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    Molecular level understanding of biochemical mechanism requires a thorough knowledge of interdisciplinary sciences. Biomedical applications have been supported by scientific hypothesis for years and innovations have helped scientists to make contemporary research through these cutting-edge technologies. Further, these technologies not only overlap in several aspects but complement each other, supporting and highlights molecular level understanding of biochemical pathways.




    Clinical research uses instrumental techniques that have never been used before multiple factors affect pathology and etiology of diseases. For this reason, several instrumental techniques have been emerging and basis of these methods originate from current methodologies. This means that developing instrumentation merges novel scientific data with basic spectroscopic-calorimetric technologies. Therefore, the second volume of this book will help current and future applications of medical and biological data.




    As the first volume, the second part of the book provides a training platform and application modules of each technique and may help individual investigators to guide research practices.
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    This book is the second volume of “Essential Techniques for Medical and Life Scientists: A guide to contemporary methods and current applications with the protocols”. This volume focuses on imaging chemical identification methods, and emission spectroscopy along with a calorimetric method and their applications in medicine - biological sciences.




    Chapter 1 explains FTIR and its acquisition of metabolic fingerprint of cells, tissues and biofluids. The method is rapid, simple, and economical, requiring label-free molecules and then sensitive detection.




    Chapter 2 describes a common instrument of life science laboratory; High Performance Liquid Chromatography (HPLC). This separation method offers a wide variety of options for purification. Methodology and applications of the technique are explained thoroughly in this chapter.




    Chapter 3 is a complementary technique to FTIR. Raman spectroscopy is a molecular spectroscopy and the basis of the method involves scattering of electromagnetic radiation by atoms or molecules. Raman provides fingerprint of an unknown chemical compound.




    Chapter 4 explains a unique technique, Circular Dichroism. It is unique since the technique not only measures binding affinity but it also provides secondary structure composition percentage. The chapter further explains conformational analysis upon ligand binding and protein stability.




    Chapter 5 and 6 discuss Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy, (SEM) respectively. Microscopy enables direct visualization of macromolecules, cells, organelles, tissues, and organisms. Structure-function relationship can be assigned between macro and/or microscopic structure.




    Chapter 7 is based on energy-dispersive x-ray analysis (EDX) technique which is useful in drugs and drug delivery research. SEM-EDX also detects nanoparticles which are generally used to improve therapeutic performance of chemotherapeutic agents. This work elaborates applications of SEM-EDX over compounds in medicinal plants, herbs, and shrubs.




    This book is designed not only for early career young scientists (graduate students or postdoctoral associates) but also for scientists who are experts in a particular technique and want to use distinct applications for their experimental set-up. The next volume of the book will provide chapters for different analytical techniques.
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      Abstract




      Fourier-transform mid-infrared (FT-MIR) spectroscopy is a powerful technique that probes intramolecular vibrations of almost any molecule, enabling the acquisition of metabolic fingerprint of cells, tissues and biofluids (e.g. serum, urine and saliva, etc.), in a rapid (in minutes), simple (without or with minimum sample processing), economic (without consumption of reagents), label-free and highly sensitive and specific mode. Due to the flexibility of the technique, there are diverse modes of spectra acquisition, from classical transmission and transflection, to high-throughput measurements using micro-plates in transmission mode, to fiber optic probes coupled to Attenuated Total Reflection (ATR) detection, enabling in situ analysis, throughout micro-spectroscopy, with spatial resolution, enabling detection of residual analytes and imaging at the sub-cellular level. Due to the composition complexity of biological samples, the mid-infrared spectra are usually very difficult to interpret without the application of complex and sophisticated mathematical and statistical analysis routines, such as: spectra pre-processing methods to minimize noise and other non-informative data that compromise subsequent pattern recognition models; deconvolution methods to resolve overlapped spectral bands; methods to decrease data dimension and features extraction; supervised and non-supervised pattern recognition methods as those based on support vector machines and artificial neural networks. The present work reviews the main acquisition modes, pre-processing and multivariate spectral analysis used in FT-MIR spectroscopy, followed by the application of FT-MIR for the diagnosis of a multitude of diseases. FT-MIR spectroscopy constitutes one of the most promising biophysical techniques for analyzing biological samples, and consequently may be used for diseases prognosis, diagnosis and even for personalized treatment.
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      1. INTRODUCTION




