
1 
 

VILNIUS UNIVERSITY 
CENTER FOR PHYSICAL SCIENCES AND TECHNOLOGY 

 
 
 
 
 
 

SANDRA TAMOŠAITYTĖ 
 
 
 
 
 

 
 

 
LINEAR AND NON-LINEAR VIBRATIONAL MICROSCOPY-BASED 

CHEMICAL IMAGING OF PATHOLOGIC CENTRAL NERVOUS 
SYSTEM TISSUE 

 
 
 
 
 
 

 

Doctoral dissertation 
 

Physical Sciences, Physics (02P) 
 
 

 
 
 
 
 

Vilnius 2018 

 

 

 



2 
 

 

 

 

The dissertation has been prepared during the years 2013 – 2018 at Institute 

of Chemical Physics, Vilnius University and dept. of Clinical Sensing and 

Monitoring, Anesthesiology and Intensive Care Medicine, Faculty of Medicine, 

Technical University Dresden. 

 

 

Supervisor – prof. dr. Valdas Šablinskas (Vilnius University, physical sciences, 

physics - 02P). 

 

  

Advisor – prof. dr. Gerald Steiner (Technical University Dresden, physical 

sciences, physics - 02P). 

 



3 
 

VILNIAUS UNIVERSITETAS 
FIZINIŲ IR TECHNOLOGIJOS MOKSLŲ CENTRAS 

 
 
 
 
 
 
 

SANDRA TAMOŠAITYTĖ 
 
 
 
 
 
 
 
 

PATOLOGINIŲ NERVŲ SISTEMOS AUDINIŲ CHEMINIS 
VAIZDINIMAS NAUDOJANT TIESINĘ IR NETIESINĘ VIRPESINĘ 

MIKROSKOPIJĄ 

 
 
 
 
 

 
Daktaro disertacija 

 
Fiziniai mokslai, Fizika (02P) 

 
 

 
 
 

 
 

Vilnius, 2018 
 
 
 

 

 



4 
 

 

 

 

 

Disertacija rengta 2013 – 2018 metais Vilniaus universiteto cheminės fizikos 

institute ir Drezdeno technikos universiteto medicinos fakulteto 

anesteziologijos ir intensyviosios terapijos medicinos „Clinical sensing and 

monitoring“ padalinyje. 

 

 

Mokslinis vadovas – prof. dr. Valdas Šablinskas (Vilniaus universitetas, fiziniai 

mokslai, fizika - 02P). 

 

 

Mokslinis konsultantas – prof. dr. Gerald Steiner (Drezdeno technikos 

universitetas, fiziniai mokslai, fizika - 02P). 

  



5 
 

INDEX 

 

STRUCTURE OF THE THESIS 10 

INTRODUCTION 12 

GOALS AND TASKS OF THE THESIS 16 

STATEMENTS OF THE THESIS 16 

NOVELTY AND RELEVANCE OF THE RESULTS 17 

PUBLICATIONS INCLUDED IN THE THESIS 18 

PUBLICATIONS NOT INCLUDED IN THE THESIS 19 

CONFERENCE ABSTRACTS 19 

PARTICIPATION IN SCHOOLS AND WORKSHOP FOR YOUNG SCIENTISTS 21 

FUNDING 21 

AUTHOR’S CONTRIBUTIONS 21 

CHAPTER 1 VIBRATIONAL SPECTROSCOPY-BASED CHEMICAL IMAGING: 

PRINCIPLES AND APPLICATIONS FOR CNS TISSUES ANALYSIS 23 

1.1. LINEAR VIBRATIONAL SPECTROSCOPIC IMAGING TECHNIQUES 23 

1.1.1 INFRARED SPECTROSCOPY 23 

1.1.2 FTIR MICROSPECTROSCOPY 24 

1.1.3 INFRARED MICROSPECTROSCOPY OF CENTRAL NERVOUS SYSTEM TISSUES 27 

1.1.4 RAMAN SPECTROSCOPY 32 

1.1.5 RAMAN MICROSPECTROSCOPY 36 

1.1.6 RAMAN MICROSPECTROSCOPY OF CENTRAL NERVOUS SYSTEM TISSUES 38 

1.2 NON-LINEAR VIBRATIONAL IMAGING 44 

1.2.1 COHERENT ANTI-STOKES RAMAN SCATTERING 44 

1.2.2 SINGLE-BAND COHERENT ANTI-STOKES RAMAN SCATTERING MICROSCOPY 49 

1.2.3 CARS IMAGING APPLICATIONS IN CENTRAL NERVOUS SYSTEM RESEARCH: ASSESSING 

MYELIN AND BRAIN TISSUE 52 

1.3 MULTIMODAL NON-LINEAR OPTICAL MICROSCOPY: COUPLING CARS WITH TPEF AND 

SHG 58 



6 
 

1.3.1 MULTIMODAL NON-LINEAR OPTICAL MICROSCOPY 58 

1.3.2 TWO-PHOTON EXCITED FLUORESCENCE 60 

1.3.3 SECOND HARMONIC GENERATION 61 

CHAPTER 2 MATERIALS AND METHODS 63 

2.1 LINEAR VIBRATIONAL SPECTROSCOPIC IMAGING SYSTEMS 63 

2.1.1 FTIR MICROSPECTROMETER 63 

2.1.2 RAMAN MICROSPECTROMETER 66 

2.2 MULTIMODAL CARS MICROSCOPE 69 

2.3 STAININGS 75 

2.3.1 H&E STAINING 75 

2.3.2 ALCIAN BLUE STAINING 76 

2.3.3 IMMUNOHISTOCHEMICAL STAININGS 76 

2.4 ETHICS STATEMENT 77 

CHAPTER 3 EXPERIMENTAL RESULTS 78 

3.1 EFFECTS OF TISSUE SECTIONS DEPARAFFINIZATION FOR MULTIMODAL CARS IMAGES 78 

3.1.1 RESEARCH BACKGROUND AND MOTIVATION 78 

3.1.2 SAMPLE PREPARATION AND EXPERIMENTAL DETAILS 80 

3.1.3 RESULTS AND DISCUSSION 82 

3.1.4 CONCLUSIONS 98 

3.2 CARS MICROSCOPY OF BRAIN TUMORS 98 

3.2.1 RESEARCH BACKGROUND AND MOTIVATION 98 

3.2.2 SAMPLE PREPARATION AND EXPERIMENTAL DETAILS 100 

3.2.3 RESULTS AND DISCUSSION 102 

3.2.4 CONCLUSIONS 117 

3.3 VIBRATIONAL MICROSPECTROSCOPIC IMAGING AND MULTIMODAL CARS MICROSCOPY 

FOR BIOCHEMICAL MONITORING OF SPINAL CORD INJURY TREATMENT 118 

3.3.1 RESEARCH BACKGROUND AND MOTIVATION 118 

3.3.2 SAMPLE PREPARATION AND EXPERIMENTAL DETAILS 121 

3.3.3 RESULTS AND DISCUSSION 127 

3.3.3.1 FTIR microspectroscopic imaging 127 

3.3.3.2 Raman microspectroscopic imaging and CARS microscopy 151 



7 
 

3.3 3.3 Inflammation-related alterations of lipids triggered by spinal cord 

injury 161 

3.3.4 CONCLUSIONS 173 

REFERENCES 175 

ACKNOWLEDGEMENTS 200 

 

  



8 
 

Abbreviations 

5-ALA – 5-aminolevulinic acid 

ANOVA – analysis of variance 

BP – band pass 

CARS – coherent anti-Stokes Raman Scattering 

CCD – charge-coupled device 

CNS – central nervous system 

CoA – corpora amylacea 

CP-CARS – circularly polarized coherent anti-Stokes Raman scattering 

CSPG – chondroitin sulphate proteoglycan 

DNA – deoxyribonucleic acid 

EAE – experimental autoimmune encephalomyelitis 

Epi-CARS (E-CARS) – backward-propagating coherent anti-Stokes Raman 

scattering 

F-CARS – forward-propagating coherent anti-Stokes Raman scattering 

FFPP – formalin-fixed paraffin-preserved 

FIR – far infrared 

FPA – focal plane array 

FTIR – fourier transform infrared 

FWM – four-wave mixing 

GBM – Glioblastoma Multiforme 

HCA – hierarchical cluster analyses  

H&E – hematoxylin and eosin  

IR – infrared 

LDA – linear discriminant analysis 

MCT – mercury-cadmium-telluride 

MIR – middle infrared 

MISS – minimally invasive spine surgery 

MNLO – multimodal non-linear optical 



9 
 

MOPA – master oscillator power amplifier 

MRI – magnetic resonance imaging 

MS – multiple sclerosis 

NA – numerical aperture 

NAD(P)H – reduced nicotinamide adenine (phosphate) dinucleotide 

NIR – near infrared 

PCA – principal component analysis 

PMT – photomultiplier tubes 

RGB – red-green-blue 

RNA – ribonucleic acid 

ROI – region of interest 

RP-CARS – rotating-polarization coherent anti-Stokes Raman scattering 

SAM – saturable absorber mirror 

SCI – spinal cord injury 

SEM – standard error of the mean 

SHG – second harmonic generation  

SIMCA – soft independent modeling of class analogy 

SR-CARS – symmetry-resolved coherent anti-Stokes Raman scattering 

SRS – stimulated Raman scattering 

THG – third harmonic generation 

TPEF – two-photon excited fluorescence 

UV – ultraviolet 

VCA – vertex component analysis 

  



10 
 

STRUCTURE OF THE THESIS 

The main parts of this doctoral thesis are introduction, three chapters and list 

of references. Introduction is presenting the overall background and 

motivation of this work. Here, the main goal and four tasks are formulated as 

well as statements of the thesis and novelty and relevance of the results are 

highlighted. The list of author’s publications and conference abstracts as well 

as participation in schools for young scientists and research funding during the 

doctoral research period are included. At the end of introduction, the author’s 

contributions are presented. 

In the first chapter, the vibrational spectroscopy-based imaging techniques 

applied in this work are reviewed based on the related literature. Here, the 

main focus are the theoretical aspects of underlying physical phenomena and 

the general description of experimental systems. Moreover, the most thesis-

relevant studies describing the application of Fourier Transform Infrared and 

Raman microspectroscopy as well as coherent anti-Stokes Raman scattering 

(CARS) imaging to analyze central nervous system tissues and its pathologies, 

in particular the ones related with lipid alterations, are reviewed. 

The second chapter is covering the materials and methods applied throughout 

this research. In particular, the exact experimental systems are described and 

the biological tissue staining protocols are explained. The reader of this thesis 

can refer to this chapter as the experimental basis while reading the third 

chapter, where only experimental-specific details are provided. 

The third chapter is covering the experimental results of this work. Depending 

on specific problem addressed it is subdivided in three subchapters. In the first 

subchapter, the study regarding the applicability of deparaffinized tissue 

sections for CARS imaging is presented. The second subchapter is about CARS 

imaging of brain tumors. The last, third, subchapter is covering different means 
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of vibrational spectroscopic-based imaging for monitoring spinal cord injury 

and its treatment. In this subchapter, spinal cord injury-induced inflammation 

is also addressed in more detail. Each subchapter have similar structure 

covering: (i) problem-specific research background and motivation and/or 

biomedical aspects. Here, the literature review focused on particular study is 

also present. (ii) Specific details regarding sample preparation and 

experiments, (iii) results and discussion and (iv) conclusions. 

At the end of the thesis, the list of the bibliographic references is given. Finally, 

this thesis is concluded by giving the acknowledgements. 
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INTRODUCTION 

Studies of biological tissues and biomolecules, which are essential for both 

structure and growth of living systems, is of a key importance in biomedical and 

bioanalytical applications. Various methods are widely used in this field of 

studies, including optical microscopy and spectroscopy [1]. Conventional 

optical microscopy techniques, such as bright field [2] and differential 

interference contrast microscopy [3], are capable to provide morphological 

information of a biological tissue, but do not carry specific chemical 

information. Current immunohistochemical visualization techniques, which are 

based on labeling the molecules with special dyes, provide crucial visual and 

chemical information [4]. However, binding the molecules with special dies is 

an invasive method.  What is more, the sample preprocessing is usually long 

and complicated, the success of evaluation is greatly based on the experience 

of the pathologist and the provided chemical information is not complete [5]. 

Due to the growing need of clinical applications and of improvements in disease 

diagnosis, the importance to establish sensitive, chemically selective and 

label-free imaging techniques that are based on fundamental properties of 

biomolecules and thus are non-invasive is of a great demand. 

Vibrational spectroscopy imaging, which is based on intrinsic molecular 

vibrations, is capable to provide chemical information without exogenous 

labeling of biomolecules in a form of vibrational spectra [6]. However, the main 

limiting factors of infrared (IR) spectroscopic imaging are (i) low spatial 

resolution due to considerably long wavelength of IR radiation and (ii) strong 

water absorption in biological samples [7,8]. Raman microscopy does not suffer 

from the mentioned problems. On the other hand, when applied for biological 

samples, the spontaneous Raman scattering (or inelastic scattering) imaging 

also faces several limitations. Firstly, the cross sections of spontaneous Raman 
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scattering are roughly only one out of 103 to 106 scattered photons to be 

scattered inelastically [9]. Thus, the acquisition of Raman spectra requires high 

laser powers and integration times up to a few seconds per spectrum. Also, the 

background autofluorescence signal of the sample often obstructs the sample 

specific vibrational spectral information [10]. 

Detailed morphochemical information can be attained by Coherent Anti-Stokes 

Raman Scattering (CARS) microscopy, which is a non-linear variant of 

spontaneous Raman scattering imaging. The method is based on the non-linear 

interaction between molecules and pulsed laser radiation. During the event, 

information can be gained from chemically selective signals, probing particular 

Raman scattering mode. Therefore, endogenous morphochemical contrast of 

the tissue specimen can be achieved without any additional labeling. When 

compared with spontaneous Raman scattering microscopy, the full vibrational 

spectral data is not acquired and the chemical profile of the sample is 

incomplete. This disadvantage is compensated by the fact that CARS signal is 

by nature coherent and intensive, which makes the data acquisition 

considerably faster [11]. By simultaneous generation and acquisition of CARS, 

second harmonic generation (SHG) and two-photon excited fluorescence 

(TPEF) signals on a scanning laser microscope, a highly chemically informative 

multimodal image can be recorded by single imaging experiment [12]. 

Revived by innovation, these modern imaging techniques rapidly grow 

scientific interest for variety of potential applications and further development. 

Nevertheless, possible sample preparation methods, which would allow to 

successfully apply vibrational spectroscopy-based imaging for tissue 

morphochemical investigations are still unclear or unproven and, therefore, 

require additional studies. For example, formalin-fixed paraffin-preserved 

(FFPP) brain tissue samples could be an important source of extensive 

retrospective studies. However, the applicability and potential of CARS imaging 
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of particular samples was not yet addressed. Furthermore, the diagnostic 

capabilities of vibrational spectroscopic imaging and CARS microscopy are 

especially promising to investigate nervous tissue of central nervous system 

(CNS) and, especially, lipid content altering diseases of CNS [13], such as spinal 

cord injury or brain tumors. Despite this fact, linear vibrational spectroscopic 

imaging and CARS microscopy still requires more extensive studies in the field 

of neuroimaging. Also, the potential of these particular means of imaging to be 

applied in a complementary fashion is not yet extensively exploited.  

High death rate due to the both primary and secondary brain tumors is mainly 

related to the remaining tumor tissue and cells in the healthy brain tissue after 

surgical resection. Thus, the precise identification of tumor borders is on a high 

demand. It is challenging, because tumor cells are often infiltrating in the 

surrounding normal brain tissue [14]. Currently, Magnetic Resonance Imaging 

(MRI) is mainly used for imaging of the brain tumors. However, the imaging 

resolution of this modality is not enough for identification of single cell or 

subcellular structures [15]. 

The early and accurate diagnosis of brain tumors is another important issue to 

be addressed. The “gold standard”, which is implemented in clinical practice 

nowadays, is histochemistry of the biopsies. Label-free imaging modality with 

subcellular lateral resolution, which overcomes the aforementioned problems 

of immunohistochemical stainings, is CARS microscopy. 

Evans et al. was the first to successfully implement CARS imaging for 

characterization of tumor in mouse brain tissue [16]. While CARS and 

multiphoton microscopy was used to image surgically removed lung carcinoma 

metastasis from human brain by Meyer et al. [17], it has not yet been 

demonstrated for a significant number of different metastases. Also, studies of 

CARS imaging potential for human brain tumors is still lacking. 
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Spinal cord, which is responsible for transmitting the sensory and motor 

information between the brain and body, is a part of CNS. Together with other 

cellular structures, the two major types of cells, namely neurons and glial cells, 

reside in the spinal cord [18]. The degeneration of these cells (damage of axons, 

loss of neurons and glia, demyelination of spared axons) in and around the 

lesion site is the consequence of the spinal cord injury (SCI). After the acute 

phase of SCI, secondary processes, such as vascular changes, biomolecular 

alterations, apoptosis, excitotoxicity, oxygen free radical formation, lipid 

peroxidation, proceed [19]. After-traumatic spinal cord has a limited capacity 

to regenerate; however, without introduction of any additional treatment, the 

spontaneous full functional recovery is not possible in mammalians. Due to the 

complexity of the pathophysiology of SCI, the stimulation of nervous tissue 

regeneration is challenging. While the number of potential ways to promote 

axon regeneration and treat SCI is increasing, the most of suggested treatment 

strategies still require comprehensive investigation to understand the 

underlying pathophysiological and biomolecular mechanisms [20]. 

Imaging of damaged spinal cord is essential for better understanding the 

processes occurring during the spinal cord degeneration/regeneration. 

Visualizing the specific biochemical changes, which follow after the 

introduction of the treatment therapies for SCI, could explain the mechanisms 

that underline the recovery. The specific treatment strategy could be also 

evaluated qualitatively and quantitatively [21].  

CARS microscopy was used for SCI imaging, but never with introduced 

treatment, by different authors, for example by Shi et al. [22]. SCI imaging by 

means of both CARS and vibrational microspectroscopy was successfully 

implemented by Galli et al. in research group of Technical University of Dresden 

[23]. The approach to combine non-linear microscopy and vibrational 
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microspectroscopy for gaining morphochemically specific information of SCI, 

when treatment strategies are introduced, is thus very promising. 

Goals and tasks of the thesis 

The fundamental goal of this thesis was to combine experimental vibrational 

spectroscopy-based imaging techniques and spectral data analysis approaches 

to (i) evaluate these imaging modalities as a tool for diagnostic neuropathology 

and monitoring of SCI treatment strategies and to (ii) gain new insights in 

biochemical status of diseased nervous tissue. Therefore, this work covers the 

following tasks: 

1. Analyze the effects of formalin-fixed paraffin-preserved brain tissue 

sections deparaffinization in order to evaluate compatibility of 

formalin-fixed paraffin-preserved brain tissue samples for multimodal 

CARS imaging and to decide for the most suitable brain tissue sample 

preservation approach for CARS microscopic imaging. 

2. Validate applicability of CARS microscopy as a tool for precise 

delineation and assessment of primary and secondary brain tumors and 

confirm the results with the help of Raman microspectroscopy. 

3. Apply and evaluate infrared and Raman microspectroscopy as well as 

multimodal CARS microscopy for assessing the effects of and monitoring 

novel soft alginate hydrogel implants for spinal cord injury treatment. 

4. Apply Raman microspectroscopy in a combination with CARS and TPEF 

microscopy to retrieve the biochemical information about the 

inflammation-related alterations of lipids triggered by spinal cord injury. 

 

Statements of the thesis 

1. Despite the loss of lipids and artifacts induced by residual paraffin, 

sections of deparaffinized brain tissue provide morphochemical 
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information, when imaged by Raman microspectroscopy and CARS 

microscopy. However, the study of brain tissue pathologies is limited, 

when deparaffinized sections are used, and sample cryoprotection is a 

better choice for more biochemically comprehensive results. 

2. The average reduction of CARS signal intensity in brain tumors was 

decreased by 30% – 40% with respect to normal gray matter, depending 

on type of tumor. Therefore, CARS signal intensity ratio between tumor 

and normal gray matter can be used as a robust parameter to identify 

tumor borders, infiltrations and small tumor islands.  

3. According to semi-quantitative infrared spectral data analysis, in the 

chronic state of spinal cord injury, implants of soft alginate hydrogel 

result in significantly higher lipid content in contralateral white matter 

and significantly reduced fibrotic scarring. 

4. Spectral information provided by FTIR and Raman microspectroscopy 

techniques enables to detect alginate hydrogel implant and monitor its 

chemical stability in spinal cord injury. 

5. Mapping the intensity of carbonyl Raman band at 1743 cm-1 allows to 

localize inflammatory regions of spinal cord injury, while chemometrical 

analysis of Raman spectral data reveals these regions to be enriched 

with saturated fatty acids. 

