman spectra due to the low sensitivity. The sample was kept in a long tube and exposed along its length with a beam of monochromatic light by using filters gas discharge Lamp was used as a source. The use of Laser simplified Raman spectroscopy method and increased the sensitivity of the technique. Laser proved to be an ideal excitation source for getting enough Raman scattering due to its brilliance, monochromaticity and coherence to use it as spectroscopy. This makes Raman spectroscopy as a common analytical technique


      




      

        



        1.1.2. Basic Theory




        When radiations, either monochromatic or in the narrow frequency band pass through a transparent substance, almost all of the scattered energy will consist of the radiations of incident frequency. This scattering is known as Rayleigh scattering [7]. However, certain discrete frequencies above and below incident frequency are also scattered. This is known as Raman scattering.




        In terms of quantum theory, if the collisions of photons having energy hν (h is plank constant) and molecules are perfectly elastic, then there is no change in the energy of deflected photons. However, during inelastic collisions, energy is exchanged between photons and molecules. As a result, molecules may gain or lose energy, ΔE according to the difference in energy between allowed states. This energy is due to change in vibrational and/or rotational energy of a molecule. If molecules lose energy, photon will be scattered with hν-ΔE. Otherwise, the energy of the photon will be hν+ΔE. Radiations scattered with frequency lower than the incident radiations are referred to as Stokes radiations, whereas higher frequency radiations are known as anti-Stokes radiations. Stokes radiations are generally more intense than anti-stokes radiations.




        In terms of classical theory, when a molecule is put into a static electric field, it suffers some distortion. This causes induced electric dipole moment in the molecule and results in the polarization of the molecule. The size of induced dipole μ depends on the applied filed E. Therefore, relation between μ and E is




        

          

            	

              μ = αE


            



            	(1)

          


        




        here α is polarizability of the molecule.




        During exposure of a sample to radiations of frequency ν, the electric field experienced by the molecule is:




        

          

            	

              E=E0 sin 2πνt


            



            	(2)

          


        




        Here, E0 is the applied electric field




        When we put the value of E in equation (2) in equation (1), induced dipoles become:




        

          

            	

              μ = α E0 Sin 2πνt


            



            	(3)

          


        




        Since the frequency is the same during emission, this equation is true for Rayleigh scattering. In case of additional motion like vibrational or rotational in the molecule its polarizability changes. Polarization is due to vibration νvib is:




        

          

            	

              μ = α0 E0 Sin 2πνt + ½ βE0[Cos 2π (ν- νvib)t - Cos 2π (ν+ νvib)t]


            



            	(4)

          


        




        Here, α0 is equilibrium polarizability and β is the rate of change of polarizability with the vibration. The oscillating dipole has frequency components (ν+ νvib) or (ν- νvib).




        If the vibration does not change the polarizability of the molecule, then β=0 and dipole oscillate at same frequency of the incident radiation. Therefore, for any vibration in a molecule to be Raman active, it must cause some change in a component of the molecular polarizability.


      




      

        



        1.1.3. Raman Active Vibrations




        If a molecule in its structure has no symmetry then all of its vibrational modes are Raman active. However, when any symmetry exists in the structure of the molecule then the Raman activity of each vibration depends on the change in polarizability.




        An asymmetric molecule water H2O has three modes of vibrations, namely symmetric stretching, asymmetric stretching and bending. It is observed that polarizability in the molecule changes during the application of electric field in all three modes. Therefore, all the vibrations in the water molecule are Raman active.




        On the other hand, CO2 molecule has a two-perpendicular axis of symmetry. Therefore, each vibration in the molecule has to be considered for its Raman activity. CO2 has four modes of vibrations, namely one symmetric stretching, one asymmetric stretching and two bending. It is observed that the polarizability changes during symmetric stretching and therefore, it is Raman active. However, other vibrations are Raman inactive because there is no change in polarizability.


      




      

        



        1.1.4. Rule of Mutual Exclusion




        After observing various compounds, a general rule [8, 9] is formulated for Raman and Infrared activities of the molecules.




        “In a molecule that possesses a centre of symmetry, Infrared active vibrations are Raman inactive whereas Raman active vibrations are infrared inactive. However, if there is no centre of symmetry in the molecule, some or all vibrations may be both Raman and infrared active”.




        It is also observed in the Raman spectrum that symmetric vibrations show intense Raman lines whereas asymmetric vibrations are usually weak or unobservable.


      




      

        



        1.1.5. Raman Spectrometer Instrumentation




        There are four components of a Raman spectrometer:





        

          	Radiation source which can excite the molecules. Laser is used for this purpose.