      Fourier-transform Infrared Spectroscopy (FT-IRS) measures vibration modes of molecular bonds, in solid and liquid samples, resulting in dipole moment changes, i.e. differences of charges in the electronic field of atoms, and in gaseous phases in rotational modes. With exception of monoatomic (e.g. He, Ne) or homopolar diatomic molecules (e.g. H2, N2, O2), almost all molecules present a unique FT-IR spectrum, i.e. spectrum with an inherent molecular selectivity and specificity. The molecular composition of cells, their surroundings, organisms’ biofluids (e.g. serum, blood, saliva, urine, spinal fluid) and, other materials (e.g. tissue, calculi, feces, cartilage, bone) reflects the underlying metabolic activity. FT-IRS, especially at the mid-region of the spectra, may acquire the whole molecular fingerprint associated with the organism or the tissue’s metabolic state in a highly sensitive and specific mode (Fig. 1, Table 1).




      
[image: ]


Fig. (1))


      FT-MIR spectrum of human serum and adenocarcinoma gastric cells.



      While the mid-infrared (MIR) region of the spectra (2.5-25 μm or 400-4000 cm-1) reflects fundamental vibrations, the near-infrared (NIR) region of the spectra (780-2500 nm, or 4000-12821 cm-1) reflects overtones and combinations of vibrations. Therefore, acquisition in the MIR region gives rise to stronger and better-defined absorbance bands compared to NIR, which typically results in weaker and wider spectra. Furthermore, MIR spectra of biological samples are sensitive to biomolecules with functional groups such as C-C, C=C, C-O, C-N, C-H, O-O, O-P, N-H and O-H bonds, while NIR covers groups exclusively containing the hydrogen atom as C-H, N-H, O-H, and S-H bonds [1, 2]. Consequently, MIR spectra are more informative about the samples’ biomolecular composition, and are therefore more appropriate to screen changes in the molecular composition of biological samples, particularly in the following spectral regions: 3600-2000 cm-1, reflecting mainly stretching vibrations between X-H (where X is C, O or N) present in amide A and amide B (~3300 and 3100 cm-1, respectively), and CH3 (~2960 and ~2872 cm-1) and CH2 (~2920 and 2850 cm-1) groups of lipids; 1800–1500 cm-1, reflecting mainly stretching vibrations of double bonds (e.g. C=O, C=C and C=N), present in amide I (~1655 cm-1) and amide II (~1545 cm-1) of proteins and some secondary structure of proteins, and COOR in phospholipids esters (~1740 cm-1); and 1500-400 cm-1, reflecting a variety of overlapped vibrations due to proteins, lipids, and nucleic acids, designated as fingerprint region [1, 2]. Fig. (1) exemplifies FT-MIR spectra obtained from human serum and gastric cells, where Table 1 points out the biochemical significance of major spectral bands.




      MIR spectra, in addition to being informative about molecular composition, are also sensitive to the molecules’ environment, which may influence vibrations of molecular bonds. Consequently, MIR spectra also reflect conformation changes of biomolecules, as protein folding, via vibrational resonance originating from polypeptide backbone or side chains that depends on the protein structure and local interactions such as hydrogen bridges [3, 4], nucleic acids conformation [5-7] along with biomembrane organization, fluidity and even biomolecule interactions [8-10]. Therefore, MIR spectra present distinctive sensitivity towards biological features, which enables the characterization of metabolic fingerprints of biological samples with high sensitivity and specificity.