Novelty and relevance of the results 

 Vibrational spectroscopic imaging and multimodal CARS microscopy 

have a great potential to be applied as separate methods as well as in a 

complementary manner to morphochemically visualize various CNS 

tissue pathologies with the future diagnostic, monitoring of treatment 

and even intraoperative prospects in clinical application. 

 As detailed and comparative approach was still lacking to evaluate CARS 

imaging potential for brain tumor delineation and characterization, 
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extended set of primary and secondary tumors grown in mouse model 

as well as human tumors were investigated in this work. 

 The decrease of CARS signal intensity in brain tumors was for the first 

time evaluated in detail  and correlated with tissue structures and 

cellularity: it might result not only from higher occurrence of lipid-poor 

structures within the tissue, but also be related with a general 

biochemical signature of tumorous tissue. 

 Novel unfunctionalized soft alginate hydrogel implant was applied as a 

treatment strategy to SCI in rat model. Combined approach to apply 

FTIR, Raman and multimodal CARS imaging is excellent for 

comprehensive biochemical assessment of SCI treatment strategies. 

 Until now only SCI-induced demyelination and scarring were already 

studied elsewhere by Raman spectroscopy. Inflammation was so far 

neglected in spectroscopic studies of SCI and was successfully addressed 

in this work.  
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CHAPTER 1 VIBRATIONAL SPECTROSCOPY-BASED 
CHEMICAL IMAGING: PRINCIPLES AND 

APPLICATIONS FOR CNS TISSUES ANALYSIS 

 

1.1. Linear vibrational spectroscopic imaging techniques 

1.1.1 Infrared Spectroscopy 

Infrared spectroscopy is a vibrational spectroscopic technique based on 

interaction between infrared radiation and materials. IR radiation covers the 

spectral range of electromagnetic waves between microwaves and red end of 

visible light, i.e. approximately between 1 and 100 micrometers of the 

wavelength. Generally, infrared spectrum is grouped into three regions: 

near-infrared (NIR), mid-infrared (MIR) and far-infrared (FIR), covering the 

wavenumber range in 14285-4000 cm-1, 4000-400 cm-1 and 400-100 cm-1, 

respectively. Depending on atomic bonds in particular molecular system it 

contains, the sample can absorb IR radiation at some of IR frequencies and 

transmit at the others. IR radiation can also be reflected [24]. 

The absorption of IR radiation induce the change of vibrational energy state of 

molecular system, i.e. specific molecular vibrations are being triggered [25]. 

Typically, the transmitted IR radiation, carrying information about the 

transmission at specific frequencies, is obtained by a detector. By comparing 

the spectra of incident and transmitted IR radiation, the absorbed frequencies 

specific to particular molecular vibrations can be identified. Therefore, IR 

spectroscopy is especially favorable to obtain information about presence or 

absence of certain functional groups [26]. 

The absorption of IR radiation is only possible at the resonant frequencies: the 

energy of absorbed radiation must be equal to the energy of vibrational 
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transition. Not all the frequencies of molecular vibrations are “IR active”, i.e. 

the molecule can absorb IR radiation at only those frequencies at which 

molecular vibrations are associated with changes of dipole moment. The 

intensity of IR absorption is related with the magnitude of dipole moment 

associated with molecular bond [25]. While strongly polar bonds such as 

carbonyl groups cause strong IR absorption, weakly polar and symmetric bonds 

are causing weak or no IR radiation absorption [27]. The transmission (T) of IR 

radiation in infrared spectroscopy is described by Beer–Lambert law [28]: 

 𝑇(𝜈) =
𝐼(𝜈̃)

𝐼0(𝜈̃)
= exp(−𝑎(𝜈)𝑏),  (1) 

where 𝐼(𝜈) is the intensity of transmitted radiation, 𝐼0(𝜈) is the intensity of 

incident radiation, 𝑎(𝜈) is a linear absorption coefficient, b is thickness of the 

sample and 𝜈  is the wavenumber. Optical density, which describes the 

absorption, is expressed as follows [29]: 

 𝐴 = log10 (
1

𝑇
) = − log10 (

𝐼

𝐼0
).  (2) 

Here T is the transmission. 

As in the experiments of this thesis mid-infrared (MIR) spectroscopic imaging 

was applied, the infrared (IR) spectral region will be referred to MIR spectral 

region throughout the following text of this thesis. 

1.1.2 FTIR Microspectroscopy 

The combination of IR spectrometer and a microscope enables IR 

microspectroscopy technique. Imaging, based on IR microspectroscopy allows 

to obtain sample’s morphochemistry: not only to obtain sample’s morphology, 

but, most importantly, to couple it with the sample’s chemical information. The 

chemically-rich information is linked to each spatial position of a sample, 

therefore a single data set consists both of spectral and spatial information 

[30]. 

Even though that the earlier IR microspectroscopy instruments were based on 

dispersive spectrometers, where the signal intensity was detected at each 
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wavenumber separately, modern IR microspectroscopy instruments are usually 

equipped with Fourier transform infrared spectrometers [31]. Opposite to 

relatively slow dispersive spectrometers, FTIR spectrometers allow 

simultaneous acquisition of complete frequency range of incident 

polychromatic IR radiation in one measurement. As the name of the technique 

suggests, mathematical processing of the measured spectral data is related 

with application of Fourier transform [32].  

The main component of FTIR spectrometer is an optical element with 

interferometer, for example Michelson interferometer. Briefly, the main parts 

of Michelson interferometer are a fixed mirror, a movable mirror and a beam 

splitter. IR radiation, emitted from the source, is divided by a beam splitter. 

One part of the radiation is directed to the fixed mirror and, after reflection 

from it, is reflected again by beam splitter towards the detector. The other half 

of initial radiation is directed towards movable mirror, where the beam is 

reflected back to the beam splitter, which further reflects it to the detector. 

The movable mirror allows to create variable optical path difference between 

the two splitted beams. As these two beams recombine by constructively or 

destructively interfering depending on their optical path difference, the 

inteferogram, i.e. the signal intensity relative to the position of movable mirror, 

is measured. Interferogram is converted to the spectrum by applying Fourier 

transform [33]. 

Principal layout of an IR microscope operating in transmission mode is shown 

in Figure 1. The polychromatic IR radiation is collected from interferometer, 

delivered and focused to selected position of the sample. The transmitted 

radiation is collected and delivered to detector. The spectroscopic dataset for 

vibrational spectroscopic imaging is collected either by raster-scanning the IR 

radiation beam incident on the sample or by using wide-field illumination and 

focal plane array (FPA) or linear array detectors. The conventional IR sources 

include global, synchrotron and quantum-cascade lasers [6].  
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The main difference between infrared and standard visible light microscopes 

are the optical components. While in typical visible light microscopes glass 

optical components are used for directing and delivering the light, IR 

microscopes require more complicated Cassegrain optics. Glass is not suitable 

to be used in IR spectroscopy, as it absorbs electromagnetic radiation in mid-

infrared spectral region, which wavelengths are above 5 m. The reflecting 

mirrors, used in Cassegrain optics allows to deliver broader spectrum of 

frequencies without substantial absorption [34].  

FTIR microspectroscopy is a relatively simple technique that is well suitable for 

tissue analysis: FTIR microspectroscopy is reproducible, non-destructive, do not 

require extensive means of sample preparation. Furthermore, relatively small 

Figure 1. Principal optical diagram of an infrared microscope in transmission mode. The optical 

components, which are focusing modulated IR radiation from the spectrometer and visible light 

from visible light source to Cassegrain condenser, as well as those, which from Cassegrain 

objective deliver the transmitted IR radiation to IR detector and visible light to visible light 

camera, are not shown. 
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amounts (micrograms to nanograms) of the sample are usually enough to 

obtain decent chemical information. These superior features and 

advancements in modern infrared microspectroscopy instrumentation enabled 

it to emerge as one of the major tools for biomedical research [8].  

1.1.3 Infrared microspectroscopy of central nervous system tissues 

Infrared absorption of central nervous system tissues 

Biological tissues, including CNS tissue, are of complex nature: various different 

proteins, nucleic acids, lipids and carbohydrates are incorporated in their 

structure with varying concentrations. Therefore, the spectral bands of infrared 

absorption spectrum of a biological tissue are due to vibrational modes from 

Figure 2. Infrared absorption spectrum of lipid-rich biological tissue with most prominent 

vibrational modes and them representative tissue components. Particular spectrum was 

acquired for the reference by author of this thesis from 16 μm thick cryosection of white matter 

of a mouse brain. 
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all the molecules and are strongly overlapping (Fig. 2). The correlation of 

distinct tissue biomolecules with separate absorption bands is thus 

complicated and the precise attribution of particular band to particular 

biomolecule cannot be straightforward. Practically, the absorption bands are 

rather attributed to those biomolecules, which have the most of the particular 

characteristic functional groups. 

In mid-infrared spectral region, the frequency range of infrared absorption in 

around 900 – 3500 cm-1 carries most vibrational information about the CNS 

tissue components. 

The spectral region between 900 cm-1 and 1500 cm-1 is so called fingerprint 

region [6]. The vibrational modes below 1300 cm-1 are mainly associated with 

carbohydrates, nucleic acids (DNA and RNA) and phospholipids. 

Carbohydrates-associated vibrational modes, such as C—O stretching coupled 

with C—O bending from glucose and glycogen lead to absorption at ~1025 cm-1, 

~1045 cm-1 and ~1150 cm-1 [35]. Symmetric and asymmetric stretching of PO2
⁻ 

in phosphodiester groups yield characteristic absorption at 1080 cm-1 and 

1235 cm-1, respectively [35]. CNS tissues are phospholipid-rich, therefore 

phospholipids are substantially contributing to PO2
⁻ stretching vibrations at 

1235 cm-1 [36]. Relatively weak spectral contributions in 1200 – 1350 cm-1 

spectral region are due to N—H in-plane bending and C—N stretching 

vibrations of proteins (amide III vibrations). The IR spectral bands at ~1400 cm-1 

and at ~1460 cm-1 are attributed to, of C—H bond`s symmetric and asymmetric 

bending vibrations, respectively, in methyl (CH3) and methylene (CH2) 

functional groups in both proteins and lipids [37].  

Another important spectral region between 1500 cm-1 and 1700 cm-1 include 

amide I and amide II bands, which are usually the most prominent in the 

infrared spectra of most biological tissues and are dominated by C=O and C— N 
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stretching vibrations of amide groups [6]. Amide II spectral bands are located 

at ~1548 cm-1 and arise due to C—N stretching with contributions from N—H 

bending in proteins [35]. Amide I band is due to C=O stretching with 

contributions from N—H bending in proteins [35]. The amide I band is 

particularly suitable to address changes in protein secondary structure. These 

changes are identified by the position of the band maximum and its shoulders: 

α-helical structures at ~1655 cm-1, β-pleated sheet structures at 

1623 – 1637 cm1, anti-parallel pleated sheets and β-turns at 1675 – 1695 cm-1 

[38].  

The higher-wavenumber region (2800 – 3500 cm−1) is associated with 

stretching vibrations of methyl, methylene and methine (=C—H) functional 

groups, commonly found in fatty acids. In CNS lipid-rich tissue samples, the 

spectral band at 1725 – 1745 cm-1 attributed to the ester carbonyl vibrations 

and minor bands of C=C stretch and (C=C)H stretch at 1650 cm-1 and 3010 cm-1, 

respectively, indicate high content of unsaturated lipids [36,39]. 

FTIR vibrational spectral imaging applications in central nervous system 

research: assessing brain tumors and myelin    

Many studies were assessing FTIR spectroscopy as a tool to diagnose and grade 

brain tumors. For example, in the study carried out by Krafft et al., IR 

spectroscopic chemical imaging was applied to compare spectral signatures of 

normal brain, astrocytic gliomas and human glioblastoma cell lines. A 

parameter based on characteristic vibrational bands for calculating lipid to 

protein ratio was introduced for statistical analysis of 71 samples. As this 

parameter correlated with the grade of gliomas, it was applied to classify brain 

tissue sections imaged by IR microspectroscopy [40]. In the study performed by 

Steiner et al., it was demonstrated that cancerous human brain tissue 

(astrocytoma, glioblastoma) can be distinguished from control tissue due to 

differences in respective IR spectra. Also, the IR spectra were shown to provide 



30 
 

sufficient biochemical information to assess the malignancy grade of the tissue. 

A combination of genetic optimal region selection routine linear discriminant 

analysis revealed that the nature and relative amounts of brain lipids appear to 

be altered in cancerous compared to control tissue [41]. Additionally, to this 

iterative two-step algorithm, series of classification models were built by using 

a k-fold cross validation scheme. To provide an aggregated prediction 

classification, predictions from the various models were combined and 

classification success was improved [42]. Amharref et al. investigated molecular 

changes associated with the development of brain glioma in C6 rat glioma 

model. Multivariate statistical analysis and imaging was applied and, as a result, 

all normal brain structures were discriminated from tumor. Moreover, the 

structure attributed to infiltrative events, such as peritumoral oedema 

observed during tumor development, could be identified all around the tumor 

[43].  Bambery et al. also showed in rat C6 glioma model that the tumor tissue 

has a characteristic chemical signature of IR spectra in comparison with tumor-

free brain tissue. The physical-chemical differences between cancerous and 

tumor-free brain tissue were determined by image and spectral comparison 

and were characterized by changes in total protein absorbance, 

phosphodiester absorbance and physical dispersive artefacts [44]. Further, 

Krafft et al. extended the IR microspectroscopic studies of human glioma 

tumors extended to primary tumors of brain metastases. The SIMCA (soft 

independent modeling of class analogy) model was applied to distinguish 

normal brain tissue from brain metastases and to identify the brain tumors of 

metastases. All specimens were ranked to the correct tissue class [45]. Ali et al. 

undertook a study to determine, whether human meningiomas could be 

identified by using IR microspectroscopy. In this study, hierarchical cluster 

analysis (HCA) using Ward's algorithm was applied to analyze spectral datasets 

and allowed to discern tumor and its specific spectral pattern [46]. Multivariate 

statistical analysis in the study carried out by Beljebbar et al. enabled to 



31 
 

distinguish between normal, tumoral, peri-tumoral, and necrotic tissue 

structures in rat C6 glioma model from IR spectral imaging data. For that, a 

model consisting spectra acquired from normal and glioma brain constituents 

such as lipids, DNA, and protein was used as a linear combination for fitting 

measured spectra of brain tissues [47]. Based on comparative evaluation of 

FTIR imaging, histopathology, and MRI in malignant gliomas of six patients, a 

diagnostic classification system was described for the first time by Sobottka et 

al. The grading based on IR spectroscopic data agreed with histopathology and 

MRI findings for almost all specimens [48]. Tumor vasculature as a measure by 

IR imaging to differentiate between normal and tumor tissue in mice and 

human was also addressed by Wehbe et al. [49]. 

By applying infrared spectroscopic methods, the myelin degradation was 

mainly assessed in the studies of multiple sclerosis (MS). The early work of Choo 

et al., which was published in 1993, investigated chronic MS plaques dissected 

from autopsy material and reported the reduction of lipid-related IR absorption 

bands, which is in agreement with the loss of the lipids during the 

demyelination.  MS plaques and control white matter could be readily 

distinguished based entirely on lipid representative absorption bands. 

However, these differences were not as evident when compared with grey 

matter [50]. LeVine et al. demonstrated that in addition to a prominent 

decrease of overall lipid content associated with the demyelination, an increase 

of carbonyl-to-CH2 ratio was detected in lesions, indicating oxidation [29]. 

Recently, experimental autoimmune encephalomyelitis (EAE), which is an 

animal model for multiple sclerosis, is most often used to study MS. Heraud et 

al. reported that reduction of lipid ester carbonyl spectral band (1735 cm−1) and 

an increase of nucleic acids representative spectral band (965 cm−1) were found 

as prominent spectral markers representing lesions found in the brain 

cerebellum and spinal cords. PCA on FTIR spectra in 900 – 1800 cm−1 spectral 
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region allowed differentiation between different tissue layers of the brain 

cerebellum and the lesion [51]. From IR spectral data of several studies, it was 

suggested that the lesions in Nogo-A vaccinated mice contained myelin 

proteins with different protein secondary structure [51–53]. 

1.1.4 Raman spectroscopy 

Raman spectroscopy belongs to linear vibrational spectroscopy. The physical 

background of Raman spectroscopy is inelastic scattering, i.e. Raman 

scattering, of electromagnetic radiation as it interacts with the media. In this 

phenomenon, the photons of incident light are absorbed and re-emitted during 

the characteristic times of τ  10-14 s [54]. The difference between the 

frequencies of incident and scattered photons provide information about 

vibrational, rotational and other low-frequency vibrational processes related 

with excitation of the molecule. Raman spectroscopy is suitable for qualitative 

and quantitative analysis of solid, liquid and gaseous materials [55]. 

The essence of Raman scattering process can be at easiest explained by 

classical electromagnetic field description [56]. The dipole moment is induced 

as the incident monochromatic electromagnetic field interacts with the 

material and is characterized by following equation: 

 𝐏 = 𝛼𝐄.  (3) 

Here, α is molecular polarizability, which is material-specific property 

depending on molecular structure and characteristics of chemical bonds. E is 

the strength of incident electric field and is time-dependent, as the following 

equation describes: 

 E = 𝐸0 ⋅ cos(𝜔0𝑡),  (4) 
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where 0 and E0 is the frequency and amplitude of incident electric radiation, 

respectively. The time-dependent induced dipole moment acts as a source for 

generation of secondary radiation: 

 𝑃 = 𝛼𝐸0 cos(𝜔0𝑡). (5) 

The nuclear coordinates q, along which the molecule oscillates, are called 

normal modes. As the electron cloud perturbation with electric field depends 

on the relative molecule`s atoms nuclear coordinates, polarizability is a 

function of nuclear coordinates. For the small deviations from the equilibrium 

nuclear coordinates (q = 0), this dependence can be expanded into a Taylor´s 

series: 

 𝛼 = 𝛼(𝑞) = 𝛼0 + (
𝜕𝛼

𝜕𝑞
)

𝑞=0
⋅ 𝑞 + ⋯ .  (6) 

Here, α0 is the polarizability at the equilibrium nuclear position. Due to 

interaction with incident electromagnetic field, the nuclear coordinate q 

oscillate with a characteristic frequency of normal mode m around q = 0 and 

is expressed in the following equation: 

 𝑞 = 𝑞0 ⋅ cos(𝜔𝑚𝑡).  (7) 

Inserting Eq. (6) and Eq. (7) into Eq. (5) gives the following expression for the 

induced dipole moment: 

 𝑃(𝑡) = 𝛼𝐸0 cos(𝜔0𝑡) = 𝛼0 ⋅ 𝐸0 ⋅ cos(𝜔0𝑡) +
1

2
(

𝜕𝛼

𝜕𝑞
)

𝑞=0
⋅ 𝑞0 ⋅ 𝐸0 ⋅

cos[(𝜔0 − 𝜔𝑚)𝑡] +
1

2
(

𝜕𝛼

𝜕𝑞
)

𝑞=0
⋅ 𝑞0 ⋅ 𝐸0 ⋅ cos[(𝜔0 + 𝜔𝑚)𝑡], (8) 

Eq. (8) indicates that the induced dipole moment can oscillate at three different 

frequencies, namely 0, 0  ̶  m and 0 + m, and as a result generate at three 

distinct frequencies scattered light [57]: 
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1. The first term in Eq. (8) oscillates at 0, i.e. at the same frequency like 

the incident radiation. After the excitation, the molecule relaxes back to 

the initial vibrational level. This constitutes the elastic light scattering 

and is called Rayleigh scattering, which is present for any molecule. 

2. The scattering radiation at 0  ̶  m frequency is energetically red- shifted 

compared with the incident radiation. It constitutes inelastic light 

scattering and is called Stokes scattering. In this case, part of the incident 

photon energy is transferred to excite molecular vibrations at frequency 

q. 

3. The third term in Eq. (8) corresponds to oscillations with the 

characteristic frequency 0 + m: the inelastically scattered radiation, 

which is called anti-Stokes scattering, is energetically blue-shifted with 

respect to incident radiation. In this case, the molecule, which already 

exists in excited vibrational state, relaxes to the ground vibrational 

energy level by releasing the excess energy to produce the photon at 0 

+ m frequency. 

Different molecular polarizability between vibrational energy states is 

prerequisite for a Raman transition between these states to be allowed. In 

other words, molecular vibrations, for which (
 𝜕𝛼

𝜕𝑞
)

𝑞=0
≠ 0, i.e. the derivative of 

the polarizability with respect to the normal coordinate associated to the 

vibration is non-zero, are necessary for inelastic scattering of light [58]. 