          	Sample illumination system and light collection optics: laser energy is transmitted to and collected from the sample by fibre optics cables.




          	Filters or spectrometer is used for the selection of wavelength. A notch or edge filter is used to eliminate Rayleigh and anti-Stokes scattering and the remaining Stokes scattered light is passed on to a dispersion element, typically a holographic grating.




          	CCD, PMT, Photodiode array detector.


        




        In the Raman spectrometer, a sample is normally exposed with a laser beam in the ultraviolet (UV), visible (Vis) or near infrared (NIR) range. Since Raman spectroscopy depends on its ability to measure a shift in wavelength, it is a must that a monochromatic excitation source should be used. Raman peaks are directly affected by the sharpness and stability of the excitation source. In earlier studies a mercury lamp was used for getting of spectra which took hours or even days to acquire due to weak light sources. However at present, lasers are used. A laser is the best excitation source but not all lasers are suitable for Raman spectroscopy. It is essential that the laser frequency is extremely stable and does not mode hop. (Fig. 1) shows a sketch of the Raman spectrometer.




        
[image: ]


Fig. (1))


        Schematic illustration of general Raman spectrometer.



        Solid state lasers with wavelengths of 532, 785, 830 and 1064 nm are used as the excitation source. The shorter wavelength lasers have higher Raman scattering cross-sections which will provide a greater signal, but fluorescence increases at shorter wavelength.




        Scattered light from the sample is collected with a lens and using interference filter or spectrophotometer, Raman spectrum of the sample is obtained. As mentioned earlier, Raman scattering is very weak in comparison to intense Rayleigh scattering Very small amount of the incident light produces inelastic Raman signal. Spontaneous Raman scattering is very weak and special measures should be taken to distinguish it from the predominant Rayleigh scattering. Instruments such as notch filters, tuneable filters, laser stop apertures, double and triple spectrometric systems are used to reduce Rayleigh scattering and obtain high-quality Raman spectra. Multi-channel detectors like Photodiode Arrays (PDA) or, Charge-Coupled Devices (CCD) are used.




        It is very necessary that high-quality, optically well-matched components should be used for getting good quality Raman spectrometer. Various ways are used for improving sample preparation, sample illumination or scattered light detection such as stimulated Raman using irradiation with a very strong laser pulse and coherent Anti-Stokes Raman, CARS using the two lasers.


      




      

        



        1.1.6. Raman Spectrum




        Raman spectrum is drawn between Raman shift and intensity. Raman shifts are typically reported in wavenumber, which have units of inverse length, as this value is directly related to energy. Most commonly, the unit chosen for expressing wavenumber in Raman spectra is inverse centimetres (cm−1). An example of the Raman spectrum of multilayer graphene is shown in Fig. (2).
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Fig. (2))


        Raman spectrum of graphene.



        (Fig. 2) displays three distinct peaks in the Raman spectrum of multilayer graphene as D peak, G peak, and second order G` peak [10]. D peak originate from zone-boundary phonons. This peak is not observed in first order Raman spectra of defect-free graphite. Such phonons give rise to a peak at 1350 cm-1 in defected graphite. G peak appears near ~ 1590 cm–1 and is due to the bond stretching vibration of all pairs of sp2 atoms in rings and chains both. G` band (popularly known 2D band) appears at 2770 cm–1 is due to second order of zone-boundary phonons.


      




      

        



        1.1.7. Applications of Raman Spectroscopy




        Raman spectroscopy is a non-destructive technique and is used for qualitative or quantitative analysis in many varied fields. This technique can provide key information easily and quickly. Raman can be used to rapidly characterise the chemical composition and structure of solid, liquid, gas, gel, slurry or powder sample.




        

          



          1.1.7.1. Chemical Analysis




          Raman spectroscopy can be used to identify molecules and chemical bonding and intramolecular bonds. It is known that vibrational frequencies are specific to a chemical bonds and symmetry. Raman spectrum provides a fingerprinting the wavenumber range 500–1500 cm−1to identify molecules. For example, Raman in combination with IR spectra were used to determine the vibrational frequencies of SiO, Si2O2, and Si3O3 [11]. Technique is also used to study the addition of a substrate to an enzyme.


        




        

          



          1.1.7.2. Solid State Physics




          Raman spectroscopy is used to characterize materials, population of a phonon mode. Later information is provided by the ratio of the Stokes and anti-Stokes intensity of Raman signal. This technique is also useful for observing plasmons, magnons superconducting gap excitations. Raman-shifted backscatter is used to determine the temperature along optical fibres.