      Biological samples (e.g. cells, tissues or biofluids) present a highly complex molecular composition, ranging from small inorganic and organic molecules to macromolecules, as nucleic acids, polysaccharides, and lipids. MIR spectra result from the complexity of this molecular composition in a highly sensitive and specific mode, which enables monitoring biological processes such as: cell division, differentiation, apoptosis or necrosis, as well as disease progression, prognosis, diagnosis, personalized treatment and even follow-up of drug treatment; some of which will be further discussed in the following sections. The bioassay versatility of this spectroscopic technique can be illustrated by the differences of the second derivative in regions of FT-MIR spectra obtained from adenocarcinoma gastric cells infected or non-infected with Helicobacter pylori (Fig. 2A), the major etiological agent of gastric diseases such as ulcers and cancer. The sensitivity of the technique can also clearly discriminate H. pylori strains infecting the gastric cells (Fig. 2B).




      Considering the advantages of MIR spectroscopy described thus far, the present work is primarily focused on MIR spectroscopy for biological sample analysis and its use in disease prognosis and diagnosis.
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Fig. (2))


      FT-MIR spectral analysis of adenocarcinoma gastric human (AGS) cells incubated with Helicobacter pylori. The bacteria infect 50% of the human population’ stomach, leading to gastric ulcers and gastric cancer. (A) Highlighting a region of the second derivative FT-MIR spectra that discriminates the infected from non-infected gastric cells. (B) Score plot of a principal component analysis of FT-MIR spectra highlighting the technique capacity to discriminate the non-infected cells (represented inside the doted square) in relation to infected cells, and among the infected cells, the more virulent bacterial strains (represented by different symbols), i.e. H. pylori are more associated to severe gastric pathologies and cancer compared to others.



      

        Table 1 Vibrational frequencies of some functional groups in biomolecules. (adapted from Bellisola et al. [11] and Sales et al. [2]).




        

          

            

              	Wavenumber (cm-1)



              	Vibrational Mode on the Functional Group*



              	Commonly Assigned Biochemical Component

            


          



          

            

              	3300



              	υ(N-H)



              	Amide A: peptide, proteins

            




            

              	3100



              	υ(N-H)



              	Amide B: peptide, proteins

            




            

              	2960



              	υas(CH3)



              	Lipids

            




            

              	2920


              2870


              2850



              	υas(CH2)


              υs(CH3)


              υs(CH2)



              	Lipids


              Lipids


              Lipids

            




            

              	1740



              	υ(C=O))



              	Phospholipid esters

            




            

              	1655



              	[80% υ(CO) and 20% υ(CN)] in O=C-NH



              	Amide I in peptides and proteins

            




            

              	1550



              	υ(C-C) in O=C-NH



              	Amide II in peptides and proteins

            




            

              	1450



              	υas(CH3)



              	Lipid,proteins

            




            

              	1395



              	υs(CH3)



              	Lipid, proteins

            




            

              	1380



              	υs(CH3)



              	Phospholipid, fatty acid, triglyceride

            




            

              	1240



              	υs(PO2-)



              	Phosphodiesters in nucleic acids, phospholipids and phosphorylated proteins

            




            

              	1160 and 1111



              	υs(C-O)



              	Ribose in RNA

            




            

              	1078



              	υs(PO2-)



              	Phosphodiesters in phosphate energetic level

            




            

              	1055



              	υs(C-O-P)



              	Phosphate esters

            




            

              	1032



              	def(C-OH)



              	Glycogen

            




            

              	965



              	υ(PO32-)



              	DNA and RNA

            




            

              	950



              	υ(PO32-)



              	Phosphorylated proteins

            




            

              	920



              	υ(COP)



              	Phosphorylated proteins

            


          

        




        




      


    




    

      



      2. Dispersive Versus Interferogram Based Equipment




      An infrared spectrometer apparatus is based on a dispersive equipment, resulting in a continuous wavelength, or an interferometer, that results in a time domain signal called interferogram. Dispersive spectrometers rely on a prism, or a more sophisticated grating, that separates the individual frequencies of energy emitted by the infrared source. Most FT-IRS equipment use a Michelson interferometer composed of a beam splitter that splits the IR beam into two separate beams; a fixed mirror and a moving mirror. The split IR beam is brought out of phase by increasing the length of one beam path using the moving mirror, and then recombined by carrying the interference pattern. FT-IRS is therefore a multiplex technology as all optical frequencies are observed simultaneously over the scanning period. By applying a Fourier transform, it is possible to switch this signal, on the time domain, to a frequency domain producing a single beam spectrum.