Another way to explain Raman scattering is based on energy levels diagrams 

(Fig. 3). According to this model, a molecule can absorb a photon and 

subsequently undergo a transition to virtual energy state. The energy of virtual 

energy level is higher than of the vibrational energy level, however do not have 

to be equal to the energy of excited electronic energy level of the molecule. 

Therefore, as the virtual energy level can be present at any energy, Raman and 
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Rayleigh scattering can occur independently from the frequency of incident 

electromagnetic radiation. The lifetime of virtual energy level compared with 

the real energy levels is very shot, i.e. ~10-14 s [54]. When a part of the incident 

electromagnetic radiation energy is transferred to induce molecular vibrations, 

the relaxation from the virtual energy level will result in generation of a lower 

energy photon – the Stokes photon. As can be seen in Fig. 3, the energy 

difference between incident and scattered photons is equal to that required to 

induce particular molecular vibration. In the case of anti-Stokes scattering, the 

molecule is already in an excited vibrational state and absorb incident photon 

to experience transition to virtual energy level. Molecule disposes its 

vibrational energy by relaxation to ground vibrational level via radiation of a 

photon of higher energy than the incident photon – the anti-Stokes photon is 

generated. Under thermal equilibrium conditions, the population of molecules 

is higher in ground vibrational energy state than in excited vibrational state, 

therefore the spontaneous Raman Stokes scattering is more intense than 

anti-Stokes. It should be noted that the cross-sections of inelastic scattering are 

small compared to those of elastic scattering. Therefore, the intensity of 

Rayleigh scattering is several hundred times stronger than the intensity of 

spontaneous Raman scattering [55]. 

The output of Raman spectroscopy are the Raman spectra, which represent the 

scattered radiation intensity versus characteristic vibrational frequencies of the 

molecule [59]. In Raman spectra, these frequencies are related to so called 

Raman shift as follows: 

 Δ𝜈 =
1

𝜆0
−

1

𝜆1
,  (9) 
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where 0 and 1 are the wavelengths of incident and scattered radiations, 

respectively. 

1.1.5 Raman microspectroscopy 

Raman chemical imaging (mapping) provides chemical information coupled 

with spatial information of the sample. In typical Raman microspectroscopy 

experiment, the sample is excited with one laser wavelength. All Raman-active 

molecular vibrations of the specimen are excited simultaneously. Typically, the 

laser radiation is used to excite the sample, as: (i) monochromatic laser 

radiation allows to register relatively small Raman shifts; (ii) intense and 

collimated laser beam in most cases favors appropriate lateral resolution and 

signal-to-noise ratio [55]. 

The incorporation of Raman spectroscopy tool to a microscopy system amongst 

other present two main advantages. Firstly, a better lateral resolution can be 

achieved (to the Abbe‘s diffraction limit). Furthermore, the tight focusing of the 

radiation by microscope objective provides the higher density of excitation 

Figure 3. Energy diagrams, showing the energy transitions occurring in infrared absorption, 

Reyleigh and Raman scattering events. The thicknesses of the arrows representing transitions 

involved in scattering processes illustrate (but are not proportional to) the probabilities of 

different spontaneous scattering phenomena to occur. 
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photons and, therefore, more intense scattering at the sample´s unit surface 

area [60].  

In typical Raman microspectroscopy imaging experiment, the spectra are 

collected by point-wise scanning the sample surface and the full spectroscopic 

information is acquired in every pixel. As a result, molecular information-rich 

spectral dataset is acquired. The sample scanning by laser beam is achieved by 

using the mirrors or/and piezoelectrically driven sample stages. A microscope 

objective focuses a laser beam on the sample. The common approach to collect 

the Raman scattering signal is to employ the same objective. The lateral 

resolution, laser beam diameter and signal detection sensitivity are dependent 

on microscope objective numerical aperture (NA) [60]. As elastic scattering is 

dominating over the inelastic Raman scattering (elastic scattering is 103 – 106 

times stronger [57]), it is important to use special filters (Rayleigh filters) to cut 

off the signal of elastic scattering [55]. 

Raman microspectroscopy has proved to be a powerful method for 

investigating and assessing chemical content of various materials. This wide 

range of applications include, among others, studies of pharmaceuticals [61], 

plant and algae [62,63], in fields of nanotechnology [64–66], food quality and 

safety [67,68] and, of course, a broad variety of applications in biology and 

biomedicine [69–72]. In particular, the latter applications range from single cell 

[73,74] and tissue [75,76] imaging to medical diagnostics [77,78]. 
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1.1.6 Raman microspectroscopy of central nervous system tissues 

 Raman scattering of central nervous system tissues 

Once again, as in the case of IR absorption spectra of CNS tissue samples, 

Raman spectrum provides a fingerprint of the sample’s biochemical 

composition. Raman spectra of CNS tissue are characterized by a number of 

spectral bands. The bands in the spectra are the result of the complex overlap 

of different vibrational modes (Fig. 4). They indicate the presence and quantity 

of a certain molecular group and can be assigned to the main tissue 

components. 

Relevant Raman spectral bands of CNS tissue samples are in the Raman-shift 

range between 600 and 3500 cm-1. The cholesterol specific spectral bands are 

at 608 cm-1 and 702 cm-1 and are due to sterol ring vibrations. A characteristic 

spectral band at 719 cm-1 is attributed to symmetric stretching vibration of 

choline group N+(CH3)3 in phospholipids such as phosphatidylcholine and 

sphingomyelin [79]. Lipids and their chemical structure can be further 

Figure 4. Typical Raman spectrum of lipid-rich CNS tissue with most prominent vibrational modes 

and them representative tissue components. Particular spectrum was acquired for the reference 

by author of this thesis from 16 μm thick cryosection of white matter of a mouse brain. 
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evaluated by analyzing the Raman bands at 1300 cm-1 (CH2 twisting), 1440 cm-1 

(CH2 bending), 1656 cm-1 (C=C) and 1754 cm-1 (C=O) [80]. 

Spectral range 770 – 830 cm-1 is dominated by the O—P—O stretching 

vibrations arising from backbone of nucleic acid [81]. This spectral region is 

especially favorable for assessment of nucleic acid content in the CNS tissue. In 

the spectral region of 900 – 1150 cm-1, the C—C and C—N bond vibrations 

characteristic to proteins are responsible for intense Raman bands. Especially 

evident is the characteristic spectral band of phenylalanine at 1004 cm-1. 

Vibrations associated with lipids, namely C—C band vibrations, are giving 

characteristic band at 1070 – 1080 cm-1 [80].  

In the spectral region 1100 – 1375 cm-1, the amide III Raman band due to C—N 

stretching and N—H bending vibrations is observed. The amide II band is 

observed in the region between 1480 and 1580 cm-1 and is due to a coupling of 

C—N stretching and N—H in-plane bending vibrations [80]. However, the 

amide II band in Raman spectra is often overwhelmed by the contributions of 

C—H bending vibrations in lipids. CH2 bending vibrations in proteins are also 

giving intense spectral band at 1450 cm-1. Finally, the amide I band of proteins 

is observed at 1656 cm-1 due to C=C stretching vibrations. 

The spectral region 2800 – 3500 cm-1 is dominated by spectral contributions 

from symmetric and asymmetric C—H stretching vibrations of methyl (CH3) and 

methylene (CH2) functional groups [80]. Important to highlight that in lipid-rich 

CNS tissue samples, the Raman spectral band at 2850 cm-1 is mainly due to 

vibrations of CH2 functional groups of fatty acids [82]. 

Raman vibrational spectral imaging applications in central nervous 

system research: assessing brain tumors and injury of the spine  

The early attempts to apply Raman spectroscopy for assessment of brain tissue 

were limited to Raman spectra analysis based on differences of concentration 



40 
 

of individual molecules. By attempting to analyze the water content, Tashibu 

was for the first time applying Raman spectroscopy for brain tissue in 1990. He 

was able to detect relative differences in water concentration due to changes 

of intensity of O—H stretching vibrational mode at 3390 cm-1 [83]. In 1994, 

Mizuno et al. was for the first time reporting Raman spectroscopy application 

for the brain tumor research. Gliomas of grades II and III, neurinoma and 

neurocytoma of choroid plexus were compared with normal brain tissue by 

using near-infrared Fourier transform Raman spectroscopy. However, it was 

concluded that Raman spectra of brain tumors were essentially the same as to 

that of grey matter [84].  

With the prominent improvements of Raman microspectroscopy, the later 

studies were already able to extract key biochemical information from Raman 

imaging spectral data and, therefore, were focusing on gaining more detailed 

insights in tumor structure and distribution for diagnostic as well as 

intraoperative applications. For example in the study carried out by Koljenović 

et al., Raman microspectroscopic imaging was utilized on unfixed cryosections 

of glioblastoma, obtained from 20 patients to differentiate viable from necrotic 

tumor. For that, cluster and linear discriminant analysis were performed [85]. 

Kalkanis et al. used Raman spectroscopy to analyze gray matter, viable GBM 

and necrosis in frozen brain tissue sections. Grey matter contained higher lipid 

content as specified by spectral bands at 1061 and 1081 cm-1, whereas necrosis 

could be characterized by increased protein and nucleic acid content, as 

obtained from analyzing the Raman bands at 1003, 1206, 1239, 1255–1266 and 

1552 cm-1. GBM was in between of these two extremes. Discriminant function 

analysis allowed to differentiate these brain tissue types with 97.8% accuracy 

in samples without freeze artifacts and with 77.5% accuracy of samples with 

freeze artifacts [86]. Kast et al. reported similar study, where, in addition to the 

identification of regions of normal brain, necrosis and solid GBM, also diffusely 

infiltrating GBM was also taken into account. Spectral maps produced by 
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calculating intensities/intensity ratios of characteristic spectral bands at 1003, 

1313, 1431, 1585, and 1659 cm-1  enabled to visualize normal, necrotic, and 

GBM histologies, grey matter and white matter boundaries, areas of infiltrating 

glioma and hemorrhage [87]. Raman microspectroscopic imaging experiments 

by Amharref et al. of C6 tumor model in rats showed spectroscopic data based 

discrimination between healthy and tumoral brain tissue and yielded 

spectroscopic markers associated with the proliferative and invasive properties 

of glioblastoma ex vivo [88]. In 2005, Krafft et al. for the first time reported 

application of Raman spectroscopic imaging to study native specimens from 

normal brain tissue and frequent intracranial tumors, such as astrocytoma, 

glioblastoma multiforme and meningioma, and demonstrated measurable 

spectroscopic and morphological differences between different tissue types 

[89]. In other work of the same author, Raman chemical images were collected 

from six regions of two GBM tissue sections. Vertex component analysis (VCA), 

which is a factor method and for which no data preprocessing was required, 

was applied for data processing. Among other molecular differences, increased 

nucleic acid bends in the spectra of high-grade glioma, were reported. The 

results of Raman imaging were correlating with morphological features from 

hematoxylin and eosin (H&E) staining [90].  

The aforementioned studies were all using Raman spectroscopy to investigate 

ex vivo human or animal model brain tumors. Nevertheless, due to growing 

need of in vivo clinical applications, the development of fiberoptic Raman 

spectroscopy probes for intraoperative use earned substantial attention. The 

first Raman fiberoptic probes were used to acquire Raman spectra in 

gastrointestinal, bladder, and cervical cancer surgery [91–93]. Already in 2010, 

Beljebbar et al. reported the use of a portable Raman spectrometer coupled to 

a microprobe to acquire Raman spectra from C6 rat GBM model ex vivo and in 

vivo with a signal integration time of 5 s. The quality of obtained Raman spectra 

was high, so that the normal tissue from tumor could be differentiated with 
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100% accuracy. Also early and mature tumor tissues could be delineated [94]. 

In the same year, Kirsch et al. for the first time reported the application of in 

vivo Raman spectral imaging of the brain surface in a mouse model. Raman 

system coupled to a fiber-optic probe was used for detection of cerebral brain 

metastases. The generated Raman images allowed to localize cortical and 

subcortical tumor cell aggregates with accuracy of roughly 250 μm [95]. 

Recently, a handheld Raman probe was developed and used in a clinical trial by 

Jermyn, Desroches and collegues. Using this probe intraoperatively in adult 

neurosurgical patients (n = 17), researchers were able to differentiate normal 

brain from solid tumor and normal brain invaded by tumor cells with a 

sensitivity of 93% and a specificity of 91%. Also, the previously undetectable 

diffusely invasive brain cancer cells were detected at cellular resolution by 

particular Raman probe in patients with grade II to IV gliomas [96]. Also, by 

analyzing Raman spectra in vivo measured in 10 patients, necrosis was 

distinguished from vital tissue (including tumor and normal brain tissue) with 

an accuracy of 87%, a sensitivity of 84% and a specificity of 89% in the study 

performed by the same researchers [97]. Whereas aforementioned results 

were based on the fingerprint Raman spectroscopy, the most recent 

publication of this research group demonstrates intraoperative use of 

integrated Raman probe engineered into a commercial biopsy system and 

based on high wavenumber Raman spectroscopy. The applicability of this 

system applied in biopsy collection was for the first time presented in a 

small-scale animal study. It was demonstrated that the novel optical needle can 

measure Raman spectra from deep brain and collect tissue samples at the same 

location. By using the Raman probe in vivo human validation study was 

performed in 19 adult patients undergoing open cranium surgery for grade II–

IV gliomas with minimal disruption to the surgical workflow. It was 

demonstrated that a high wavenumber Raman spectroscopy probe can detect 
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dense human tumor with >60% cancer cells in situ during the surgery with 80% 

sensitivity and 90% specificity [98]. 

There are only few studies reporting the use of Raman spectroscopy to 

investigate spinal cord. Couple of them report the use of Raman spectroscopy 

for the purpose of minimally invasive spine surgery (MISS). In the study 

performed by Chen et al., a fiberoptic Raman sensing system was used ex vivo 

on swine backbone samples in order to identify spinal cord and spinal nerves 

from surrounding tissues. Principal component analysis (PCA) classification 

model using linear discriminant analysis (LDA) on 750 raw Raman spectra 

obtained in spine bone, fat, muscle and spinal cord gave an overall accuracy of 

93.1% in discriminating between different spine structures [99]. In other study 

carried out by Anderson et al., the ability of real-time spectral guidance using a 

fiber optic probe-in-needle device to distinguish each of the spine tissues in the 

path of neuraxial needles was tested. The comparison of the extent of 

biochemical information provided by Raman, diffuse reflectance, and 

fluorescence spectroscopies revealed that in contrast to diffuse reflectance and 

fluorescence, Raman spectroscopy enabled to distinguish all tissue types. The 

tissue-unique spectral signatures were also observed in Raman spectra 

collected in real-time during needle insertion through intact paravertebral and 

neuraxial porcine tissue [100]. 

To the knowledge of the author of this thesis, up to now there were only two 

publications related with application of Raman spectroscopy to address the 

biochemical changes induced by spinal cord injury, both in rat model. In the 

study performed by Saxena et al., Raman spectral data acquired in spinal cords 

with induced lateral hemisection and a moderate contusion were investigated 

and compared with healthy tissue of spinal cord: the injured spinal cords were 

clearly distinguished from healthy spinal cords in both models of SCI due to 

significant differences in corresponding spectral data. Also, it was shown that 
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these differences and their time course post-injury correlated with 

demyelination and chondroitin sulfate proteoglycans as well as 

glycosaminogylcan upregulation [101]. In the work of Galli et al., the ability of 

IR, Raman and multimodal CARS microscopy to detect biomolecular changes 

between normal and altered regions in a rat model of spinal cord hemisection 

was assessed. The spectra acquired by the use of IR and Raman 

microspectroscopy methods enabled to distinguish the lesion, the surrounding 

scar, and unharmed normal tissue and allowed to probe the extent of nervous 

tissue degeneration. CARS, SGH and TPEF imaging yielded information about 

the lipid content distribution, scar formation and inflammation, respectively 

[23].  

1.2 Non-linear vibrational imaging 

1.2.1 Coherent anti-Stokes Raman scattering  

CARS microscopy is a technique based on the, as the name suggests, coherent 

anti-Stokes Raman scattering phenomenon. In particular, CARS is a four-wave 

mixing process and is a coherent and a non-linear variant of Raman scattering 

process [54]. In experimental implementation, the radiation of two frequencies 

is usually used for sample excitation: the so called pump field at frequency ωp 

and a Stokes field at frequency ωs.  

A diagram, illustrating the energy transitions in CARS process, is shown in 

Fig. 5 (A). In a ground energy level existing molecule absorbs the pump photon 

of frequency ωp and is excited to a virtual energy level. A molecular system 

localized in the excitation volume of ωp field is thus experiencing population 

inversion in this virtual level. The Stokes field tuned at ωs is then inducing the 

transition of the molecules from virtual level to rotational-vibrational level. 

Therefore, all molecules of the system are coherently oscillating in this real 

energy level at frequency ωm = ωp  ̶ ωs. These molecules being resonant 
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oscillators are probed by so called probe photons ωp’ to undergo the transition 

to a higher virtual level. When ωp’ = ωp, the CARS process is called degenerate 

CARS. From the virtual level the molecule is relaxing back to the ground energy 

level by emission of anti-Stokes photon of frequency ωaS, so that in the 

degenerate case [102]: 

 𝜔aS = 2𝜔p − 𝜔S  (10) 

In molecular system this corresponds to radiation of coherent anti-Stokes field 

at frequency ωaS – coherent anti-Stokes Raman scattering signal. 

The pump and Stokes electric fields with amplitudes Ep and ES and 

corresponding wave vectors kp and kS, respectively, are inducing the third 

order non-linear polarization, which is the source for the CARS signal. 

Classically, the third order non-linear polarization P(3) induced in CARS process 

can be expressed based on a driven, damped harmonic oscillator model to give 

a following equation [57]:  

 𝐏(3) = 𝜀0𝜒(3)𝐄p
2 ⋅ 𝐄S𝑒𝑖[(2𝜔p−𝜔S)𝑡−(2𝐤p−𝐤S)𝑧] = 𝜀0𝜒(3)𝐄p

2 ⋅ 𝐄S
∗, (11) 

Where ε0 is the electric permittivity of vacuum, χ(3) is the third-order non-linear 

susceptibility of the material and is expressed: 

Figure 5. Energy diagrams of selected non-linear optical processes: (A): coherent anti-Stokes 

Raman scattering; (B): Second harmonic generation; (C): Two-photon excited fluorescence. 
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 𝜒(3) =
𝑁

2𝑚
[(

𝜕𝛼

𝜕𝑞
)

𝑞=0
]

2
1

𝜔m
2 −(𝜔p−𝜔S)

2
+𝑖𝛾(𝜔p−𝜔S)

  (12) 

The N in Eq. (12) corresponds to the number of oscillators per volume element, 

γ is the damping constant, which reflects the natural bandwidth of Raman 

active transition and m indicates the reduced mass of the nuclear oscillator. The 

coherent excitation is only possible for Raman active vibrational modes, as 

χ(3) = 0, when ( α/q)q=0 = 0. As the Eq. (11) indicates, the induced third order 

non-linear polarization P(3) oscillating at the CARS frequency ωaS = 2ωp – ωs is 

the driving polarization for the CARS signal. Moreover, the CARS radiation is 

propagating in the phase-matched direction kaS=2kp ‒ kS [57]. The Eq. (12) also 

shows that the amplitude of coherent oscillations is the strongest, when the 

difference between ωm and ωp  ̶  ωs is smallest. 

By evaluating the interaction between plane pump and Stokes waves and 

calculating the wave equation, the intensity of CARS signal can be expressed as 

follows [57]: 

 𝐼𝑎𝑆 ∝ |𝜒(3)|
2

𝐼p
2𝐼Ssinc2 (

Δ𝐤𝑙

2
)  (13) 
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Where l is the interaction length between the exciting radiation and sample, Ip 

and IS are the intensities of pump and Stokes beams, respectively, and 

Δk=kaS ‒ (2kp ‒ kS) is the phase mismatch [103]. The sinc function and CARS 

signal intensity are maximal, when Δkl = 0, i.e. when phase match condition is 

fulfilled. Phase-matching is schematically shown in Fig. 6 for forward (A) and 

backward (epi) (B) generated CARS. While χ(3) depends linearly on the number 

of vibrational oscillators, the intensity of CARS signal is proportional to square 

number of oscillators, as in Eq. (13) the CARS signal intensity 𝐼aS~|𝜒(3)|
2

. 

Moreover, as IaS ~ Ip
2Is, CARS signal is very intensively generated only in the 

small sample volume at the focus of laser radiation. 