        




        

          



          1.1.7.3. Nanotechnology




          Graphene, carbon nanotube, filled carbon nanotube, nanowire, nanoparticles etc., are extensively researched for various applications [12-16]. Raman can be used to understand their structures nanowires. For example, the radial breathing mode of carbon nanotubes is commonly used to evaluate their diameter. This technique also identifies the filling inside the carbon nanotubes [17]. It also helps in determining the number of layers in graphene.


        




        

          



          1.1.7.4. Bio-pharmaceutical Industry




          Raman spectroscopy has extensive applications in biology and medicine. It is used for identifying active pharmaceutical ingredients (APIs) and their polymorphic forms, confirmations for the existence of low-frequency phonons [18] in proteins, DNA [19-24], real-time, in-situ biochemical characterization of wounds, measurement of progress in wound healing progress [25] and to identify the counterfeit drugs. Raman spectroscopy is extensively used for studying bio-minerals [26]. Gas analysers using Raman spectroscopy are applied in real-time monitoring of anaesthetic and respiratory gas mixtures during surgery.


        




        

          



          1.1.7.5. Study of Historical Painting and Documents




          Raman spectroscopy is a non-destructive technique [27] which can be used for the study of historical paints and documents. The study includes information about the original state of the painting, pigments degraded with age, individual pigments in paintings and their degradation products, the chemical composition of historical documents and determining the best method of their preservation.


        




        

          



          1.1.7.6. Explosives




          Raman spectroscopy can be used to detect explosives safely using laser beams [28, 29].


        




        

          



          1.1.7.7. Sensing Based on Raman Spectroscopy




          Detection of low concentration gases especially polluted gases [30-34], is a requirement for the health of the human and natural world. Raman spectroscopy has great potential as a process for the identification and quantification of the composition of gaseous samples. Raman spectroscopy can also be used for the analysis. Studies have shown highly-sensitive quantitative Raman detection of various gases (nitrogen, oxygen, carbon dioxide, toluene, acetone and 1,1,1-trichloroethane) using a photonic crystal fibre probe [35].


        


      


    




    

      



      1.2. SURFACE-ENHANCED RAMAN SCATTERING (SERS)




      As mentioned above, due to very low inelastic scattering, signals obtained by Raman spectroscopy are inherently weak. This problem is exuberated when using visible light is used for excitation. This results in the unavailability of a small number of scattered photons for detection.




      These weak Raman signals can be used by amplifying them. The method known as surface enhanced Raman scattering (SERS) uses nanoscale roughened metal surfaces classically made of gold (Au) or silver (Ag). Excitation of these roughened metal nanostructures using laser resonantly drives the surface charges generating a highly localized (plasmonic) light field. When a molecule is absorbed or lies close to the enhanced field at the surface, Raman signals are greatly enhanced by several orders of magnitude than normal Raman scattering. These results indicate the possibility of detecting low concentrations (10-11) without the need for fluorescent labelling.




      Therefore, SERS is a surface-sensitive technique that enhances Raman scattering by molecules adsorbed on rough metal surfaces or by nanostructures such as plasmonic-magnetic silica nanotubes [36]. The enhancement factor can be as much as 1010 to 1011 [37, 38], which means the technique may detect single molecule.




      Signals can be further amplified when the roughened metal surface is used with laser light that is matched to the absorption maxima of the molecule. This method is known as surface-enhanced resonance Raman scattering (SERRS). (Fig. 3) illustrates the basic of Surface-Enhanced Raman Scattering.
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Fig. (3))


      Schematic illustration of Surface-Enhanced Raman Scattering.



      

        



        1.2.1. Short History




        First observations of the Raman spectra of pyridine adsorbed on electrochemically roughened Ag were done in 1974 [39] by Fleischmann, Hendra and McQuillan. However, the authors did not distinguish that this spectrum was enhanced and unusual. Later, two groups independently noted that the enhanced signal was not related to concentration of scattering species. Jeanmaire and Duyne [40] proposed an electromagnetic effect, whereas Albrecht and Creighton [41] proposed a charge-transfer effect for unusual enhancement. Ritchie predicted the existence of the surface plasmon [42].


      




      

        



        1.2.2. SERS Mechanism




        There are two mechanisms, electromagnetic and chemical mechanisms were proposed for the enhancement in the Raman signals. The main contributor to most SERS processes is the electromagnetic enhancement mechanism [43].




        The electromagnetic enhancement comes from the amplification of the light by the excitation of localized surface plasmon resonances (LSPRs). Light is concentrated favourably in the gaps or crevices of plasmonic materials e.g., Nano silver, nano gold, and nano copper. Enhancement depends on the structure of the supporting plasmonic material can reach factors of ~ 1010 – 1011 [44].