      The revolution of FT-IRS equipment is based on its properties in relation to dispersive based equipment;





      

        	Much faster and presents lower noise, known as multiplex or Felgett advantage, as all frequencies are measured simultaneously and the same environment is used to acquire all frequencies, noise is reduced while reducing time for spectra acquisition, which is in the range of seconds rather than minutes in most equipment;




        	More sensitive, known as Jacquinot advantage, as fast scans enable the co-addition of several scans that reduce noise;




        	High wavenumber accuracy and reproducibility, and consequently precise, known as Connes advantage, presenting an internal HeNe laser that calibrates interference information [12, 13].


      




      Since the first assembly of the Michelson interferometer in 1881, the prompt digitalization of the interferogram and its rapid Fourier transformation into an IR spectra, which was possible given the widespread use of computers, enabled the common application of the Michelson technology in most FT-IRS instruments.


    




    

      



      3. Types Of Samples, Detection Modes And Data Analysis Methods




      A great advantage of FT-MIRS is its high versatility to study samples in solid, liquid, and gas phases in a diversity of forms such as: solutions, biofluids, cells, fixed cells and tissues, biopolymers, pastes, powders, tablets, films, fibers, coatings and surfaces. Accordingly, there are numerous FT-MIR spectra detection/acquisition modes, from transflectance (a combination between transmission and reflectance) using e.g. calcium or barium fluoride slides, to transmission using e.g. microplates of zinc selenium enabling a high-throughput reading, to attenuated total reflectance (ATR) that can be coupled to fiber optic probes for in situ analysis, through microscopic analysis using focal plane array detectors, leading to a 2D array of spectra in a defined localization of the sample towards microimaging. Independently of the detection mode, it is possible to acquire FT-MIR spectra in a rapid (minutes), economic (without reagents), label-free and highly specific and sensitive mode with minimal or no sample handling.




      Due to the high dimension of data contained in the FT-MIR spectra (for example, with a 2 cm-1 resolution, for a spectra acquired from 400 to 4000 cm-1, over 1800 absorbance values are obtained per analysis), univariate and multivariate data analysis can be applied. To maximize data extraction from the FT-MIR spectra, pre-processing methods should be explored with the goal of e.g. removing baseline offsets and minimizing physical effects, as light scattering scatter. Examples of pre-processing methods are baseline-correction, normalization, multiplicative scatter correction, derivatives and combinations thereof. In the biomedical field, there are diverse works based on univariate analysis of the pre-processed spectra, i.e. retrieving information directly from the pre-processed spectra concerning biomolecules such as lipids, proteins, DNA, glycogen, phosphate levels, with or without deconvolution of overlapped spectral bands, and metabolic status such as apparent translational levels and turn-over metabolism. Some authors have analyzed whole spectra variations from e.g. healthy to a disease state, or to have a higher sensitivity of analysis resourcing to spectra derivatives (Fig. 2A). However, most studies, due to the complexity of FT-MIR spectra, apply sophisticated processing methods.


    




    

      



      4. Ft-MIR Spectroscopy And Systems Biology




      The first decade of the twenty-first century was characterized by the development of systems biology, which included a revolution in analytical techniques and bioinformatics that allow evaluation of a defined system, e.g. at cellular level, and at given specific conditions, “all” the genes (genomics), expressed genes (transcriptomics), proteins (proteomics) and small size metabolites (metabolomics). From the Omics sciences, metabolomics is the most functional approach since it provides a direct vision of the functional metabolic outcome of an organism’s activities, necessary for the cell’s interactions with its environment. Metabolomics comprises the analysis of small molecules (e.g.<1500Da) that act as biochemical intermediates - metabolites. The relationship between metabolic changes, patient’s physiological and/or pathological status, and treatment have been established very recently for several pathophysiological processes, e.g. cancer, diabetes, and others (reviewed in Ranninger et al. [14] and Serino et al. [15]).