CARS signal is combined of resonant and non-resonant contributions [10]. The 

non-resonant signal is generated, as the pump and Stokes fields induce 

polarization at anti-Stokes frequency as a result of electronic response of the 

material. The non-resonant contribution is present regardless of whether the 

frequencies of pump and Stokes fields are tuned to address Raman active 

vibrational mode or not. Therefore, the non-resonant signal does not provide 

resonant molecular vibrations attributable information and create 

non-resonant background, which is to be avoided for high contrast CARS 

Figure 6. Phase matching conditions for CARS signal generation in the case of: (A) forward-

generated CARS (or F-CARS) and (B) backward-generated (or E-CARS) CARS.  
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images. On the other hand, when the Raman active vibrational frequency is 

addressed, the anti-Stokes signal is enhanced. Thus, the third-order non-linear 

susceptibility 𝜒(3) in CARS process is a combination of resonant term 𝜒R
(3)

 and 

non-resonant term 𝜒NR
(3)

 [104]: 

 𝜒(3) = 𝜒NR
(3)

+
𝜒R

(3)

Δ−𝑖Γ
 ,  (14) 

where Δ = ωp – ωs – ωm is the detuning and ωm is the central frequency of 

homogeneously broadened Raman band with bandwidth Γ. 

The intensity of anti-Stokes signal is thus expressed as follows [104]: 

 𝐼aS(Δ) ∝ |𝜒NR
(3)

|
2

+ |𝜒R
(3)(Δ)|

2
+ 2𝜒NR

(3)
Re𝜒R

(3)(Δ),  (15) 

where 𝑅𝑒 𝜒𝑅
(3)

 is the real part of the resonant contribution of 𝜒(3). The first 

term of Eq. (15) does not depend on the Raman shift and characterize the 

non-resonant background contribution on the overall signal intensity. In fact, 

this non-resonant part of the susceptibility may result to dispersive and 

complex CARS band shapes through interference with the resonant field and 

contributes to constant background signal to the measured CARS signal [60]. 

While the second term of Eq. (15) gives the contributions only due to resonant 

signal and is dominant in the case of high concentrations of resonant 

oscillators, the combination between the resonant and non-resonant 

contributions make up the third term with the real part of the vibrational 

response. The shape of the third term is dispersive and the addition of all three 

terms causes the CARS spectral band to red-shift, while a negative pitch, which, 

when addressed, gives a negative contrast, appears at the blue end of the CARS 

spectral band. The asymmetric shapes of CARS spectral bands make the direct 

quantitative interpretation of CARS spectrum complicated, as the adjacent 

spectral bands may influence the one another’s intensity [104]. 
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1.2.2 Single-band coherent anti-Stokes Raman scattering microscopy 

Single-band coherent anti-Stokes Raman scattering microscopy, in the 

following text referred to CARS microscopy, is based on collecting CARS signal 

intensities of a single Raman band by utilizing laser scanning microscopy. The 

most prominent advantages of CARS microscopy arise from the capability to 

record morphochemical images of an unstained sample, as the image contrast 

is due to vibrational fingerprint of the sample itself. The main advantages of 

CARS imaging are the following: 

1. The intensity of CARS signal is several orders of magnitude (~106) 

stronger than that of spontaneous Raman scattering [102]. Because of 

that, even at moderate excitation powers the vibrational imaging at 

video-rate is possible. 

2. The intensity of CARS signal is non-linearly dependent on the excitation 

intensity, therefore the coherent scattering is excited in small focus 

volume of the specimen only (<1 μm3). As a result of intrinsic confocality, 

the submicrometer imaging resolution can be achieved [102]. 

Moreover, the non-linear nature of CARS process allows 3D sectioning, 

as the focal plane of the excitation can be adjusted. 

3. The wavelength of anti-Stokes signal is smaller than the wavelengths of 

pump and Stokes radiations. The wavelength of CARS signal is thus 

spectrally well separated from one-photon fluorescence signal and can 

be easily detected in the presence of otherwise overwhelming 

one-photon fluorescence. 

4. The energy of NIR excitation radiation is sufficient to generate CARS 

signal due to non-linear CARS nature. This results in: (i) decrease of 

sample heating, as there is no prominent radiation absorption by water; 

(ii) decrease of two-photon non-resonant signal generation possibility; 
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(iii) allows imaging from relatively deep tissue sections (up to 0.4 mm 

imaging depths) [104].  

5. The sample photodamage and photobleaching are minimized as CARS 

process is devoid from molecular system transitions between electronic 

energy levels [10]. Furthermore, photodamage and photobleaching are 

minimaly affecting specimen regions, which are not located in excitation 

focal volume [103]. 

In common CARS microscopy experiments, the sample is scanned by the beams 

of two lasers, which frequencies are tuned to address the specific Raman active 

vibrational mode. The generated CARS signal is pixel-wise registered from the 

excited volumes of the sample. As already explained, the intensity of CARS 

signal is proportional to the square number of the vibrational oscillators in the 

volume of excitation. The CARS image is created as the CARS signal intensities 

are registered and attributed to the corresponding positions of the sample. 

In general, the chemical contrast of the CARS image is dependent from: 

1) Raman scattering cross-section of the vibrational mode, which is  

addressed for the chemical imaging; 

2) How well this spectral band is spectrally separated from adjacent 

spectral contributions; 

3) The concentration of molecular oscillators featuring this mode and the 

changes of this concentration over the sample [57]; 

The important requirement for the design of CARS microscopy experiments, is 

that the phase matching condition, i.e. kaS = 2 ∙ kp ‒ kS, must be fulfilled [10]. 

The wave vector mismatch is induced by the spectral dispersion of the 

refractive index of the sample. The application of non-collinear phase matching 

geometries in microscopy of dispersive media is limited by their complexity. 

However, Zumbusch and colleagues were first to show the possibility of CARS 
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microscopy with collinear optical geometry under the tight focusing conditions 

[105]. In such experimental set-up, the use of microscope objective with a large 

numerical aperture (NA ≈ 1) is used for k-vectors of pump, Stokes and signal 

beams to co-propagate. As the excitation volume is small and the wave vectors 

are propagating in a cone geometry with a large angle, the wave vector 

mismatch is compensated, i.e. the ks fulfills the phase matching for every vector 

kp present in the focus so that Δkl << π [10].  

The CARS signal can be generated in both forward (F-CARS) and backward 

(epi-CARS) directions. As the interaction length l with laser radiations is short 

and the phase mismatch is small for thin slabs of oscillators [see Eq. (13)], the 

CARS signal is generated rather equally in F- and epi-directions. As the sample 

thickness increases, the constructive interference of the induced dipole 

radiation is present in the forward direction, where Δk is small, while 

destructive interference occurs in the backward direction, where Δk becomes 

large. Therefore, the epi-CARS signal is generated only in the cases of very small 

objects, where the l is small enough for the sinc function in Eq. (13) to reach 

the maximum. The one may expect that the CARS radiation for bulk objects 

would be generated in the forward direction only. However, this is not the case, 

as epi-CARS radiation can be resulted by following mechanisms: (i) the objects 

with small dimensions (of the order 
𝜆p

3
⁄ ) generate epi-CARS as the destructive 

interference is incomplete in backward direction; (ii) the discontinuities or 

edges are behaving as small objects to break destructive interference and thus 

the epi-CARS arise; (iii) the sample contains numerous local index of refraction 

changes, therefore initially forward propagating photons are multiple times 

linearly scattered and redirected to the backward direction[104]. The latter 

mechanism was found to mainly contribute to epi-CARS signal from tissues 

[103].  
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The appropriate choice of laser parameters for CARS microscopy plays an 

important role. The non-resonant CARS signal is way more likely to be 

generated, when the wavelength of the pump laser is near the peak of a 

two-photon resonance.  The excitation wavelengths in NIR spectral region 

minimize these two-photon interactions. Furthermore, the use of NIR laser 

sources reduce multiphoton absorption induced photodamage. Another 

advantage of using NIR excitation is the reduced scattering of the laser beams 

inside the specimen. While the scattering of the excitation radiation in the 

specimen results in loss of laser intensity and increase the focal spot size, the 

reduced scattering of pump and Stokes beams allows to increase the sample 

penetration depth and collect CARS images from deeper layers of even turbid 

media [103]. 

CARS is a non-linear process, therefore, the efficient signal generation requires 

high field strengths, which can be achieved by the use of pulsed lasers. The 

typical bandwidth of Raman spectral bands are 5 – 10 cm-1 [57]. However, for 

example, the spectral bandwidth of ~100 fs laser pulse in NIR spectral region is 

~ 150 cm-1. If the femtosecond laser pulses are used for the excitation, the 

spectral width of laser pulse is likely to significantly exceed the Raman band 

and therefore cause strong contributions of non-resonant background signal 

[10]. The optimal compromise between spectral bandwidth and pulse peak 

power in CARS microscopy is to use the picosecond pulses of which the spectral 

bandwidth is similar to that of typical Raman spectral bands [106]. 

1.2.3 CARS imaging applications in central nervous system research: 
assessing myelin and brain tissue  

Since the revival of CARS microscopy by Zumbuch and collegues [105], this 

technique experienced prominent advances over past two decades and proved 

as a powerful tool for various biochemical and biomedical investigations. For 

example, CARS microscopy was successfully applied to investigate such 
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biological samples as skin [103], cells [107], kidney tissue [108], lung tissue 

[109], atherosclerotic plaques [110,111]. Furthermore, CARS imaging of kidney 

stones, which are mineral-like structures, was also shown by Pucetaite et al. 

[112]. 

Nevertheless, perhaps the most common application of CARS microscopy is to 

visualize distribution of lipids in biological tissue by addressing CH2 stretching 

vibrational mode at 2845 – 2850 cm-1 [113]. As the lipid content is highly varying 

in CNS tissue, either between different nervous tissue structures or as a result 

of nervous tissue diseases, CARS microscopy is capable to provide 

morphochemically specific information to study CNS tissue. Therefore, in the 

case of CNS disease or/and damage, it holds potential to give valuable 

diagnostic insights or to help to evaluate the performance of therapeutic 

approaches.  

Being lipid-rich brain component, usually myelin is the main focus in CARS 

imaging of nervous tissue. Several research groups were performing studies 

based on nervous tissue CARS imaging. Wang et al. was imaging spinal cord 

white matter strips isolated from guinea pigs to image myelin under 

physiological conditions by both forward- and epi-CARS. The ordering degree 

and the spectral profile of myelin lipids as well as myelin thickness and axon 

diameter were measured. Detailed structures of the node of Ranvier and 

Schmidt-Lanterman incisures could be also resolved in CARS images [114]. In 

2007, Huff and Cheng for the first time reported in vivo CARS imaging of mouse 

sciatic nerve tissue. Epi-detected CARS of myelinated axons and SHG imaging 

of the surrounding collagen fibres were demonstrated [115]. More accurate 

CARS measurements of myelin were performed on fixed and live rat spinal cord 

tissue by Belanger et al. It was shown, how circularly polarized laser beams can 

be used to avoid the CARS signal intensity dependence on excitation 

polarization and, therefore, the contrast dependence on the orientation of the 
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myelin membrane [116]. Further, Bioud et al. showed that based on the 

measurements of the second and fourth orders of symmetries of the 

macroscopic-scale angular distribution of bond dipoles, which are accessible by 

polarization-resolved four-wave mixing and CARS microscopy, determination 

of the high order of symmetry permits high level of detail in the angular 

disorder behavior at the molecular scale on myelin in tissues [117]. 

CARS imaging to study demyelination was for the first time published in 2007 

by Fu et al. It was shown that the reduction of CARS intensity and loss of 

excitation polarization dependence allow to characterize 

lysophosphatidylcholine-induced myelin degradation [118]. In the study 

performed by Ouyang et al., immunofluorescence imaging and CARS 

microscopy were used to assess tissue deformation, the integrity of the axoglial 

junction and the role of potassium channels in conduction pathophysiology in 

compression spinal cord trauma induced in adult guinea pig spinal cord [119]. 

In a pilot study, Shi et al. used CARS imaging to measure the intra- and extra-

axonal space in uninjured, compression-injured and injured/nanoscale block 

copolymer micelle treated white matter ventral white strips isolated from adult 

guinea pigs. The effectiveness of particular polymeric micelles in repair of 

injured spinal cord was shown [120]. Rotating-Polarization CARS (RP-CARS) 

imaging based on the readout of intrinsic molecular architecture rather than 

on the image analysis was used by de Vito et al. to assess the myelin health 

condition in mouse sciatic nerves and proved to be well suited to visualize even 

the smallest alterations in myelin sheaths [121]. In a pilot study investigating 

the gene-activated fat grafts for the repair of spinal cord injury, CARS 

microscopy was used by Betz et al. for imaging of rat hemisection injured spinal 

cord sections with and without fat implant as well as to monitor the fat graft, 

which was characterized by intense CARS signal [122]. The novel approach of 

symmetry-resolved CARS (SR-CARS) imaging on ex vivo mouse spinal cord 

transverse sections was shown by Cleff et al. SR-CARS revealed local 
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heterogeneities and to reveal the full molecular lipid organization in a single 

image acquisition [123]. By applying circularly polarized (CP-CARS) technique 

together with Stokes parameters in the Poincare sphere Bae et al. reported the 

quantitative assessment of the birefringent effect of myelin sheaths on spinal 

cord contusive injury induced in rat spinal cord. The phase retardance of injured 

spinal cord tissue was significantly increased as compared to normal tissue. This 

study suggests that the degree of tissue phase retardance obtained by CP-CARS 

imaging could serve as a unique diagnostic parameter associated with nervous 

tissue injury [124]. The ability of CARS microscopy to retrieve morphochemical 

information on demyelination after SCI in rat spinal cord hemisection was 

assessed by Galli et al. The lesion characterized by loss of myelin and preserved 

myelinated axons were visualized in CARS images. Simultaneously acquired 

SHG and TPEF signals provided additional information about scarring and 

inflammation [23]. 

Multiple sclerosis was also addressed using CARS microscopy by studying EAE 

models. In spinal cord of mouse, Fu et al. investigated progressive 

demyelination with retraction of paranodal myelin at the onset of the disease 

and at the borders of acute demyelinating lesions. Also, the partial paranodal 

myelin restoration during disease remission was also visualized [125]. Imitola 

et al. applied multimodal CARS microscopy to image EAE-induced mice 

forebrain and spinal cord: demyelination and neurodegeneration were 

monitored over time in brain slices. Local areas of pronounced loss of CARS 

signal indicative of demyelination and loss of the reflectance signal from axons 

were found in the brain corpus callosum and spinal cord of EAE animals. Even 

in myelinated areas of EAE tissue, the intensity of CARS signal was significantly 

reduced, indicating lower content of myelin lipids. The critical role of activated 

microglia in chronic inflammatory neurodegeneration was confirmed by 

identifying activated microglia by green fluorescence signal [126]. The 

demyelination and neurodegeneration were assessed again in more detail in 
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the study carried out by Gasecka et al. In particular study, polarized CARS was 

used to probe lipid orientational organization at the molecular level within the 

myelin sheath of mice spinal cord. Molecular order of lipids in myelin was 

studied and quantified. It was found to be significantly reduced throughout the 

progression of EAE even in myelin regions that appeared morphologically 

unaffected [127]. 

Huff et al. implemented real-time CARS imaging on myelin in fresh spinal cord 

white matter strips isolated from guinea pigs to observe the response of myelin 

to electrical stimulation. CARS imaging provided direct evidence of myelin 

retraction at the nodes of Ranvier during high-frequency electrical stimulation 

[128]. In vivo multimodal CARS imaging was implemented by Shi et al. for 

longitudinal visualization of de- and remyelination at a single axon level to 

sequentially monitor spinal cord of rats over a 3 week period [22]. Turcotte et 

al. developed a system combining a live zebrafish spinal cord model together 

with CARS microscopy and polarization-resolved measurements allowing in 

vivo studies of developmental myelination and screening of promyelination 

drugs [129]. 

CARS imaging was also shown to be a powerful tool to investigate brain tissue. 

In 2007 Evans et al. published a proof-of-principle study reporting CARS 

microscopy to image fresh unfixed ex vivo mouse brain: normal gray and white 

matter structures were identified as well as glioma tumor and its margin could 

be distinguished from normal brain tissue [16]. One year later, section of whole 

brain was CARS-mapped clearly showing distinct brain tissue structures based 

on varying lipid content. Myelinated axons and other cells could be visualized 

by multimodal CARS and TPEF imaging. Moreover, in vivo CARS imaging of brain 

on an upright CARS microscope was demonstrated for the first time [130]. 

Imaging of fresh mouse brain was also demonstrated by multiplex CARS 

microscopy by Pohling et al. In contrast to previous CARS studies of brain tissue, 
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different brain structures were visualized simultaneously and separated from 

each other in false-color maps [131]. 

The first application of CARS microscopy to study brain tumors to show 

proof-of-principle was reported by Evans et al. in 2007. By ex vivo experiments 

on fresh unfixed brain tissue in mice tumor model the glioma was distinguished 

from normal brain tissue and the tumor margin was clearly identified. These 

results established the feasibility of CARS imaging for label-free brain tissue 

diagnosis [16]. In the study carried out by Meyer et al., unstained samples from 

the brain of a domestic pig have been investigated by a multimodal imaging 

combining CARS, SHG and TPEF to examine the morphology of brain tissue 

sections. Furthermore, the application of CARS imaging to investigate human 

brain metastasis of a lung carcinoma sections was demonstrated. This study 

demonstrated that multimodal non-linear CARS microscopy can provide similar 

morphological information as does conventional H&E staining in 

neuropathology [17]. Afterwards, the same research group applied image 

processing techniques in order to detect cell nuclei in CARS images of brain 

metastasis of squamous cell carcinoma [132]. Recently, Galli et al. exploited 

TPEF imaging of green fluorescent protein-labelled experimental glioblastoma 

in the mouse model (n=7) on fresh brain slices and in vivo as well as of 

5-aminolevulinic acid-induced protoporphyrin IX in fresh unfixed biopsies of 

human glioblastoma (n = 10) to directly verify neoplastic nature of cells imaged 

by CARS microscopy and to prove the interpretation of CARS images, which is 

based on CARS signal intensity variations, of solid and infiltrative tumors [133]. 

Some studies regarding the use of CARS microscopy to study other types of 

tumors than the brain tumors were also reported. For example, CARS 

microscopy was employed to study lung cancer cells in excess  lipid 

environments [134], circulating cancer cells of metastatic prostate cancer 

patients [135], to identify breast cancer [136] as well as lung cancer [137,138] 
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from non-neoplastic surrounding tissues and to differentiate the subtypes of 

breast and lung tumors. Galli et al. reported on multimodal microscopy 

combing CARS, SGH and TPEF for imaging of renal tumors. Multimodal CARS 

images enabled to discern between normal kidney tissue, tumor and necrosis 

[108]. 

1.3 Multimodal Non-linear Optical Microscopy: Coupling CARS 
with TPEF and SHG 

1.3.1 Multimodal Non-linear Optical Microscopy 

Non-linear optical processes are those, in which, upon interaction of 

electromagnetic radiation with material, the induced dielectric polarization P 

responds non-linearly to the electric field E of the incident radiation. The 

polarization for material can be defined by [139]: 

 𝐏 = 𝜒(1)⨂ 𝐄 + 𝜒(2)⨂ 𝐄 ⨂ 𝐄 + 𝜒(3)⨂ 𝐄 ⨂ 𝐄 ⨂ 𝐄 + ⋯  (16) 

Where P is the polarization vector, which induced by the electric field of the 

incident radiation, E is electric field vector of the incident electromagnetic 

radiation, 𝜒(𝑖) is the ith non-linear susceptibility tensor of the material and ⨂ 

represents a combined tensor product and integral over frequencies. 

Depending on its order, 𝜒(𝑖)  is related with various resultant optical effects: 

(i) first order susceptibility 𝜒(1)  is related with absorption and reflection; 

(ii) second order susceptibility 𝜒(2) is related with second harmonic generation, 

sum and difference frequency generation, (iii) third order susceptibility 𝜒(3) is 

related with multiphoton absorption, third harmonic generation, coherent 

anti-Stokes scattering. 

In NLO phenomena, opposite than in the case of linear optical processes, the 

energies of absorbed photons are smaller than those of generated photons. In 

particular, in the case of biological tissue samples, the excitation radiation is 
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typically in NIR spectral region. The penetration depth of, for example, UV and 

visible light into optically turbid sample, such as tissue, is limited by absorption 

and scattering. Therefore, the imaging is strongly limited to outermost layers 

of the specimen. The energies of NIR photons are relatively smaller 

(wavelengths between ~800 nm and ~2500 nm), therefore, NIR radiation is less 

diffusively scattered and absorbed and, as a result, can penetrate deeper into 

the sample [140]. 