        Chemical enhancement involves the charge transfer mechanisms. This excitation wavelength is resonant with the metal-molecule charge transfer electronic states. Magnitudes of enhancement through charge transfer transitions are highly molecule specific [45, 46]. Theoretically, chemical enhancement can be <103 but experimentally, it is found as ~5-10 [47, 48].




        Total enhancement in signals is the product of electromagnetic and chemical enhancement. For highly optimized surfaces, total enhancement may be ~ 1010 – 1011 [49].


      




      

        



        1.2.3. SERS Technique




        SERS is a non-destructive technique and is useful for determining the chemical and structural information of molecules. Substrates can be nanorods to three-dimensional colloidal solutions with tunable plasmon resonances and average enhancement factors. Since the maximum SERS enhancing region decreases extremely rapidly with the increase in the distance [10], the highest enhancements are observed in the nearest (few nanometres) to the substrate surface.




        Excitation sources would produce efficient excitation of the plasmon resonance. For this laser is tuned to the peak of the plasmon resonance, for a substrate with a single peak in its LSPR spectrum. Maximum enhancement is observed with the shift of laser wavelength to the blue of the plasmon resonance [50]. Maximum signal is obtained when the plasmon frequency is slightly red-shifted from the laser wavelength.




        For detection process, a filter is used to absorb or reflect any Rayleigh scattering while allowing for transmission of the Raman signal. Spectrograph and detector are used for getting the Raman spectra.


      




      

        



        1.2.4. SERS Substrates




        SERS spectrum also depends on the interaction between adsorbed molecules and the surface of plasmonic nanostructures. For a material to be described as plasmonic, it must have a negative real component and a small positive imaginary component of the dielectric constant. SERS should be measured on various molecules.




        SERS substrate is chosen on the basis of the type and form of samples. Substrates used for analysis are either colloidal metal solution, or metal layer deposited on top. Colloidal substrates are 20-100 nm diameter metal nanoparticles suspended in




        solution. Samples are either deposited on a substrate, or mixed with the colloidal solution for analysis.




        For assuring that the system is not undergoing a resonance Raman effect, SERS spectra are collected for non-resonant molecules. Gold (Au) or silver (Ag) and Copper (Cu) are ideal metals for use in SERS. All these three metals have localized surface plasmons resonance (LSPRs) that belong, where most Raman measurements wavelength range in visible and are near infrared regions. Au and Ag are mostly used as substrates because of higher air stability. Cu is more reactive, so is less preferred.




        Research has been done in the development of SERS substrates [51], using the nanoparticles, including Ag and Au nanoparticles with various shapes. Other than Ag and Au, metals such as Li, Na, K, Rb, Cs, Al, Ga, In, Pt, Rh, and various metal alloys [52] have been studied as plasmonic substrates for SERS.




        Advanced SERS techniques involve the modification of the metal surface either by chemical reaction or by adding functionalization of metal.




        Research is going for [53-58] using semiconductors, quantum dots, and graphene as substrates for SERS. Materials such as graphene [53,54], TiO2 [55], and quantum dots [56-58] have shown effective substrates for SERS. These substrates involve purely chemical enhancements with no evidence of electromagnetic enhancement and therefore enhancement factors <103. Studies are going on graphene as a plasmonic material in the infra-red [59].




        Broadly, there are three methods used for sample preparation for SERS technique. The first method uses a few microliters of the colloid solution either applied to the sample or mixed with the sample solution and put on the microscope slide for drying. The mixture is then analyzed with the Raman instrument.




        Second method includes the deposition process for the metal and then roughens the surface for the generation of optimum surface plasmon. This improves the SERS signal.




        In the third technique, SERS substrate is embedded in a sol gel by mixing metal nanoparticles with a photo-reactive chemical. Sol-gel matrix is then exposed to the proper wavelength so that the chemical reacts and forms the nanoparticles in-situ.


      




      

        



        1.2.5. Applications of SERS




        After the discovery, attention towards SERS application has grown exponentially. Major benefits of SERS technique are the increase in signals’ intensity from weak Raman scattering and simplification of these signals in a substantial way [60-63]. SERS is a special technique to characterize small numbers of molecules at the plasmonic surfaces. This technique is highly suitable in applications like sensing, imaging, single molecule detection, ultrahigh vacuum and ultrafast science [64-67].