      The major analytical techniques used to acquire metabolomics data are nuclear magnetic resonance and chromatographic separation processes associated with detection modes based on mass spectrometry. However, these methods are not easy to apply in large scale studies due to laborious sample processing, complexity of the technique and inherent high costs. Furthermore, a major challenge of the high dimension data delivered by these technologies is to associate the natural variability found in this big-data from human samples to a target phenotype, e.g. pathological state [16]. FT-MIRS is a valuable technique for metabolic profiling [2, 17, 18] as it enables the acquisition of the overall molecular fingerprint associated with specific metabolic states in a rapid, economic, automatable and high-throughput mode, as conducted by the present studies to monitor metabolites along bacterial, yeast and human cell cultures [1, 2, 18-22]. While metabolomics is considered the systematic study of the composition of low molecular weight chemical species involved in a specific cellular process, FT-MIRS reflects the overall molecular composition of the sample, including biopolymers (i.e. proteins, nucleic acids and polysaccharides) and lipids. In that sense, FT-MIRS can give a complete snap-shot of the whole omics, including not only genomics, transcriptomics, proteomics, metabolomics, but also lipidomics, epigenomics among others. FT-MIRS does not specify each molecular entity as given in conventional omics science, instead delivers a general snap-shot of the whole molecular composition. This non-specification does not mean that FT-MIRS cannot achieve the required specificity and sensitivity to define biomarkers or quantify specific molecules. For example, with the application of regression models it is possible to develop prediction models from FT-MIR spectra of e.g. plasma or serum to simultaneously determine of amino acids, fatty acids, albumin, glucose, fibrinogen, lactate, triglycerides, glycerol, urea, a1-antitrypsin, a2-macroglobulin, transferrin, Apo-A1, Apo-B, Apo-C3, IgA, IgD, IgG1, IgG2, IgG3, IgG4, IgM, haptoglobin, a1-acid glycoprotein, cholesterol and cholesterol esters [23, 24]. The high specificity and sensitivity of FT-MIRS also enables defining biomarkers towards prognosis, diagnosis and follow-up of drug treatments as reviewed in Bunaciu et al. [25, 26], Baker et al. [27, 28], Tiwari et al. [29] and Kazarian et al. [30], and as exemplified in the following sections.




      Simple processing of biological samples may also enable the extraction of information about specific types of molecules or alternatives to eliminate “interfering” molecules, leading to more detailed spectra of molecular entities. For example, sample processing, including deproteinization as conducted in conventional metabolomics assays, results in isolation of small weight molecules. Simple centrifugation of whole blood separates cells from plasma that contains proteins (albumin, transferrin, fibrinogen and immunoglobulins), glucose, lactate, fatty acids, triglycerides, cholesterol, urea, mineral ions, hormones, etc. Gradient centrifugation can isolate the mononuclear blood cells. Serum refers to blood plasma from which the clotting proteins have been removed, and therefore presents less interference by these proteins. Simple filtration of the serum through membranes with a defined cut-off, can isolate molecules within a window of molecular sizes.


    




    

      



      5. NIR Spectroscopy (NIRS)




      Since NIR spectra are characterized by overtones and combinations of fundamental vibrations, they are usually less intense and have broader bands in relation to MIR spectra. Furthermore, only bonds with hydrogen are detected, but this does not imply that NIRS lacks specific advantages regarding MIRS. For example, support materials used in NIRS, such as glass and quartz transmitting NIR radiation, are much cheaper than those used to perform MIRS. Water is also reasonably transparent in the NIR region in contrary to MIR, which requires sample dehydration when using transmission modes of detection, or alternative modes such as ATR. Due to the high energetic frequencies of NIR and its water-like transparency, it can penetrate several millimeters into human tissue in comparison to only 100 μm in MIR. Therefore, NIRS has been extensively used for clinical non-invasive monitoring of tissue oxygenation, due to its sensitivity to oxygenation/deoxygenation of hemoglobin. The difference between normal and pathogenic tissues in defined biomolecules such as hemoglobin and lipids also enables NIRS to be applied as a non-invasive or minimally invasive monitoring technique. Using fiber optic probes for example, NIRS may enable real-time diagnosis from body surface or minimal invasive examinations of diverse pathologies like breast, skin, prostate, pancreas and colorectal cancers, metabolic myopathy, valvular heart diseases, peripheral artery diseases, neuromuscular diseases, chronic obstructive pulmonary disease and type 1 and 2 diabetes, among others (reviewed in Kondepati et al. [31] and Sakudo [32]). NIRS may even be applied in real-time during cancer surgery to define tumor from non-tumor tissue [33].