While the out-of-focus excitation is present in the sample in the case of linear 

optical phenomena, it is minimized in the NLO microscopy, as the induction of 

NLO processes requires high photon flux density [~1020 – 1030 photons/(cm2·s)] 

[141] and the NLO signal generation is confined to small in-focus sample 

volume [142]. It is theoretically calculated that the lateral NLO signal intensity 

profile for z = 0, i.e. at the surface of sample, exhibits FWHM = 0,4λ, whereas 

longitudinal NLO signal intensity profile for x = y = 0, exhibits FWHM = 1,0λ, 

where FWHM is full width at half maximum and λ is the wavelength of 

excitation radiation [142]. By controlling sample excitation focal plane over the 

sample volume, it is possible to acquire three-dimensional NLO microscopy 

images. What is more, the generation of the signal from the “out-of-focus” 

molecules, which decreases the spatial resolution as well as increases 

photodamage and photobleaching, is minimized. Compared with sample 

excitation by visible or UV light, photodamage and photobleaching are also less 

likely to be present as the sample is irradiated with lower energy NIR photons. 

The above explained properties of NLO microscopy make it especially suitable 

for both ex vivo and in vivo imaging of biological samples [143]. 

Multimodal non-linear optical (MNLO) microscope is an imaging tool, in which 

distinct non-linear optical imaging modalities are coupled to allow 

simultaneous generation and acquisition of different non-linearly generated 

signals. Depending on the number of excitation beams used for generation of 
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non-linear signals, the MNLO microscopies are categorized into one-beam and 

two-beam modalities. One-beam modalities are multiphoton fluorescence, 

second harmonic generation, and third harmonic generation (THG) 

microscopies, whereas two-beam modalities include CARS, four-wave mixing 

(FWM), stimulated Raman scattering (SRS), pump-probe microscopies. The 

combination of one-beam and two-beam induced signal generation in one 

microscopic system is also widely used [112]. 

One such combined approach, which is particularly used in this work, is the 

simultaneous generation and acquisition of CARS, TPEF and SHG signals. When 

MNLO microscopy is achieved through a CARS microscopy platform, two laser 

beams are needed for generation of CARS, whereas TPEF and SHG signals are 

generated by one, namely, pump laser beam. As each of MNLO imaging mode 

is susceptible to specific molecular species or structures [144], it provides 

multiple morphochemical information at one imaging experiment and is 

especially suitable to image morphochemically complex samples as well as to 

assess the relationships between the sample structures [145].  

1.3.2 Two-photon excited fluorescence 

Two-photon excited fluorescence is a non-linear optic process occurring when 

two photons, which possess enough total energy to induce the transition of the 

fluorophore to an excited electronic energy state [Fig. 5 (C)], are interacting 

with this fluorophore in a very short time duration (~10-18 s) [146]. In particular, 

one photon is exciting the fluorophore to a virtual energy state. The same 

fluorophore is subsequently experiencing a transition to an excited electronic 

energy state by absorption of the second photon. Excited fluorophore is 

experiencing a transition back to the ground electronic energy state by 

radiating a photon, which energy is higher than the energy of one incident 

photon of excitation. In other words, TPEF process requires lower energy 

photons than in the case of respective one photon excited fluorescence 
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process, in which only one photon has to possess enough energy to induce 

fluorophore transition to an excited electronic energy state. In general, for 

two-photon excitation to be induced, the wavelengths of the excitation 

photons have to meet the following condition [147]:  

 
1

𝜆1P
≅ (

1

𝜆1
+

1

𝜆2
),  (17) 

where 𝜆1P, 𝜆1 and 𝜆2 are the wavelengths of the one photon, which energy is 

required to induce the transition of a fluorophore to an excited energy state, 

as well as of the first and the second photons that are present in TPEF process, 

respectively. The practical experimental choice is λ1= λ2 and, therefore, λ1≈ 2λ1P. 

The average intensity of TPEF process depends on square of excitation 

radiation intensity, photon absorption cross-section and to the quantum yield. 

1.3.3 Second harmonic generation 

Second harmonic generation is a second order non-linear coherent optical 

process that occurs, when two photons are interacting with the material and 

are re-emitted as one photon, which energy is exactly double than that of the 

incident photon [148]. The energy level diagram of SHG process is shown in 

Fig. 5 (B). For SHG phenomena to happen, the electric field, which interacts 

with material, must induce second order dipole moment [149]: 

 𝐏(2)(2𝜔𝑖) = 𝜀0𝜒(2)𝐄2(𝜔𝑖),  (18) 

where 𝜒(2)  is the second order non-linear optical susceptibility, 𝜔𝑖  is the 

frequency of the incident radiation. Second order non-linear optical 

susceptibility characterizes the non-linear second order response of the 

material, as it interacts with the incident radiation, i.e. materials likelihood to 

prompt SHG. 
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Molecular hyperpolarizability 𝛽  is related to the second order non-linear 

optical susceptibility. This relation can be expressed as follows [139]: 

 𝜒(2) = N〈𝛽〉,  (19) 

where N is a number of elemental dipole emitters. As brackets denote an 

orientational average, 𝜒(2) is only non-zero in non-centrosymmetric materials, 

i.e. in materials that are lacking center of symmetry. Furthermore, intense 

second harmonic signal is only generated, when material is characterized by 

strong hyperpolarizability [150].  

SHG intensity in non-centrosymmetric materials is also dependent on laser 

pulse energy 𝑝 and duration 𝜏 [139]: 

 𝐼SHG ∝ 𝑝(2)𝜏(𝜒(2))
2

.  (20) 

Ideally, the phase matching condition 𝚫𝐤 = 𝐤2𝜔 − 2𝐤𝜔 = 0, where 𝐤2𝜔 is 𝐤𝜔 

are wave vectors of SHG and excitation photons, respectively, have to be met 

for SHG process to take place. As phase mismatch is zero in this case, SHG is 

100% forward directed. Under real experimental conditions, the phase 

matching condition is never fully met and SHG radiation is propagating in both 

forward and backward directions [148]. 
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CHAPTER 2 MATERIALS AND METHODS 

 

2.1 Linear vibrational spectroscopic imaging systems 

2.1.1 FTIR microspectrometer 

FTIR spectroscopic data was collected by a FTIR spectrometer Tensor 27 

equipped with infrared microscope Hyperion 3000 (both from Bruker Optic 

GmbH, Ettlingen, Germany).  

The interferometric element in Tensor 27 is a Michelson interferometer 

containing three main optical components: a moving mirror, a fixed mirror and 

a beam splitter. The beam splitter is an optical device, partially reflecting and 

partially transmitting the incident radiation. It is made of flat KBr substrate onto 

which a thin film of germanium is deposited. The broadband infrared 

irradiation generated by Globar light source made of SiC is collimated and 

directed towards the interferometer, where an interference pattern is 

generated. Such modulated IR beam leaves the interferometer and is directed 

to the microscope.  

The objective of the microscope Hyperion is an 15×/0.4 NA infrared objective. 

The microscope is also equipped with a visible light source, which illuminates 

the sample, and a camera, which enables sample observation. The sampling 

area of the specimen can be adjusted by knife edge aperture, consisting of two 

pairs of blades. The dimension of the variable aperture can reach the minimal 

sampling area of about 10 × 10 µm2. The IR beam is focused on the sample by 

a condenser and collected by the infrared objective. This beam is delivered to 

and detected by a 64x64 mercury-cadmium-telluride (MCT) focal plane array 

detector. 
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The signal reaching the detector is registered at precise intervals during the 

mirror scan of the interferometer. This sampling rate is controlled by an 

internal reference. Briefly, it is a helium-neon laser generating a 

monochromatic beam, which is modulated and focused on a separate detector. 

As the intensity of the sinusoidal interferogram of the laser beam crosses the 

zero value, the signal of interferogram is registered. Therefore, the optical path 

difference, the wavenumber and the signal are of discrete values and the 

discrete inverse Fourier transform is used to calculate the spectrum. 

The movable mirror of the interferometer travels a limited distance from –x to 

+x. As a consequence, interferogram do not extend from -∞ to +∞ and in 

practice is truncated. As such truncated interferogram is Fourier transformed, 

the resultant spectrum contains side peaks. The suppression of these side lobes 

is attained by mathematical apodization, i.e. by multiplying the inferferogram 

with appropriate weighting function. In FTIR spectroscopy experiments of this 

work, a three-term Blackmann-Harris apodisation function was used. 

The general procedure of FTIR spectrum acquisition is the following. Firstly, a 

background spectrum, which is a response curve of the spectrometer, is 

collected by registering and Fourier transforming an interferogram without the 

sample. The background spectrum takes into account the operational 

performance of the system components (especially the source, interferometer 

and detector) in a combined way. Moreover, the spectral contributions of a 

sample substrate as well as of any ambient water vapor, carbon dioxide and 

other atmospheric chemical components, which are present in the optical 

bench at the moment of experiment, are included into the background 

spectrum. In this way, the background spectrum allows to minimize the two 

irregular groups of spectral lines at about 1600 cm-1 and 3600 cm-1 arising from 

absorption by water vapor and a spectral doublet at around 2360 cm-1 from 

absorption by carbon dioxide. A spectrum from the sample is afterwards 
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collected. The sample spectrum contains spectral contributions from both the 

sample and the background. To minimize the sample-unrelated contributions 

of the background in the sample-spectrum, it is ratioed on the background 

spectrum and final transmittance spectrum of the sample is produced. Finally, 

the transmittance spectrum is converted to absorbance spectrum in 

logarithmic scale. 
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2.1.2 Raman microspectrometer 

Raman spectra were recorded with a holographic Raman spectrograph 

RamanRxn1 (Kaiser Optical Systems Inc., Ann Arbor, MI) equipped with a 

microscope DM2500 P (Leica Microsystems GmbH, Wetzlar, Germany). 

Samples were excited with a GaAlAs diode laser (Invictus 785, Kaiser Optical 

Systems Inc., Ann Arbor) to produce spontaneous Raman scattered radiation. 

This laser emits at 785 nm and has maximum nominal power of 400 mW. 

Instead of conventional end-reflectors (e.g. dielectric coatings at the end of 

semiconductor), an external resonator with externally mounted gratings is 

used, which increases the stability of the emission wavelength and the power 

of the laser. In this way, the laser emission fluctuation arising from thermal 

expansions of the semiconductor device during the operation are minimized.  

The safety class of the laser source is 3B, however, the microscope is enclosed 

with interlock and, therefore, the system operates in class 1. The microscope 

enclosure also serves as shield against ambient light during the measurement.  

The laser beam is propagated with 100 µm multimode optical fiber to the 

coupled epi-fluorescence microscope to excite the sample. The main 

components of this microscope are a motorized x-y micrometer stage, a 

halogen lamp, a camera and an objective. The microscope objective focuses 

laser beam of excitation onto the specimen and collects the back-scattered 

radiation. Two objectives, namely, 10×/0.12 NA and 50×/0.75 NA, are available. 

When beam is focused with 50×/0.75 microscope objective, the resultant laser 

focal spot on the sample is about 20 µm.  

Intense Raman signal of the silica of the optical fibers generates the background 

signal. To remove this additional contribution, a filtered fiber optic probe head 

is used. The laser radiation emerging from the delivery fiber is collimated and 
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directed to a holographic transmission grating. It diffracts the laser radiation to 

a spatial filter, where the laser wavelengths are transmitted and the 

background generated by excitation fiber is rejected. The collected Raman 

scattering radiation and the reflected laser radiation are both delivered to 

notch filters. The purpose of these filters is to reject the reflected laser light, 

which would otherwise further contribute to a background signal in the 

collection fiber. 

The collected light is coupled and delivered to the spectrograph by a multimode 

optical fiber with core diameter of 62.5 µm. In the spectrograph, the input 

signal is collimated and passed through a pre-filter stage, where the notch filter 

attenuates the laser radiation. Here, a holographic element is used, namely, a 

thin film with volume fringes parallel to surface, which operates as a 

wavelength selective mirror. 

The pre-filtered signal is delivered and focused on the 50 µm wide entrance slit 

of the spectrograph. The slit serves as a spatial filter and enables to minimize 

the transmission of the stray light into the dispersion stage of the spectrograph. 

A holographic Raman spectrograph RamanRxn1 is equipped with a thin film 

HoloPlex®, which can obtain a large spectral bandwidth. A tilt of 45° is used in 

order to avoid diffraction of radiation in orders other than the 0 and +1, so that 

all the diffraction orders, which are higher than +1, are evanescent. The 

HoloPlex® takes advantage of a multiplex technology, which allows to cover a 

broader wavelength region than it would be possible with a single grating, while 

preserving the spectral resolution. The fringes of the grating are tilted and the 

gratings are slightly rotated so that one grating is deflecting the radiation 

upward, while the other is deflecting downwards. The diffracted radiation is 

focused onto array CCD detector, which registers the actual spectrum. Here, 

each track of the radiation with low wavenumbers or high wavenumbers 

impinges on a discrete space on the CCD array detector. In this way, the 
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radiation covering the spectral range above and below approximately 

2000 cm-1, is creating a streak on the upper and the lower part of the detector, 

respectively. Therefore, the frequency coverage of the grating system is 

increased, covering 100 ‒ 3450 cm-1, while the dispersion is preserved and the 

average spectral resolution is 4 cm-1.  

Operation of the spectrograph at very low f/number is enabled by axial 

transmissive design. The spectrograph has a focal length of 85 mm and 

operates at f/1.8. As it is coupled with multimodal optical fibers, which 

f/numbers are generally close to f/2, nearly 100% efficiency in light collection 

can be reached. 

The Raman spectral microscope (or microspectrometer) is controlled by the 

software “Holograms”. The available acquisition modes are (i) collection of the 

spectrum from single point, (ii) acquisition of a line spectral map or 

(iii) two-dimensional spectral map. The software Holograms automatically 

performs a calibration by joining of the low and high wavenumber tracks for 

each spectrum.  Cosmic ray correction from the spectra is also automatically 

calculated. 
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2.2 Multimodal CARS microscope 

CARS system, which is capable to operate in multimodal fashion, i.e. which 

allows simultaneous generation and acquisition of CARS, SHG and TPEF signal, 

was assembled in house by Dr. R. Galli.  Multimodal CARS system contains three 

main parts: (i) the laser sources, (ii) the relay optics for correct superposition of 

laser radiation in time and space as well as for delivery of the laser beams and 

(iii) the scanning microscope. 

The laser sources are two picosecond Erbium fiber lasers. The “pump” beam is 

generated by a laser Femto Fiber pro NIR (Toptica Photonics AG, Munich, 

Germany) emitting at 780 nm with pulse length of 1.2 ps. The source of the 

“Stokes” beam is laser Femto Fiber pro TNIR (also from Toptica Photonics AG), 

which is tunable in the range 850 – 1100 nm and has the pulse length of 0.8 ps. 

The pulse repetition rate of the sources is 40 MHz and provides sufficient 

energy of the pulse for efficient generation of non-linear processes. As the 

safety class of both lasers is 3B, the emitted radiation possess a potential to 

damage eyes and skin. Therefore, the use of the lasers during the experiments 

complied with the European safety specification IEC 60825. 

A laser unit, which is common for both NIR and TNIR laser sources, emit the 

fundamental laser beam at 1560 nm. Here, active laser medium is a 

core-pumped Erbium-doped fiber. A laser diode at wavelength close to 980 nm 

acts as a pump source, while passive mode-locking is based upon saturable 

absorber mirrors (SAM). Optical isolator protects SAM mode-locked ring 

oscillator against the back reflections. The oscillator is running in the solitonic 

regime. The amplification of the soliton pulses to very high peak power is 

achieved in a following core-pumped fiber amplifier. This master oscillator 

power amplifier (MOPA) platform is all based on polarization-maintaining 

fibers. The smooth spectral shape is preserved by a motorized silicon prism 
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compressor. In time domain it provides ultrashort and nearly pedestal-free 

pulse shapes. 

The „pump” beam at 780 nm is generated in the NIR source, where the original 

emission at 1560 nm is duplicated with a second harmonic crystal placed after 

the silicon prisms. The tunable “Stokes” beam originates from TNIR source, 

where a highly non-linear fiber positioned after the MOPA generates the 

supercontinuum. The supercontinuum is frequency doubled by a manually 

tunable SHG crystal to provide the final output emission in the range of 

830 – 1100 nm. Both laser sources emit linearly polarized electromagnetic 

radiation with electric field oscillating in the horizontal plane. “Pump” and 

“Stokes” pulses are emitted in synchronic fashion. 

The tunability range between 850 nm and 1100 nm of the “Stokes” emission 

enables to address Raman bands approximately in the spectral region from 

1000 to 3100 cm-1.  The corresponding CARS signal covers the range 

610 – 730 nm. Throughout this work, the symmetric C—H stretching 

vibrational mode at 2850 cm-1 in Raman spectrum was addressed. With the 

emission of “pump” laser at 780 nm, it requires tuning the “Stokes” laser source 

to 1005 nm and generates CARS signal at 647 nm, as schematically represented 

in Fig. 7. 

The laser scanning microscope is an upright Axio Examiner Z.1 equipped with a 

scanning module LSM 7 MP (all from Carl Zeiss AG, Jena, Germany). It is 

controlled by software ZEN 2010, which allows to control laser scanner, filtering 

and detection. 
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The microscope allows to collect the non-linear signals by four independent 

photomultiplier tubes (PMT), whereas the detector filters can be adapted to 

particular experimental use. The system can, therefore, be used as a 

multimodal non-linear microscope, where the non-linear signals are acquired 

simultaneously. The “pump” laser of the particular system efficiently generates 

TPEF and second harmonic signals. In this work, the CARS, TPEF and SHG signals 

are simultaneously generated and collected. CARS and SHG signals are 

collected in transmission configurations, while TPEF is collected in reflection 

configuration.  

The optical path of the laser beams in the microscope is the following: firstly, 

the laser beams arrive into LSM 7 MP, which is equipped with two scanning 

mirrors. The laser beams are then propagating through the microscope, where 

a dichroic mirror reflects them towards the lens turret. Here, in order to fill the 

objective pupil of the microscope, the beams are expanded. There are four 

positions in the lens turret, which adapts the diameter of the beam according 

to the aperture of particular objective and which is typically controlled by the 

system itself. The beams proceed into the objective and is focused onto/into 

Figure 7. Diagram illustrating the spectral distribution of the pump and Stokes emission and CARS 

signal when CH2 symmetric stretching vibration in Raman spectrum is addressed. 
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the sample. The available objectives are: (i) Plan-Apochromat, 5×/0.18 NA (only 

for white light microscopy), (ii) Plan-Apochromat, 10×/0.45 NA, 

(iii) Plan-Apochromat, 20×/0.8 NA,  (iv) Plan-Apochromat 20×/1 NA, water 

immersion and (v) C-Apochromat, 32×/0.85 NA, water immersion. 

In transmission geometry of the signal collection, a condenser with variable NA 

(from 0.3 to 1.2) allows optimal collection with all objectives. The collected light 

is afterwards side-reflected to two PMTs by a dichroic mirror with edge at 

760 nm. The residual excitation wavelengths are firstly filtered by reflecting 

with a low-pass filter. Subsequently, specified spectral windows are provided 

for radiation to enter the PMTs by a series of filters. For that, a filter cube is 

positioned in front of the entrance of each PMT. A dichroic mirror and a band 

pass (BP) filter is mounted in each filter cube. The longer wavelengths are 

transmitted by the first filter cube. After being filtered by a BP filter, these 

wavelengths enter the PMT. The shorter wavelengths, which are reflected by a 

dichroic mirror in the first filter cube, proceed to the second filter cube. It is 

placed in front of second PMT and also mounts a mirror and a BP filter. 

Therefore, the two signals with different spectral range can be collected 

simultaneously. The spectral window for the first detector is always at a longer 

wavelength. The signal in reflection geometry is collected by a microscope 

objective. The signal proceeds back to a dichroic mirror with edge at 760 nm, 

where it is side-reflected and travels to the system of mirrors, filters and 

detectors of the same structure as in the case of detection in transmission. The 

combination of detection in transmission and in reflection allows simultaneous 

acquisition of four non-linear signals and, therefore, enables multimodal 
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imaging. The spectral windows allowed to address with multimodal microscope 

by available filters (Table 1) are schematically shown in Fig. 8. 

The microscope is additionally equipped with halogen light source and a color 

camera enabling bright field image acquisition. A mercury lamp also installed 

in microscope can be used for excitation of blue, green and red fluorescence. 

The camera images of these signals can be acquired with the correct setting of 

an excitation-detection filter turret inside the microscope. 

The relay optics aligned between the lasers and the microscope are responsible 

for conforming, overlaying and steering the laser beams inside the microscope. 

While the fundamental pulses emitted at 1560 nm are synchronized, the pulses 

of the “Stokes” source are delayed with respect of the ones emitted by “pump” 

source. The correct overlap of laser pulses in time is obtained by using a delay 

line, which is composed of two 45⁰ dielectric laser mirrors that fold the “pump” 

pulse back. The overlap in time is achieved by a dichroic beam splitter 

Figure 8. Schematic representation of the spectral regions available to detect by multimodal 

CARS microscope and relative spectral positions of excitation beams. The numbers in grey: 

central frequency of the bandpass filter/bandwidth. SHG, TPEF and CARS signals are detected 

simultaneously by three distinct detectors. For acquisition of TPEF and CARS signals one of three 

and one of two options of the filter is, respectively, available. 
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(short-pass dichroic mirror with edge at 810 nm from Thorlabs), which acts as 

a beam combiner. This mirror transmitting the “pump” beam and reflecting the 

“Stokes” beam is mounted in front of “Stokes” laser.  