        Due to its ability for nanoscale analysis of mixture composition SERS technique is useful for studies on the environment, material sciences pharmaceuticals, forensic science, drug and explosives detection, art and archaeological research food quality analysis [68], single algal cell detection [69-72] and redox processes at the single molecule level [73]. Some of applications of SERS technique are provided below:




        

          



          1.2.5.1. Biomarkers




          SERS can detect proteins in body fluids because of its ability to sense the presence of low abundance of biomolecules [74]. In one study, pancreatic cancer biomarkers were spotted in the earlier stage using SERS-based immunoassay approach [74]. A SERS-base multiplex protein biomarker detection platform using a microfluidic chip is used in another study to detect several protein biomarkers. This will help to predict the type of disease [75]. This is also used to detect urea and blood plasma label free in human serum [76, 77].




          SERS can be effectively used for DNA detection. DNA and RNA detection using SERS technique was first reported using sandwich structures by Mirkin et al. Multiplex DNA detection using different Raman active dyes can be achieved using this method [78]. SERS in combination with plasmonic sensing can be applied for quantitative detection of biomolecular interaction [69].


        




        

          



          1.2.5.2. Toxic Chemical and Chemical Warfare Agents




          Detection of toxic industrial chemicals and chemical warfare agents is very important for human safety and security. SERS is a promising method for the ultrasensitive detection of these chemicals [79]. Explosives such as the half-mustard agent [80] and dinitrobenzenethiol [81] were detected by SERS.


        




        

          



          1.2.5.3. Narcotic and Doping Drugs




          Amphetamine was successfully detected in XTC tablets using SERS technique [82]. Dihydrocodeine, doxepine, citalopram, trimipramine, carbamazepine, and methadone can be detected in just 1 mg urine or blood sample [83]. In addition, doping drugs in athletics such as clenbuterol, salbutamol, and terbutaline can be successfully detected using SERS and [84].


        




        

          



          1.2.5.4. Food Monitoring




          SERS is particularly well suited to detect small molecules because of the close proximity of the analyte to the plasmonic structure. Monitoring food for dangerous ingredients such as mycotoxin, pesticides, some colouring agents and antimicrobials can be successfully detected using the technique.


        




        

          



          1.2.5.5. Verification and Authentication of Luxury Goods and Currency




          Au spheres functionalized with reporter molecules and encased in a silica shell known as SERS nanotags, can be used for the labelling and verification and authentication of jewellery or luxury goods [85]. These nanotags can also help in authentication by embedding them in currency or bank notes [86] during the printing process.


        


      


    




    

      



      1.3. SURFACE ENHANCED RESONANCE RAMAN SPECTROSCOPY (SERRS)




      There is a disadvantage of SERS spectra is that they can be difficult to interpret since the normal Raman spectrum is not necessarily the same as adsorbed on a SERS substrate. The signal enhancement can be so high that Raman bands that are very weak and unnoticeable in Raman spectra can appear in SERS. Trace contaminants may also show additional peaks. Whereas, due to chemical interactions with the metal surface, certain peaks which are observed strongly in conventional Raman might not be present in SERS at all. Because of such problem, Surface-Enhanced Resonance Raman spectroscopy (SERRS) has been developed [87]. It uses both the Surface-Enhancement effect and the Raman Resonance effect, so that SERRS spectra resemble regular Resonance Raman spectra, which makes it much easier to interpretation. Enhancement in Raman signal intensity in SERRS can be as high as 1014.




      

        



        1.3.1. Advantages of SERRS Over SERS




        SERS directly detects the actual molecule under study in a way that is molecularly specific is prone to interference from other species present in the reaction mixture.




        In comparison, SERRS is extremely highly sensitive, which makes it a good labelling technique and reduces interference.




        There are three other major advantages of SERRS over SERS.




        First is the huge additional enhancement in SERRS compared to SERS [88, 89]. For example, the SERS enhancement for pyridine is calculated at 106, whereas the SERRS enhancement factor for rhodamine is estimated at between 1013 and 1015.




        Second is the wavelength dependence of the intensity obtained from SERRS. The huge enhancement obtained by SERRS can keep the concentrations of analyte down to well below that required to aggregate the colloid.




        Third is that excellent Raman scattering can be obtained from fluorescent molecules. This allows using a very wide range of dyes, both fluorescent and non-fluorescent, as labels.


      


    




    

      



      CONCLUSION




      Raman spectroscopy is currently one of the most common spectroscopic techniques for material identification and its physical and chemical environment by analyzing the vibrations by providing a structural fingerprint of molecules. Surface enhanced Raman spectroscopy (SERS) is an excellent technique for characterization in various areas, including environment, pharmaceutical, forensic and food science, etc. It is a highly sensitive technique which can detect different types of analytes, including biomolecules in low concentrations.
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