      The development of molecular NIRS probes, used as enhancing agents to create contrast imaging can also enable the use of non-invasive NIR imaging, i.e. using an acquisition mode external to the organism, to acquire internal signals (reviewed in Frangioni [34] and Hilderbrand et al. [35]). For example, Frangioni [36] developed NIR fluorescent quantum dots that enable external NIRS imaging and localization of sentinel lymph nodes during cancer surgery. Other recent advances of NIRS probes guiding imaging were also reviewed by Namikawa et al. [37].




      NIRS has been developed for non-invasive and functional neuroimaging studies since the 1990s, based on monitoring the dynamic changes in cerebral blood flow increasing at sites with activated neural function. In these cases, reflected NIR radiation detected at the surface of the head results from scattered radiation of an incident NIR beam passing through skin and bone at approximately 20 mm depth probing the activity of the cerebral cortex. The technique can enable a high temporal resolution (less than 1s), with the possibility of portable and wireless equipment allowing subjects to move during measurements as in portable ECG (reviewed in Hoshi [38] and Sakudo [32]). In addition, NIRS equipment is relatively inexpensive compared to other techniques with functional imaging such as PET, SPEC and MRI. For example, functional NIRS neuroimaging can provide insight into neurobiological factors in individual hearing following cochlear implantation, bringing advantages over other methods as it is non-invasive and is not subject to electrical artifacts [39].




      For non-invasive analysis of clinically relevant analytes as glucose in diabetes, the application of NIRS still presents high constraints, as it depends on a calibration affected by patient’s tissue characteristics. Therefore, in this case most studies focus on relative variations of the analytes, but that is not enough in case a quantitative analysis is needed, as in diabetes (reviewed in Sakudo [32]). Indeed, despite intensive research, no reliable non-invasive glucose sensor exists in clinical practice [40]. Kottmann et al. [41] recently evaluated the non-invasive detection of glucose by MIR in the interstitial fluid of epidermis and obtained a detection limit within the physiological range of glucose.




      NIRS analysis of defined metabolites can be conducted directly from body biofluids like urine and serum. In these cases, usually a multivariate regression method, e.g. partial least square (PLS), is applied and good predictive models are achieved with low errors and high correlation coefficients as reviewed by Sakudo [32]. However, it is also possible to conduct MIRS in real-time, which presents the advantage of having more informative spectra in terms of molecular composition. This does not mean specific analytes, e.g. glucose in serum, cannot be adequately predicted with NIRS as in MIRS. However, there are situations where NIRS can’t achieve good predictive models or MIRS results in more robust models. For example, NIRS analysis of urine samples resulted in predictive models of urea and protein with an equivalent accuracy in relation to the conventional assays, in contrast creatinine presented a lower accuracy [42]. Liu et al. [43] developed NIRS models based on serum analysis to predict only low-density lipoprotein cholesterol (LDL). In turn Liu et al. [44] developed predictive models from MIRS to predict both LDL and HDL. Sandor et al. [45] observed a 50% error reduction in PLS models derived from MIRS in comparison to those derived from NIRS to predict glucose, lactate, glutamine, glutamate and ammonia in animal cell cultures. Even in cases where a NIRS set-up resulted in slightly better predictive models of analytes in cell cultures, MIR spectra convey biochemical and metabolic information, thus promoting cumulative knowledge of the biological process towards improved prognostics, diagnostics and follow-up treatments. Sales et al. [1, 2] developed similar models to predict extracellular glucose and intracellular plasmid quantities either in NIRS and MIRS, but obtained supplemental information that enabled the characterization of the cell’s biochemical and metabolic activity with MIRS. Therefore, if the main goal is to analyze a human fluid (as urine, saliva, serum, blood, sputum, semen, etc.) for a defined metabolite, the method of choice should be MIRS in relation to a NIRS setup, as MIRS enables developing models that may not possible to develop in NIRS. Additionally, MIRS simultaneously and concomitantly gives a metabolic fingerprint of the cell/organism activity. Furthermore, there is a high diversity of MIRS set-ups including alternatives for sample processing (no or minimal processing) and acquisition modes from real-time to high-throughput to microscopic analysis.