The scanning module of the microscope accepts laser beams with diameter of 

1.2 mm, which is also a nominal diameter of emitted laser beams. As the beam 

diverge after traveling the optical path through all optical elements, the beam 

diameter at the entrance of the scanning module becomes approximately 

3.5 mm. The 1:1 Keplerian beam expander re-collimating two laser beams is 

therefore positioned after the dichroic beam combiner. 

Several broad-band dielectric laser mirrors with R>99% for S and P polarizations 

in the range of 750 – 1100 nm are used to guide the laser beams. One periscope 

with the height of 120 mm is positioned between the “pump” source and the 

delay line. Another periscope with the height of 530 mm is positioned before 

the scanning module and steers the overlaid laser beams inside it. A mechanical 

shutter provided by Zeiss is placed before this second periscope. It stops the 

laser beams whenever the scanning is inactive. The whole multimodal imaging 

system is schematically shown in Fig. 9.  

Table 1. Specifications of band pass filters available for the CARS microscope system to detect 

various non-linear signals. 
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2.3 Stainings 

2.3.1 H&E staining 

H&E stain is the gold standard in histopathology. Hematoxylin binds to nucleic 

acids and stains them blue. Eosin binds to acidophilic substances such as 

proteins and stains them pink. 

To perform H&E staining, sections were washed in distilled water and 

incubated in Meyer’s hematoxylin/hemalum for 3 min. After washing in 

distilled water, sections were briefly destained in HCl-ethanol and washed 

using tap water for 5 min. After 3 min. of staining in eosin (1% (w/v) eosin G in 

80% ethanol), the sections were dehydrated with rising ethanol concentrations, 

cleared in xylene and coverslipped using DePeX mounting medium (SERVA 

Electrophoresis GmbH, Heidelberg, Germany). 

Figure 9. Principal optical diagram of multimodal CARS microscopy system used in this work. RM: 

reflecting mirror, BC: beam combiner, L: lens, H120: 120 mm high periscope, H530: 530 mm high 

periscope. 



76 
 

2.3.2 Alcian blue staining 

To provide a reference for spectroscopic imaging of alginate hydrogel implants 

in spinal cord tissue, sections were stained with alcian blue, which is specific for 

polysaccharides. Alcian blue solution (pH = 2) was placed on sections and the 

staining success was observed under the microscope. Then, the sections were 

washed with running tap water for 3 min. and stained with nuclear fast red for 

10 min. After 10 min. of washing with running tap water, the sections were 

dehydrated with rising ethanol concentrations, cleared in xylene and 

coverslipped using DePeX mounting medium. 

2.3.3 Immunohistochemical stainings 

Immunohistochemical stainings were used to get references about tumor 

position, extension and structure. Anti-Ki67 staining was used to mark nuclei of 

proliferating cells. Ki67 is a protein, which expression is strictly related with cell 

proliferation. Anti-CD31 staining was used to show the endothelial cells and 

highlights blood vessels and capillaries. 

For immunochistochemistry, the sections were blocked with 0.1% bovine 

serum albumine and 3% normal goat serum in 0.3% TritonX for 1 h and probed 

with the primary antibody for 1 h. After washing with PBS, the sections were 

incubated with the secondary antibody followed by colorimetric detection of 

the antibody signal. In detail, anti-CD31 (1:500, provided by Prof. Breier, 

Pathology, University Hospital Dresden, Germany) was detected using 

Vectastain Elite ABC Kit Rat IgG (Vector Laboratories Inc., Burlingame, CA, USA) 

followed by AEC-kit (Vector laboratories). The sections were counterstained 

with eosin and coverslipped with aquatex (Merk, Darmstadt, Germany). 

Anti-Ki67 (1:500, Leica Biosystems GmbH, Nußloch, Germany) was used with 

prior heat antigen retrieval in citrate buffer and in combination with histofine 

simple stain MAX Po (Nichirei Biosciences Inc., Tokyo, Japan) followed by 

histogreen (LINARIS Biologische Produkte GmbH, Dossenheim, Germany) 
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detection, counterstaining with nuclear fast red, and mounting with DePeX 

(SERVA Electrophoresis GmbH, Heidelberg, Germany). 

2.4 Ethics Statement 

Rats’ and mice experiments were performed in accordance with the guidelines 

of the Dresden University of Technology, based on institutional and national 

laws that are in full agreement with the European Union directive on animal 

experimentation. They were approved by the animal welfare committee of 

Saxony, Germany (Regierungspräsidium Dresden, AZ: 24-9168.11-1/2011-39 

for mice experiments and AZ 24–9168.11-1/2013-37 for rats’ experiments). All 

surgery was performed under anesthesia with an intraperitoneal injection of 

xylazine / ketamine (10 mg / kg xylazine; 90 mg / kg ketamine), and all efforts 

were made to minimize animal suffering.  

Mice were sacrificed by cervical dislocation. For rats, in the first two 

postoperative days, analgesia was achieved with carprofen (5 mg / kg) once a 

day subcutaneously. Rarely, buprenorphine (0.05 mg / kg) was needed for an 

appropriate analgesia. The bladder was expressed by gentle massage twice 

daily during the first two weeks after surgery until the spontaneous urination 

or reflex bladder emerged. 

Human brain tumor tissue was obtained during routine tumor surgery. The 

patients gave written consent and the study was approved by the ethics 

committee at University Hospital Carl Gustav Carus, Technische Universität 

Dresden, Germany (EK 323122008). 
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CHAPTER 3 EXPERIMENTAL RESULTS 

3.1 Effects of tissue sections deparaffinization for multimodal 
CARS images 

 

3.1.1 Research background and motivation 

The compatibility with standard pathological procedures is important for 

uncomplicated and successful translation of vibrational spectroscopy and 

multimodal CARS microscopy into histopathological praxis. Moreover, CARS 

microscopy based on addressing the lipid-specific spectral band at 2850 cm-1 is 

most established and common to investigate nervous tissue. As lipid content is 

highly variable in nervous tissue structures, addressing this spectral band is the 

best choice and became standard for acquisition of brain tissue images with 

fine chemical contrast [13,57,103,151]. Detuning CARS microscope to address 

other spectral bands can be complicated or requires expensive tunable laser 

sources. Therefore, it is desirable that nervous tissue preparation protocol 

would be optimal or at least preserve eligible biomolecular moieties for 

imaging with conventional CARS microcopy, i.e. addressing spectral band at 

2850 cm-1.  

Raman spectroscopy and multimodal CARS imaging have been often applied to 

study frozen, i.e. cryo-protected, and fresh tissue samples. It was already 

shown that the spectral pattern of fresh and frozen tissues do not differ 

significantly [152,153]. However, the amount of available frozen and fresh 

tissue samples is usually rather limited, therefore narrowing the scope of 

studies to relatively small number of samples. On the other hand, the most 

common and routinely used in clinical praxis approach to preserve tissue for a 

long term is the embedding of the tissue specimens in paraffin wax [154]. 

Briefly, the tissue is dehydrated, cleared in some organic solvent and immersed 
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in molten paraffin wax, which is allowed to solidify to eventually embed and 

preserve the tissue. The storage of such specimens is uncomplicated compared 

with frozen samples, which require storage in freezers under minus 

temperatures.  

The most extensively used preservation in paraffin protocol involves fixation 

the tissue with the formalin prior the embedding and is therefore called 

formalin-fixation paraffin-preservation. Despite the fact that retrieval and 

assessment of antigens and nucleic acids are successfully preformed in the case 

of FFPP tissues stored for long periods [155,156], the alterations of biochemical 

composition are nevertheless present to some extent in such samples [157].  

However, the knowledge about the influence of tissue sample preprocessing 

on spectroscopic data and especially CARS images is still limited. Galli et al. 

investigated the effects of tissue fixation on CARS images of cryosectioned 

brain [158]. Fixation with formalin of placenta specimens was also addressed 

in the study performed by Faolain et al. and revealed that the changes of the 

Raman spectral characteristics are induced [159]. Several other studies focused 

to study the effects of tissue preprocessing for vibrational spectroscopy of brain 

[160] and other organs [159,161]. 

The main disadvantage of deparaffinization arises due to the need to use 

dewaxing agents: as the molecular structure of paraffin wax is similar to the 

native tissue lipids, the dewaxing agents such as xylene also leach out these 

lipids [160]. While lipids are one of the main components of nervous tissue, the 

rest of chemical content must be sufficient for vibrational spectroscopy studies. 

Although, the effects of FFPP tissue samples’ deparaffinization for vibrational 

spectroscopy, namely, biochemical changes that occur in the archived FFPP 

tissues, and the effectiveness of the most commonly used dewaxing agents, 

were addressed elsewhere [160,162,163], the consequences of FFPP and 
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deparaffinization on CARS image quality were not described so far. Once these 

effects are known, one can decide if the information extracted from CARS 

images is sufficient for retrospective and diagnostic studies as well as to select 

the most appropriate methods of tissue preprocessing for particular CARS 

imaging experimental tasks. 

Here, the feasibility for multimodal non-linear and, in particular, CARS imaging 

of FFPP brain tissue sections preprocessed by different methods of 

deparaffinization, namely by using xylene or xylene substitutes, were analyzed 

and compared with cryo-protected sections. The effects of deparaffinization 

with the xylene as paraffin solvent on multimodal CARS images were addressed 

in more detail and confirmed by Raman spectroscopy.  

3.1.2 Sample preparation and experimental details 

The mouse brain or human brain tissue removed during brain tumor surgery 

were formalin-fixed and paraffin-preserved. They were immediately fixed with 

formalin and then preserved in paraffin blocks by using standard automatized 

process. For embedding in paraffin the tissue samples were placed in an 

embedding cassette, dehydrated by immersion in increasing alcohol 

concentration solutions and xylene and subsequently infiltrated by paraffin at 

60°C. The solidified tissue blocks of mouse brain and 8 human brain tumors 

tissues (3 primary tumors and 5 metastases) were sectioned at 4 μm at room 

temperature on Leica SM 2000 R microtome and mounted onto 

SuperFrost® Plus microscope glass slides or CaF2 slides for multimodal 

multiphoton microscopy or Raman micro-spectroscopy, respectively.  

To deparaffinize the FFPP tissue sections the following protocol was applied: 

the paraffin was removed by immersing the slides with the samples three times 

(each time for 5 min.) into xylene/xylene substitute. Afterwards, to remove 

xylene/xylene substitute, the slides were immersed in a series of baths 
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consecutively consisting of three baths of 100% ethanol, one bath of 96% 

ethanol, one bath of 80% ethanol. Finally, the ethanol was washed away by 5 

min. bath in distilled water. All paraffin solvents tested in this study are 

summarized in Table 2. 

 

In multimodal CARS microscopy, a Plan-Apochromat 20×/1 NA water 

immersion objective was used to focus the excitation light. The CARS signal was 

collected in forward direction and filtered by a band-pass filter centered on 

640 nm with a bandwidth of 14 nm. For SHG, also collected in forward 

direction, a bandpass filter centered at 390 nm with bandwidth of 18 nm was 

used; for TPEF the bandpass range of the filter was 500 – 550 nm. Tiling 

procedure was applied for the images larger than the microscope objective 

field of view. 

ImageJ software was used for analysis of multimodal images. Intensities of 

CARS and TPEF were calculated by measuring the mean gray values of ten 

20 μm x 20 μm regions of interest. Values were normalized to selected tissue 

areas. Graphs were calculated by using GraphPad Prism 5 (GraphPad Software 

Inc., USA). Deparaffinized sections and cryosections were compared by two-

tailed t-test with 95% confidence interval. Images were processed with the 

Photoshop software (Adobe Systems Software Ireland Ltd.). 

Table 2. Paraffin solvents used for depraffinizing FFPP brain tissue sections. 
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Raman spectral maps, covering different structures of the mouse brain were 

collected with the step size of 20 µm. The dimensions of these maps were from 

20×18 up to 115×89 points of excitation. For each position of sample excitation 

ten spectra were recorded with 0.5 s integration time. The spectra were 

collected in the 150 – 3250 cm-1 spectral region with a spectral resolution of 

4 cm-1. Point Raman spectra form different regions of cryosections, paraffine-

embedded sections and deparaffinized sections were also acquired. For that, 

an integration time of 1 s and two accumulations were used at each point. 

The datasets of Raman maps or Raman spectral data of single point 

measurements were imported in MATLAB (MathWorks Inc., Natick, 

Massachusetts). The spectra were reduced to the region 450 to 1850 cm−1 for 

spectral map data and to region 450 to 3000 cm−1 for single point spectra. For 

each spectrum, a variable baseline was calculated (function “msbackadj” of the 

MATLAB Bioinformatics Toolbox) and normalization was obtained by 

standardizing the area under the spectra (function “msnorm” of the MATLAB 

Bioinformatics Toolbox). 

3.1.3 Results and discussion 

Effects of deparaffinization: mouse brain samples 

Complete removal of paraffin from FFPP tissue samples is usually desirable in 

vibrational spectroscopy experiments, as the paraffin spectral bands are 

dominant and particularly strongly interfere with the spectroscopic signature 

of the tissue. 

Figure 10 shows the CARS images comparing cryosection and deparaffinzed 

section of the cerebellum of the mouse brain. For analysis of the images, axons 

of the cerebellum medulla were selected structures: due to high CARS intensity 

they are easy to recognize in the multimodal image of cryosections and 

therefore are superior for assessment of morphochemical contrast. The 
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morphochemical contrast in cryosection [Fig. 10 (B)] is mainly due to different 

lipid content: white matter can be readily recognized as it is rich in myelin and 

thus in lipids (generates intense CARS signal, indicated by #) compared with 

lipid poor grey matter (appears darker in CARS image, indicated by *). In 

contrast, in the case of FFPP deparaffinized section, the tissue morphochemical 

contrast available from CARS signal [Fig. 10 (E)] was based on different protein 

content, as lipids were removed during deparaffinization. The deparaffinized 

samples showed reduced CARS signal intensities (p-value<0.0001). All used 

solvents showed relative values of about 1 indicating that there is no contrast 

between axons and surrounding cell bodies [Fig. 10 (G)]. The white matter of 

cerebellum medulla showed an increase in TPEF intensity after 

deparaffinization [compare Figure 10 (C) and (F)]. This change was significant 

(p-value<0.0001). The different solvents likewise led to about 1.5-fold higher 

fluorescence intensities [Fig. 10 (H)]. 

Due to low CARS contrast some tissue structures, like the white matter in the 

medulla of mouse cerebellum, could not be distinguished from surrounding cell 

layers. As a result, studies of nervous tissue pathologies like multiple sclerosis 

or tumors might be limited in deparaffinized sections. 

On the other hand, a trend of TPEF signal intensities increase was observed in 

deparaffinized samples. The contrast of tissue structures is improved and 

thereby contributes to the definition of tissue morphological architecture. This 

is in agreement with prior findings of Wilson et al., who attributed the 
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autofluorescence of deparaffinized sections to a byproduct of formalin fixation 

[164]. 

Better insights in the biochemical changes, which appear due to the 

deparaffinization of FFPP samples, can be gained by using Raman spectroscopy. 

The reference spectrum of paraffin is shown in Figure 11 and the Raman 

spectral bands` assignments are summarized in table 3 [165].  

In the fingerprint region 800 – 1800 cm-1 it is characterized by most intense 

Raman spectral bands at 1062 cm-1, 1132 cm-1, 1295 cm-1, 1418 cm-1, 1440 cm-1 

Figure 10. CARS and TPEF signal intensity changes at the white matter in medulla of mouse 
cerebellum. Cryosections (A-C) and deparaffinized sections (D-F) of the white matter are shown 
as multimodal (A, D) and grayscale images of CARS (B, E) and TPEF (C, F) signals. The mean CARS 
(G) and TPEF (H) signal intensities are displayed for the axons (#) normalized to granulated cells 
(*). 
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and 1460 cm-1, corresponding to C—C symmetric stretch, C—C asymmetric 

stretch, CH2 twisting deformation, CH3 in-plane scissoring deformation, CH2 

asymmetric deformation and CH2 in-plane scissoring deformation, respectively.  

In the region 2700 – 3000 cm-1 the most prominent spectral bands are at 2847 

and 2881 cm-1 assigned to symmetric and asymmetric CH2 stretching, 

respectively. Two shoulders at 2932 and 2958 cm-1 are due to symmetric and 

asymmetric CH3 stretching, respectively. A weak band at 2722 cm-1 is assigned 

stretching vibrations of the CH3—CH2. 

 

Figure 11. Chemical structure and Raman spectrum of paraffin. 
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To compare the spectral contributions and thus the provided chemical 

information between the undeparaffinized FFPP sample, deparaffinized FFPP 

sample and cryo-protected sample, point Raman spectral measurements were 

done in all corresponding tissue sections. Fig. 12 shows the representative 

spectra, which were all acquired in white matter of the mouse brain. Before 

tissue section deparaffinization, the spectral bands of paraffin were 

predominant in the spectrum (ν[C-C], δ[CH2], δ[CH3] vibrations, indicated by * 

in Fig. 12). As spectral contributions of tissue were not observed in this 

spectrum, this indicates the importance of tissue deparaffinization for 

vibrational spectroscopy-based studies. As expected, the Raman spectrum of 

the deparaffinized sample shows the substantial decrease of the spectral bands 

at 1130 cm-1, 1300 cm-1, 1440 cm-1, 1668 cm-1 all attributed to lipids (compare 

with spectrum of cryosection, arrows indicate reduced lipid-related spectral 

bands). This indicates the removal of the tissue lipids during the 

deparaffinization. 

Table 3. Raman spectral bands and 

their assignments to specific group 

vibrations of paraffin. 
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The treatment of the biological specimen before the spectroscopic and 

microscopic measurements should be so that afterwards acquired biochemical 

or morphochemical information would be sufficient and reliable. Ideally, all the 

unnecessary contributions and artifacts should be eliminated, while preserving 

as much as possible the native state of the biological sample. However, in the 

case of FFPP samples, there is still no protocol, which would lead to complete 

removal of paraffin wax. 

In the case of CARS imaging, the deparaffinization conserved the general tissue 

morphology. However, CARS images of dewaxed tissue samples also contained 

some unusual artifacts, showing the intense signal in 633-647 nm spectral 

region, where CARS signal is acquired (defined by central frequency and 

band-pass of the filter positioned before detector for CARS signal, further 

referred to as “red” signal). Typically, these artifacts were observed as some 

single droplets distributed randomly within tissue or accumulations of droplets 

in cells, in outer regions of cortex and in blood capillaries (Figure 13). 

Figure 12. Effects of brain tissue section deparaffinization on Raman spectra. The red spectrum is 

acquired form the section prior deparaffinization. Green spectrum is from the same section after 

deparaffinization. Blue spectrum is acquired from cryosection for comparison. Asterisks (*) mark 

most prominent spectral contributions of paraffin. Arrows indicate lipid-related spectral bands, 

which are not observed in FFPP section after deparaffinization. 
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Accumulations of droplets were especially pronounced in pyramidal cells as 

illustrated by arrows in Fig. 13 (A). Interestingly, this was not imperative for all 

cells of any type and appeared randomly. For example, the cell laying in 

between two droplets-laden cells in Fig. 13 (A) is completely droplets-free 

(indicated by asterisk). Fig. 13 (B) shows single droplets within tissue and 

accumulation of droplets in capillary. The cell nuclei can be readily observed as 

darker regions, whereas single droplets showing intense “red” signal reside in 

the tissue randomly (arrows). The droplets in capillary are on the other hand 

strictly bound within it (asterisk). Opposite as in the case when lipid rich 

structures are generating intense CARS signal in cryosections of nervous tissue, 

the biological origin of these “red” signal intense structures in deparaffinized 

sections is not evident. In fact, morphologically they could not be related to any 

particular biological structure: as aforementioned, they generally appeared 

droplet-like and likely tended to fill tissue structural components, but not to be 

directly related with any biochemical marker. The physical nature of the “red” 

signal is therefore doubtful and could be either intense fluorescence or CARS 

signal at 2850 cm-1. 

Figure 13. CARS images in grayscale of artifacts characterized by intense signal in 633 – 647 nm 

spectral region in mouse cerebellum (A) and cortex (B). Arrows in (A) indicate accumulations of 

droplets in pyramidal cells, while asterisk (*) indicate droplets-free cell in between. Arrows and 

asterisk (*) in (B) indicate single droplets and accumulation of droplets in capillary, respectively. 
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To understand the physical nature of this intense “red” signal, the “Stokes” 

laser was switched off so that only the “pump” laser excited the sample. If the 

extraordinary structures were only due to the fluorescence signal in 633-

647 nm spectral region, they should appear similar as in the case when the 

“Stokes” laser is “on”. If they are due to CARS signal, their intensity should 

noticeably decrease.  Such experiment is illustrated in Fig. 14, where 

Fig. 14 (A-C) and Fig. 14 (D) were acquired in the same region of mouse brain 

cerebellum with the “Stokes” laser on and off, respectively, corresponding to 

CARS together with fluorescence and only fluorescence signals.  

The TPEF signal [Fig. 14 (B)] provides contrast of tissue structures and is similar 

to fluorescence in 633 – 647 nm [compare with Fig. 14 (D)]. The image with the 

“Stokes” laser on, i.e. CARS image, can be generally characterized by higher 

intensities, than only fluorescence in 633 – 647 nm signal [compare 

Fig. 14 (C) and (D)], because varying protein content generates additional CARS 

morphochemical contrast. For example, bright little spots in the center of 

nuclei corresponds to CARS signal from nucleoli. Various structures generating 

Figure 14. Imaging same region of deparafifinized mouse brain section with (A-C) and without 

“Stokes” excitation (D). (A): merged multimodal image of CARS (red) and TPEF (green) signals. (B): 

TPEF intensity image in grayscale. (C): CARS intensity image in grayscale. (D): Intensity image of 

signal in 633 – 647 nm when only “pump” excitation is present. Scale bar: 20 μm. 



90 
 

most intense signal can however be only observed in CARS image, confirming 

that they are strongly CARS active. These structures were not observed in 

similar cryo-protected samples. They can occur either as a result of some 

particular paraffinization- or deparaffinization-induced tissue changes 

producing chemical components with strong Raman spectral contributions at 

2850 cm-1 or as residuals of paraffin, which by itself has an intense spectral 

band at 2847 cm-1 (symmetric CH2 stretching, see Figs. 11 and 15).  

To understand the chemical nature of these CARS intense structures, Raman 

spectroscopy enabling to profile the entire chemical composition was applied. 

Point Raman spectra were acquired in several different CARS active artifacts in 

mouse brain. Figure 15 depicts one of the examples, where the Raman spectra 

were acquired from pyramidal cell laden with CARS active droplets after 

dewaxing the section and from pyramidal cell in cryosection. The spectral 

bands corresponding to paraffin are intense and therefore clear to observe in 

the spectrum of deparaffinized FFPP section (indicated by *). These spectral 

contributions are not present in the spectrum of cryosection. This allows to 

conclude that the CARS at 2850 cm-1 active structures can be attributed to 

residuals of paraffin wax, which was not completely removed during the 

deparaffinization. In fact, both CARS images and Raman spectra acquired from 

with different xylene substitutes deparaffinized sections showed that none of 

the xylene substitutes is capable to completely clear away the residues of 

paraffin wax. Qualitative assessment of CARS images and Raman spectra 

allowed to conclude that the paraffin clearance with xylene leave fewest 

residuals of paraffin in the sample. However, there is no evident answer, why 
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and under which mechanisms the paraffin molecules tend to keep immobilized 

in pyramidal cells or other specific brain structures. 

It is important to notice that xylene was used in dewaxing procedure. Xylene, 

which was used in this study, is composed of three isomers of 

dimethylbenzene, namely, ortho-xylene, meta-xylene and para-xylene with 

approximate molar concentrations of 1:1:1. Ineffective removal of xylene could 

also result to some parasitic spectral contributions and/or could cause artifacts 

or signal alterations in multimodal CARS imaging. However, the latter can be 

excluded, as none of three isomers of xylene has Raman active vibrations at 

and around 2850 cm-1. Also, Raman spectra of deparaffinized tissue either with 

paraffin spectral contributions or without do not show spectral fingerprint of 

any of Xylene isomers [166].  

It was already shown in some studies that the current paraffin removal 

strategies are not completely effective [159,163,167]. The paraffin 

Figure 15. Raman spectral contributions of CARS active artifacts in deparaffinized mouse brain 

tissue section. Raman spectrum (green) of pyramidal cell laden with CARS active droplets in 

deparaffinized section is compared with Raman spectrum (blue) of pyramidal cell in cryosection. 

Raman spectrum (red) of paraffin is shown for direct reference of its spectral bands. Spectral 

bands corresponding to paraffin are marked by asterisks (*) in spectrum of deparaffinized section. 
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contributions are always present, even when different dewaxing agents are 

used or by using different durations of immersion in dewaxing agents [162]. To 

further understand if deparaffinized FFPP sections can nevertheless be used for 

label-free imaging of nervous tissue by multiphoton microscopy, it is important 

to realize to what extent the artefacts of paraffin have effect on overall tissue 

biochemistry. Therefore, Raman mapping capable to reveal fine biochemical 

differences was performed over larger regions of deparaffinized sections. 

After the dewaxing of sections, large Raman maps (several square millimeters 

in size) were obtained and compared with CARS multimodal images on same 

sections. The CARS multimodal image in Fig. 16(A) shows different regions of 

brain cerebellum tissue, based on different content of proteins. Intense CARS 

signal, which definitely cannot be attributed to high lipid content, is observed 

in pyramidal cells. Raman spectral data can provide further biochemical details, 

if this CARS signal can somehow be related to higher protein content or to 

paraffin artifacts. The representative Raman spectral classification map in 

pseudo-color in Fig.16 (B) was obtained by applying cluster analysis. Seven 

clusters were needed to sufficiently show different features of the particular 

brain region for comparison with CARS multimodal image. They are shown in 

Fig. 16 (C) and depict different regions of the brain tissue mainly based on 

varying concentrations of proteins. All the centroid spectra contains protein 

spectral bands: phenylalanine at 1003 cm-1, Amide III band (30% C–N 

stretching, 30% N–H bending) of proteins at around 1270 cm-1,  CH2 bending 

mode of proteins at 1450 cm-1 and amide I band (70–85% C=O stretching; 10–

20% C–N stretching) of proteins at 1656 cm-1. Bands at 1062, 1128 and 1296 

cm-1 are attributed to vibrations of aliphatic side chains [88]. The centroid 

spectra 1-3 possess more background noise due to the tissue border or 

trimming, which results because of sample preprocessing during the 

deparaffinization. The centroid spectra 4-6 correspond to slightly different 

areas of cerebellum (compare with classification image in Fig. 16 (B). The 
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centroid spectrum 7 clearly possesses the spectral contributions of the paraffin 

wax when compared with the reference paraffin spectrum given above in 

Fig.16 (C). The spectral contributions of paraffin at 1063, 1133, 1296 cm-1 do 

closely overlap with aliphatic side chains vibrations, what could diminish the 

ability to directly associate the centroid spectrum 7 with paraffin artifacts. 

However, the relative intensities of above mentioned spectral bands with other 

protein spectral bands are too strong when compared with other centroid 

Figure 16. Merged CARS (red) and TPEF (green) image (A), Raman spectral map produced by 

clustering analysis (B) and corresponding centroid Raman spectra (C) acquired from mouse 

brain cerebellum. TPEF and CARS image and Raman spectral data were acquired from the same 

deparaffinized section. Cluster colors were attributed randomly. Raman spectrum of paraffin 

(brown) in (C) is given for direct reference of spectral bands. Scale bar: 100 μm. 
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spectra. For example, the band intensity of phenylalanine is ~3,5 – 4,5 times 

higher than 1062 cm-1 band in centroid spectra 1-6, compared with the similar 

intensities of these bands in centroid spectrum 7. Even more, the paraffin 

spectral bands at 890, 1419, 1441 cm-1, are unambiguously present in spectrum 

7. The corresponding pixels of Raman spectral map in Fig. 16 (B) can be readily 

attributed to CARS intense pyramidal cells in Fig. 16 (A).  

The main brain tissue structures can be discerned in multimodal CARS image. 

Raman microspectrocopy confirmed that despite the substantial loss of lipids, 

other tissue chemical content and, in particular, proteins are preserved. 

Cleared by xylene, paraffin do not leave gross amounts of residues and few 

deposits do not hinder a morphology-based evaluation of such samples. 

However, the artifacts of paraffin residues should be taken into consideration 

and eventually confirmed by Raman spectroscopy in the case of doubts to 

confidently leave them out from interpretation of multimodal images.  

Effects of deparaffinization: human brain samples 

FFPP human brain tissues are valuable resources for retrospective studies of 

various nervous tissue diseases. The re-evaluation of older cases to gain new 

insights to nervous tissue pathologies by novel or improved and therefore more 

precise and/or efficient diagnostic methods is of importance.  

However, the dewaxing of FFPP sections is a crucial step to make nervous tissue 

morphology apparent in microscopic images. As shown and discussed 

previously in the investigations of mouse brain, while awareness of the 

existence of paraffin artifacts still allow to take advantage of multimodal 

imaging, the main drawback of deparaffinization of the nervous tissue samples 

for vibrational spectroscopic studies is the removal of the tissue lipids. 

Therefore, it is important to understand if multimodal images acquired from 
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the dewaxed sections of human brain tissue can nevertheless provide 

diagnostically valuable morphochemical information.  

Several different FFPP human brain tumor biopsies obtained during routine 

tumor surgery were investigated with multimodal non-linear microscopy. 

Figure 17 shows CARS image acquired from human GBM tumor. Similar to the 

findings obtained in mouse brain, several paraffin artifacts generating intense 

CARS signal can be observed (some are highlighted by asterisks in Fig. 17). 

Tissue morphology is visualized due to spatially definite protein distribution 

based on differences in protein content. For example, areas with bright spots 

in the center represent cell nuclei and nucleoli, respectively, as exemplarily 

shown by arrows in Fig.17. In fact, the nucleus, which shows major changes in 

neoplastic cells, plays a major role in assessment of tumor malignancy [168]. 

Label-free CARS images from FFPP samples that had undergone conventional 

deparaffinization have the potential in tumor assessment based on 

morphological characteristics of nuclei. 

Figure 17. CARS image in grayscale acquired from deparaffinized section of human GBM tumor. 

Several residuals of paraffin are exemplarily indicated by asterisks (*). Arrowheads indicate cell 

bodies with nuclei and nucleoli.  
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Additionally to the potential to image the content of proteins by CARS, 

simultaneous collection of CARS, TPEF and SHG signals opens possibilities to 

obtain supplementary information about the tumor structure and the 

surrounding tissue features.  

Figure 18 (A) shows the architecture of a large blood vessel in human GBM 

tumor. SHG highlights the outermost layer (adventitia) of a blood vessel in the 

middle of the tumor. This layer is connective tissue rich in collagen as confirmed 

by SHG signal. The middle layer (tunica media) is primarily protein-rich smooth 

Figure 18. Multimodal images of deparaffinized sections illustrating various structures in human 

brain tumors. (A): large blood vessel in GBM tumor. (B): Region of human oligodendroglioma 

tumor, where some cells are well delineated due to TPEF signal (arrows).  (C): Collagen of blood 

vessels indicated by arrows and corpora amylacea indicated by asterisks (*) generate intense SHG 

signal in human GBM tumor. (D): Zoom-in of the box in (C) showing SHG signal in grayscale from 

corpora amylacea in more detail. Pseudo-color images in (A) and (C) show merge of CARS (red), 

TPEF (green) and SHG (blue) signals. Pseudo-color image in (B) shows merge of CARS (red) and 

TPEF (green) signals. 
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muscle exhibiting more intense CARS signal. Distribution of elastin in the inner 

layer of the blood vessel can be observed due to emission of endogenous 

two-photon fluorescence. As the autofluorescence signal arises from some cells 

bodies [arrows in Fig. 18 (B)] these cells appear easier to identify. Indicated by 

arrows in Fig. 18 (C), the blood vessels can be again readily recognized due to 

intense SHG signal. Furthermore, SGH-active round structures were observed 

in human GBM tumor and identified as corpora amylacea (CoA) due to 

characteristic pattern of SGH signal generation [Fig. 18 (D)], which was recently 

reported by Galli et al. [169]. 

Finally, the ability of multimodal CARS microscopy to identify brain tumor 

borders in the FFPP and subsequently deparaffinized samples was assessed. 

Fig. 19 shows deparaffinized sample of breast metastasis: It illustrates the 

morphology and the biochemical information about tissue components. Tumor 

tissue and surrounding brain parenchyma can be readily distinguished due 

morphological differences provided by multiphoton signals [Fig. 19 (A)]. It is 

confirmed by H&E staining shown in Fig. 19 (B). The tumor is mainly 

characterized by lower TPEF signal intensity. The paraffin artifacts are not 

prominent and do not obstruct overall image quality.  

Figure 19. Multimodal non-linear imaging of human breast metastasis brain tumor with defined 

borders. (A): Multimodal image in pseudo-colors (CARS – red, SHG – blue, TPEF – green). 

Combination of the non-linear signals allows to delineate tumor (upper part of the image) from 

normal tissue (lower part of the image) and to track its borders. (B) H&E staining of consecutive 

section for the reference.   
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3.1.4 Conclusions 

1. Lipids are removed from the tissue during its deparaffinization. The 

morphochemical contrast in CARS images of deparaffinized sections is, 

therefore, provided by varying content of proteins.  

2. Compared with cryosections, TPEF signal intensity values and 

morphological contrast in TPEF images of deparaffinized brain tissue 

sections are increased. This contributes for better definition of various 

brain tissue structures. 

3. Paraffin is not completely removed from FFPP tissue sections during 

conventional deparaffinization process. Paraffin artifacts have to be 

taken in account when interpreting CARS images of deparaffinized brain 

tissue samples.  

4. In deparaffinized samples, multimodal CARS/TPEF/SHG microscopy is 

suitable to image various structures of mouse and human brain tissue 

and to distinguish brain tumor borders. 

5. However, the morphochemical information provided by variations of 

lipid content is no longer available. The resultant lack of lipid-related 

CARS contrast brings substantial limitations to studies of CNS tissue 

pathologies, which are related with lipid content alterations. In this case, 

cryoprotected or fresh tissue specimens are best choice for conventional 

CARS imaging based on addressing the Raman band at 2850 cm-1 of CH2 

vibrations. 

3.2 CARS microscopy of brain tumors  

3.2.1 Research background and motivation 

The primary malignant brain tumor annual worldwide age-standardized 

incidence is approximately 3.7 (males) and 2.6 (females) cases per 100,000 

persons. The annual global age-standardized mortality from primary malignant 

brain tumors is approximately 2.8 (males) and 2.0 (females) per 100,000 
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persons. The mortality from these tumors was constantly increasing over the 

past years. The average 5-year survival rate of malignant brain tumors are 

around 30% and varies significantly depending on type of the tumor. For 

example, while lower grade gliomas such as pilocytic astrocytoma, 

oligodendroglioma, and ependymoma have 5-year survival rates of over 70%, 

the 5-year survival rate of glioblastoma multiforme (GBM) is only 3.3%. The 

5-year survival rates of astrocytoma, anaplastic astrocytoma, malignant glioma, 

and lymphoma are less than 40% [170].  

Gliomas are the type of brain tumors, which form due to abnormal 

reproduction and growth of glial cells. In general, gliomas are divided into four 

grades depending on their morphological features. The grade IV glioma, GBM, 

is not only the most aggressive of human gliomas, but, unfortunately, also the 

most common. As the name “Multiforme” suggests, GBM tumors are of 

complex character. The cells of GBM are rapidly dividing (proliferation), the 

blood vessels are growing (vascularization) inside the malignant tissue and 

there are areas of dead tissue (necrotic areas) and hemorrhage. Individual 

tumor cells show invasive behavior and, therefore, spread diffusely over long 

distances into various regions of the brain [171]. 

The standard care for treatment of GBM generally consists of MRI to define the 

position and borders of the tumor followed by surgical resection of as much 

malignant tissue as safe. The chemotherapy and radiotherapy are subsequently 

applied. However, this standard treatment strategy results in poor outcome, as 

is clear from high rate of mortality. One of the main reasons for this poor 

outcome is the incomplete resection of malignant cells from the brain tissue. 

The tumor infiltrate beyond the imaging sensitivity of MRI, which is not enough 

to visualize fine structural differences [172]. To enhance the precision of tumor 

resection, the 5-aminolevulinic acid (5-ALA)-induced fluorescence is widely 

accepted for intraoperative GBM tumor visualization. 5-ALA is administered 
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orally and metabolizes to fluorescent compounds. This approach helps to 

better recognize the regions of tumor cells infiltration during surgical 

intervention, however, for the precise intraoperative tumor diagnosis, the 

tissue has to be removed, processed, stained and evaluated by a trained 

neuropathologist [173]. The final diagnosis is obtained by performing multiple 

immunohistochemical stainings on tissue sections only days after the surgery. 

Therefore, it is important to develop novel means of label-free in situ brain 

tumors pathologic assessment and precise methods for intraoperative 

identification of tumor borders up to single cell. 

3.2.2 Sample preparation and experimental details 

Animal experiments 

Experiments were performed on 16 immune deficient female nude mice NMRI 

nu/nu (Experimental Center, University Hospital Dresden, Germany). Animals 

were kept under pathogen-free conditions in a 12h:12 h light-dark cycle and 

received food and water ad libitum. Brain tumors were induced by stereotactic 

implantation of human tumor cell lines into the brain parenchyma as described 

elsewhere [174]. Eight animals were implanted with GBM cells (U87MG), four 

animals with melanoma (A375) cells, and four animals with breast cancer cells 

(MCF-7). Within three weeks, the tumor-bearing brains were removed, 

embedded in tissue freezing medium (Leica, Nussloch, Germany), and frozen 

on dry ice. 

Human brain tissue 

Human brain tumor tissue was obtained during routine tumor surgery. The 

patients gave written consent and the study was approved by the ethics 

committee at University Hospital Carl Gustav Carus, Technische Universität 

Dresden, Germany (EK 323122008). Human brain tumor samples 
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(glioblastoma, n= 6) were snap frozen in liquid nitrogen and stored at ‒80⁰C. 

For sample preparation, tissue was embedded in tissue freezing medium. 

Quantification of proliferation and vascularization 

The microvessel density was determined at 200-fold magnification in three 

representative fields of view [175]. Additionally, the morphology of 

microvessels was evaluated. The thickness of the structures and the pattern of 

the vessels were analyzed and transformed to a scoring system: 0 = very fine, 

regular; 1 = fine, regular; 2 = coarse, regular; 3 =coarse, irregular [175]. 

To evaluate the proliferation index within the tumors, the proportion of Ki67 

positive nuclei was determined in three fields of view within the neoplastic 

tissue at 400-fold magnification. All cells displaying a positive signal in more 

than 50% of their nuclei were included. In normal brain parenchyma, no 

Ki67-positive cells were detected. 

The cross-sectional area of nuclei was measured using images acquired at 

200-fold magnification in three (104 X 104) mm2 large fields-of-view using Fiji 

software [176]. The quantification was done in a blinded fashion. 

CARS imaging 

In the present study, the excitation beams were focused with a C-Apochromat 

32X/0.85NA objective. An individual field-of-view image was acquired within 

300 ms. Acquisition of large areas was performed with a tiling procedure; 

z-stacks were acquired in order to compensate for the lack of planarity of 

samples and followed by maximum intensity projections to obtain the final 

images. Acquisition times for the CARS overview images ranged from ~5 min. 

[Fig. 22 (A)] to ~30 min. [Fig. 20 (A)]. 
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CARS signal quantification 

The intensity values of the CARS signal in the images were evaluated using the 

Fiji software. Regions of interest (ROIs) of the tissue (gray matter and tumor) 

were manually chosen and the average pixel intensity in the ROIs was 

calculated. 

Raman microspectroscopy 

Spectral line maps with a step size of 17 mm were collected by sequentially 

exciting 50 to 70 sample points spanning over regions of tumor and normal 

tissue. For each position, two spectra were recorded with an accumulation time 

of 2 s and averaged. 

The intensity of the symmetric stretching of C—H bond in CH2 groups was 

calculated as integral of the area under the spectrum in the range 

(2850±15) cm-1. This range approximates the bandwidth of the Stokes laser 

used in CARS microscopy. 

Statistics 

All data is expressed as mean ± standard deviation. Statistical analyses to 

analyze brain tumors (paired t-test or one-way ANOVA followed by Tukey 

Multiple Comparison test) were performed using Graph Pad Prism 6.0 (Graph 

Pad Software Inc., La Jolla, CA, USA). 

3.2.3 Results and discussion 

CARS imaging for localization of primary and secondary brain tumors 

The unstained cryosection imaged by CARS microscopy shows a section of 

whole horizontal mouse brain containing a GBM in the hippocampus 

[Fig. 20 (A)]. The CARS signal intensity is represented in grayscale, namely, 

pixels of higher CARS intensity are brighter, whereas pixels of lower CARS 
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intensities are darker. As the C—H molecular vibrations are addressed in these 

experiments of brain tissue, the higher CARS intensities represent mainly 

higher lipid content. In this way, tracts of white matter, which is rich in lipids, 

can be readily distinguished from gray matter regions, where lipid content is 

low.  