    




    

      



      6. Raman Spectroscopy




      Raman spectroscopy is another vibrational spectroscopy-based technique, but associated with electrical polarizability changes, i.e. results from change of electron density distribution of the molecule. Because of minimal interference by water, Raman spectroscopy is widely applied in biomedical sciences. Raman corresponds to an inelastic light scattering process of photons following interaction with a monochromatic radiation source. A high proportion of photons that interact with the matter are elastically scattered with no change in energy. A minor percentage of the photons, however, transfer their energy as vibrational energy, resulting in scattered photons with lower energy levels – known as Raman-Stokes scattering. The anti-Stokes scattering occurs when incident photons receive energy from vibrating molecules, therefore presenting more energetic levels. Given the low probability of a molecule to undergo Raman state transition, usually higher concentrations of the target analyte are required to yield a detectable scattering Raman signal in relation to a MIR band. Furthermore, many biological samples undergo fluorescence when submitted to wavelengths used in Raman, which could decrease the sensitivity to detect the Raman signal [46]. For example, prediction models of glucose, lactate and urea mixtures from human cell cultures based on NIR spectra outperform the equivalent regression models derived from Raman spectra [47]. To overcome this limitation there are diverse techniques to enhance Raman signal, such as surface enhanced Raman scattering (SERS) [48], which enables the detection of residual molecules. Similar work to enhance MIR signals has also been conducted [49]. Both techniques (Raman and MIR), can also be applied in a microscopy detection set-up enabling not only detection of residual compounds but also acquisition of spectra array in a defined space for sub-cellular and tissue imaging. The advantage of micro Raman over micro MIR spectroscopy is based on its low water interference associated with its high spatial resolution due to an excitation wavelength in the visible and near-infrared range. However, the use of an intense laser can result in local thermal decomposition of the sample, in contrary to MIRS [50]. Examples of Raman spectroscopy reviews for biomedical sciences were carried out by Bunaciu et al. [26], Butler et al. [50], Eberhardt et al. [51], Kong et al. [52] and, Baker et al. [53].


    




    

      



      7. Data Acquisition Modes, Pre-processing and Processing Methods




      

        



        7.1. Spectra Acquisition Modes




        MIR radiation can be transmitted or reflected by the biological sample. Transmission spectroscopy is the oldest and most straightforward method [54]. For achieving high quality spectra of biological specimens, samples can be dehydrated e.g. directly in a micro-plate with multi-wells as implemented in Sales et al. [2] and Rosa et al. [18]. To enhance sensitivity, signal amplification can be achieved by surface enhanced infrared absorption (SEIRA), in analogy with SERS in Raman spectroscopy. Plasmonic chip-based technology allows in situ analysis in aqueous media (reviewed in Baker et al. [28]). Another detection mode is placing the sample in a reflecting surface, such as in aluminum/teflon coated substrates or in a glass slide with tin oxide-based silver reflective coating. In this case, a transflectance mode is obtained as the IR beam passes through the sample: it is reflected off the slide and passes again through the sample (reviewed in Ataka et al. [8]). Attenuated Total Reflectance (ATR) is another detection mode noteworthy for biological samples, where the MIR beam is propagated through a high refractive index crystal surface producing an evanescent wave that penetrates the sample by a few microns. The MIR light is transmitted through the sample, reflects on the top layer and passes again through the sample, increasing path length and consequently increasing sensitivity. The ATR detection mode can also be coupled to fiber optic cables, enabling in situ analysis [55]. An important disadvantage of this system, resulting from MIR light characteristics, is that the fiber optic cable is generally limited to very few meters, whereas the NIR light can be led by fiber optic cables at larger distances [9].
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