The growing tumors distort normal structure and chemical composition of the 

brain tissue. It is known that in the fresh tissue human GBM and astrocytic 

tumors are characterized by less total lipids compared to both normal white 

and gray matter [177]. Other studies involving vibrational spectroscopy were 

already comprehensively addressing this feature in primary [47,89,178,179] 

and secondary [180] brain tumors. This lower lipid content in brain tumors 

creates the chemical contrast in CARS images, i.e. low lipid content corresponds 

to the regions with the lowest CARS signal intensity (Fig. 20 (A), arrow).  
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The same tumor at higher magnification is shown in Fig. 20 (B). It can be readily 

recognized that the CARS signal intensity contrast is also present at smaller 

scales allowing straightforward discrimination of an interface between the 

tumor and the delineating white matter. Lower intensities of CARS signal 

compared with normal nervous tissue were also characteristic for brain 

metastases of breast cancer [Fig. 20 (C)] and of melanoma [Fig. 20 (D)]. The 

borders of the tumors displayed by CARS imaging are well in agreement with 

corresponding H&E staining [Fig. 20 (E-H)]. Lower CARS intensity allowed to 

precisely distinguish tumors and their borders from the surrounding normal 

nervous tissue in all 16 tumors that were analyzed in this study. Importantly, 

the hippocampal layers which are rich in nucleus and therefore are intensively 

stained by hematoxylin, did not display reduced CARS signal intensity 

[arrowheads in Fig.  20 (B/F) and 20 (D/H)].  

Figure 20. Imaging of experimental human glioblastoma and brain metastases in a mouse 

model. A: CARS image of a whole mouse brain section with an experimental human U87MG 

glioblastoma; tracts of white matter are generating more intense CARS signal, while the tumor 

(arrow) generate lower CARS intensity than the normal brain tissue. # hippocampus, + corpus 

callosum, **mesencephalon, *cerebellum. B: Magnified CARS image of the area indicated in 

A; the difference in the CARS signal intensity between the neoplastic tissue and the 

surrounding white matter creates morphochemical contrast, which enables discerning the 

tumor border. C: CARS image of a breast cancer metastasis (induced by MCF-7 cells) in a mouse 

brain. D: CARS image of a metastasis of melanoma (induced by A375 cells) in the hippocampal 

region of a mouse brain. E–F: H&E staining of consecutive sections corresponding to A–D. 

Nuclei rich layers in gray matter of the hippocampus are indicated by arrowheads. 
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Tumor structures at cellular resolution 

The system configuration of CARS microscope applied in this work is 

characterized by lateral resolution of 0.6 μm. This lateral resolution enables 

imaging at cellular resolution and, therefore, imaging of small tumor infiltrates 

[Fig. 21 (A)]. The inset in Fig. 21 (A) and Fig. 21 (B) shows that even separate 

cells can be perfectly detected: the nuclei of single cells are present as dark 

structures localized in the tumor [arrows in inset in Fig. 21 (A) and Fig. 21 (B)]. 

The non-nuclear parts, such as cytoplasmic or extracellular regions are also 

appearing darker than the surrounding gray matter. The decreased CARS signal 

intensity allows direct qualitative identification of the interface between tumor 

islands and healthy regions of the tissue in CARS images. The anti-Ki67 

immunohistochemical staining of the same tissue section was done for 

reference. The identification of tumor cells was based on cell proliferation 

activity and/or cell morphology (also from H&E staining), as not all tumor cells 

were Ki-67 positive. Indeed, the position and dimensions of micrometastases 

revealed by CARS imaging precisely matched the histological findings 

[Fig. 21 (C) and (D)]. 
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Fig. 22 (A) shows CARS image of the brain region, where the normal gray matter 

is surrounded by an infiltrating tumor, which is followed by a solid tumor. 

Corresponding H&E reference staining [Fig. 22 (C)] confirms these different 

states of brain tissue. The CARS signal intensity gradually increases from solid 

tumor over the infiltration zone to normal gray matter, as confirmed by CARS 

intensity plot in Fig. 22 (B). In this plot, the CARS intensity values are plotted 

along the area indicated in Fig. 22 (A) and reveal an evident change: average 

CARS intensity values of normal gray matter, infiltrative zone and solid tumor 

are 126, 85 and 60, respectively.  

Figure 21. Imaging of the infiltrating tumor margin. A: CARS image of a human U87MG 

glioblastoma in a mouse brain. B: CARS image of a separate small glioblastoma island in a mouse 

brain. C/D: Anti-Ki67 immunohistochemical staining corresponding to A/B. In both examples, the 

very same section was used for CARS imaging and for staining. 



107 
 

The objective location of infiltrative zone is therefore possible: even though 

that CARS intensity values from infiltrating tumor are higher than those from 

solid tumor, they are still lower compared with the surrounding gray matter. 

Figure 22. Quantification of the CARS signal intensity of infiltrative tumor areas. A: Unprocessed 

CARS image of a human U87MG glioblastoma in a mouse brain, displaying a solid tumor and a large 

infiltrative region. B: CARS signal intensity along the area indicated in A. The CARS signal intensity 

range indicative of normal tissue is underlined in green, the intensity range indicative of infiltrative 

areas in yellow and the intensity range indicative of tumor in red. C: H&E staining corresponding 

to A. 
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Quantitative evaluation of CARS signal intensity decrease 

The decrease of CARS signal intensity, which was previously discussed 

qualitatively, was quantified as the ratio Itumor/Igrey, where Itumor and Igrey are 

average pixel intensity of tumor and gray matter, respectively. Only 

photomultiplier gain was adjusted to optimize the dynamic range of each 

image, whereas all other parameters of CARS imaging system (laser parameters 

and microscope objective) were kept the same for acquisition of all images. 

However, the ratio Itumor/Igrey is independent from photomultiplier gain. 

Therefore, this ratio can be considered as a suitable parameter to 

quantitatively characterize the tumor-related reduction of CARS signal intensity 

among different samples. 

As demonstrated in Fig. 23 (A), in all samples that were investigated, CARS 

signal intensity values were found to be lower within the tumor than within the 

grey matter (P<0.001). Fig. 23 (B) reveals that the reduction of CARS signal 

intensity is more prominent in GBM compared with the both types of 

metastases. On average, the CARS signal intensity with respect to normal gray 

matter was reduced to 61%, 71% and 68% in GBM, brain metastases of 

melanoma and brain metastases of breast cancer, respectively. 
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However, the non-resonant CARS signal contribution does not allow to directly 

relate the CARS signal intensity to concentration of lipids within the tissue. Also 

the ratio Itumor/Igrey cannot be applied as a proper measure for lipid content 

differences. On the other hand, Raman spectroscopy can be applied for 

quantitative assessment of lipid content and its differences within the tissue 

[40,179,181]. Raman spectroscopy was, therefore, used to explain lipid 

distribution to the observed CARS signal intensity changes. 

Figure 23. Quantification of the CARS signal intensity and lipid related Raman band intensity. A: 

Dot plot showing the CARS signal intensity in normal gray matter vs. the intensity of the CARS 

signal in the neoplastic tissue for each sample. B: CARS signal intensities of tumors normalized to 

the respective intensities in gray matter. C: Average Raman spectra of normal gray matter, 

glioblastoma, melanoma, and breast cancer metastases. D: Intensity of the Raman band 

generated by symmetric stretching of the C-H bonds in CH2 groups at 2850 cm-1, calculated as 

integral in the range (2850±15) cm-1. Values were normalized to values of gray matter. B/D: Bars 

represent mean ±SD, GBM: n = 8; melanoma metastases: n = 4; breast cancer metastases: n = 4; 

* significant difference vs. gray matter: P<0.05; *** significant difference vs. gray matter or as 

indicated: P<0.001. 
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Multiple Raman spectra were registered from all tumors and of gray matter in 

the same samples. The average Raman spectra in CARS signal-relevant spectral 

region between 2800 and 3000 cm-1 (range of C—H stretching vibrations) of 

each different type of tumor and of gray matter are shown in Fig. 23 (C): the 

spectral profiles are different from one another. The intensity of Raman 

spectral band at 2850 cm-1 was calculated to confirm the findings of CARS signal 

intensity differences. The intensities of Raman band at 2850 cm-1 in tumors 

were normalized to those of gray matter and shown in Fig. 23 (D) for different 

tumor entities. The intensity of this Raman band in the case of GBM is 

significantly lower than of both types of metastases (P<0.001) and compared 

with gray matter was reduced to 47%, 61% and 65% in GBM, melanoma 

metastases and breast cancer metastases, respectively. 

Even though that one cannot directly compare CARS signal intensity and Raman 

band at 2850 cm-1 intensity values [13], the results, which were acquired by 

both these methods, are in the good agreement.  This suggests the potential of 

CARS microscopy as a reasonable alternative method to provide information 

about tumors based on CARS signal intensity values changes even at the 

presence of non-resonant background signal and morphological sample 

artifacts.  

Tumor growth in the brain tissue induce complex processes of lipid alterations. 

The decrease or even increase of various lipids and the scope of this change 

greatly depend on the type and proportion of brain lipids, such as gangliosides 

and phospholipids [41]. For example, when compared with non-malignant 

brain tissue, it was shown that in human glioma the content of 

docosahexaenoic acid and phospholipids were significantly decreased. On the 

other hand, the fraction among total lipids of linoleic acid was increased [182]. 

The information about changes in proportions of different lipid species cannot 

be obtained by CARS imagining based on addressing single Raman band. 
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Simultaneous assessment of different lipid species and/or other biochemical 

tissue compounds by addressing multiple Raman spectral bands through 

CARS-based imaging could be realized by means of multiplex CARS [131] or high 

spectral resolution CARS [183]. As the spectral profiles of GBM and metastases 

in the spectral region of C—H stretching vibrations differ from each other 

[Fig. 23 (C)], it might be expected that the discrimination between primary and 

secondary tumors may be possible by addressing other Raman bands than 

2850 cm-1. For example, the Raman band at 2930 cm-1 is more intense in the 

spectra of metastasis than in the one of GBM and could enable the distinction 

between them. 

The potential of CARS imaging to characterize tumors by decreased intensity of 

CARS signal was already exemplarily reported [16,17,132]. In this thesis, the 

scope of the research was extended to different type of brain tumors. 

Regardless type and histopathological characteristics of brain tumor, the 

decrease of CARS signal intensity was demonstrated to be a solid parameter to 

distinguish brain tumors from surrounding healthy brain tissue. 

Tissue properties influencing CARS signal intensity 

It is generally considered that the reason for contrast enabling to visualize 

tumors versus normal brain tissue in CARS images is the degradation and 

displacement of normal lipid-rich brain tissue by relatively cellular-rich and 

therefore lipid-low tumor tissue [16]. As nuclei are of low lipid nature, they 

generate relatively weak CARS signal and appear darker in CARS images. 

Because of that, regions with higher cellularity and/or larger nuclei are 

supposed to show lower average CARS intensity. It is, however, had not been 

yet assessed in detail, whether high cellularity of tumor is directly leading to 

decreased CARS signal. Therefore, the total cross-sectional area covered by 

nuclei within the tumors was calculated by assessing the cellular density and 

dimensions of single nuclei. As predicted, all investigated tumors showed 
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significantly increased nuclear density [Fig. 24 (A)] as well as a marked increase 

of nuclear sizes [Fig. 24 (B)]. Compared to normal gray matter, the significant 

increase of total cross-sectional area covered by nuclei was calculated: while in 

the normal gray matter it is of 9.3%, in GBM, melanoma metastases and breast 

cancer metastases this cross-sectional areas are of 35.1%, 38.7% and 43.8%, 

respectively. Interestingly, as it is seen in Fig. 24 (C), the tumors total cross-

Figure 24. Influence of tumor-induced alteration of brain tissue on CARS signal intensity. A/B: 

Number of nuclei/mm2 representing cellular density (A) and size of single nuclei (B) within 

normal gray matter and different experimental tumors in a mouse brain. Bars represent mean 

± SD, GBM n = 8; melanoma metastases n = 4; breast cancer metastases n = 4; *** significant 

difference vs. normal gray matter: P<0.001. C: Dot plot showing the total area occupied by cell 

nuclei vs. the normalized CARS signal intensity of the respective tumor. D: CARS image of an 

experimental GBM induced in a mouse brain. E: Anti-CD31 staining of a consecutive section of 

the one shown in D. F: Overlay of CARS (red) and anti-CD31 (in false color: green). Coarse blood 

vessels (white arrowheads) and fine blood vessels (gray arrowheads) are detected in the CARS 

image. Very fine (normal) blood vessels do not cause any alterations of the CARS signal (black 

arrowheads). 
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sectional area covered by cell nuclei and average CARS signal intensity did not 

show the correlation.  

The proliferative behavior of cells is different in neoplastic tissue than that in 

normal tissue. In tumors investigated in this work, proliferation patterns were 

varying. For example, in Fig. 21 (C) upper left, an uneven and discontinuous 

distribution of Ki67-positive and -negative nuclei is seen, while in large tumor 

island in the same Fig. 21 (C) almost all nuclei showed positive for Ki67. CARS 

image and anti-Ki67 immunohistochemical staining image of the same 

cryosection were compared at a cellular level. However, it was found that the 

CARS signal is reduced in the same manner among the whole micrometastasis 

[Fig. 21 (A) inset and Fig. 21 (B)]. The proliferation index was also determined 

for each tumor, however it did not show correlation with the CARS signal 

reduction (Fig. 25).  

Tumor growth and development is followed by tumorigenic alterations of brain 

microvessels: they tend to become coarse and irregular. Fig. 24 (D) and 

Fig. 24 (E) show and compare CARS image and corresponding anti-CD31 

immunohistochemical staining, respectively, of a tumor, which infiltrates white 

matter. The reduced CARS signal tend to match the positions of the coarse and 

Figure 25. The decline of CARS signal intensity is not related to the tumor's proliferation rate. Dot 

plot showing the proliferation index of each tumor investigated vs. the normalized CARS signal 

intensity of the respective tumor. 
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highly altered blood vessels (white arrows). The fine and almost normal 

appearing blood vessels in the tumor (gray arrows) are as well detected due to 

lower CARS signal intensity, while the very fine blood vessels in normal brain 

tissue are not apparent in the CARS image (black arrows). CARS image and 

image of corresponding region, where CD31-positive blood vessels are 

depicted, are overlaid and shown in false colors in Fig. 24 (F) (red and green 

color representation for CARS and blood vessels, respectively). One may expect 

that those tumors, which are characterized by highly transformed and coarse 

blood vessel network would demonstrate a lower overall CARS signal intensity. 

Microvessel density and micromorphology was analyzed in all tumors. In all of 

them, the similar degree of microvessel network transformation towards 

coarse and irregular phenotype was observed. Namely, the vascular index for 

GBM, melanoma metastases and breast cancer metastases is found to be 2.71, 

2.75 and 2.65, respectively. The microvessel density was rather similar in GBM 

(154.9/mm2) and melanoma metastases (153.6/mm2), but was lower in breast 

cancer metastases (87.9/mm2). However, this did not show correlation with the 

degree of CARS signal decrease within corresponding tumors (Fig. 26). 

 

Figure 26. Dot plot showing the microvessel density of each tumor investigated vs. the normalized 

CARS signal intensity of the respective tumor. The decline of CARS signal intensity is not related 

to the tumor's microvessel density. 
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As discussed above, the decrease of CARS signal intensity was found to be 

related to tumor-induced alterations of cyto- and tissue morphology, e.g. 

nuclear size and density as well as blood vessel transformation. However, a 

correlation to the decrease of CARS signal intensity was not present with any 

of the related histopathological parameters alone. The quantity of lipid-rich 

structures in tumor is probably inherently different from that of gray matter. 

As a matter of fact, this presumption is supported when taking in account the 

following observations: (i) CARS signal intensity is always lower in tumors, while 

its relevant reduction is not observed in other nuclear-rich structures (as in the 

case of the normal hippocampus, see Fig. 20 B/F and D/H, arrowheads); (ii) the 

CARS signal intensity is lower in cytoplasmic regions of tumor cells than in the 

gray matter (see Fig. 21 A/B). Therefore, most likely not only presence of 

lipid-poor components, but also a common biochemical lipid-reduced 

characteristic of tumor tissue contribute to the reduction of CARS signal 

intensity. Important to mention that this conclusion is restricted to the 

experimental setting used in this work and in this work investigated brain 

tumors and needs further verification by studies of a bigger scope. 

Nevertheless, this observation might make sense, when taking in account the 

altered metabolism and signaling pathways in tumor cells [184]. 

CARS microscopy of human Glioblastoma Multiforme 

The samples of human GBM tumors, which were obtained during routine 

biopsy test, were investigated by CARS microscopy. CARS images of human 

GBM tumors, as seen in the one example shown in Fig. 27 (A), were of similar 

characteristics as those of brain tumors grown in mouse model. In particular, 

CARS signal intensity values are lower in tumor region than in surrounding 

normal brain tissue. The changes of CARS signal intensity values were also 

sufficient for discrimination between tumor, tumor infiltration region and 

normal tissue [Fig. 27 (B)]. CARS intensity values within these tissue regions fall 
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in separated ranges, which is in agreement with the results obtained by 

investigation of mouse tumors (see Fig. 22). It was shown by quantification 

[Fig. 27 (C)] that in all investigated samples of human GBM, the tumor could be 

characterized by reduced of CARS signal intensity compared with surrounding 

almost normal brain tissue.  The average CARS signal intensity in human GBMs 

was found to be to 72.2 ± 8.8% (n=6, P<0.005), when compared with gray 

matter (100%). Therefore, in all human primary brain tumors, CARS microscopy 

Figure 27. Quantification of the CARS signal in human GBM. A: An unprocessed CARS image of 

a cryosection of a human GBM specimen, which was obtained during routine surgery. The 

margin of a solid tumor and an infiltrative region can be readily distinguished in CARS image. 

B: CARS signal intensity along the area indicated in panel A. The range of CARS signal intensity 

of normal tissue is underlined in green, of infiltrative areas in yellow, and of tumor in red, 

respectively. C: Dot plot showing the CARS signal intensity in normal gray matter vs. the 

intensity of the CARS signal in human GBM for various GBM samples. 
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provided morphochemical contrast to delineate tumors and their margins in 

totally label-free manner. 

3.2.4 Conclusions 

1. Morphochemical contrast of CARS images enables to discern brain 

tumors from the normal parenchyma of both primary and secondary 

brain tumors irrespective from characteristics of these tumors.  

2. Tumor margins, infiltrations and small tumor islands can be identified 

with cellular resolution due to lower intensity values of CARS signal in 

tumor than in normal brain parenchyma. The reduction of CARS signal 

intensity is more pronounced in glioblastoma than in metastases. The 

decrease of CARS intensity is related with the decrease of total lipid 

content in tumors as confirmed by Raman spectroscopy. 

3. Significant correlation between independent tumor-induced cytological 

changes and the degree of CARS signal intensity reduction was not 

found.  



118 
 

3.3 Vibrational microspectroscopic imaging and multimodal 
CARS microscopy for biochemical monitoring of spinal cord 

injury treatment 

3.3.1 Research background and motivation 

Traumatic spinal cord injury is a complicated condition with highly devastating 

neurological dysfunction outcomes for the patient. The traumatic SCI leads to 

complex biochemical changes, which eventually cause the inhibition of CNS 

nervous tissue regeneration. Briefly, the initial trauma of spinal cord is 

associated with immediate necrotic cell death and vascular damage. The 

secondary damage is following with cascade of events, including inflammation, 

edema and ischemia, which lead to indirect additional cell death, 

demyelination and axonal degeneration. These secondary mechanisms result 

in further loss of nervous functions [185]. A fibrous meshwork of scar tissue 

composed of reactive astrocytes, proteoglycans and extracellular matrix is also 

formed during this cascade [186]. It is well known that such fibrous scar results 

in formation of an inhibitory barrier for axonal regrowth [187]. 

Inflammatory response to spinal cord trauma leads to accumulations of 

activated microglia and macrophages, which remove myelin debris. Namely, to 

remove the myelin fragments, microglia transforms into large phagocytes, 

while invading macrophages migrate from the blood through disrupted 

blood-brain barrier into the injured region of the spinal cord [188]. As myelin is 

of very high lipid content, in demyelinated lesions, the inflammatory cells 

engulf large amounts of these myelin derived lipids. These cells become lipid-

enriched and develop distinctive morphology of foam cells [189]. Foam cells 

develop from both activated microglia and infiltrating macrophages [190]. 

It is well known that the main components of cytoplasmic lipid droplets, which 

are present in foam cells, are lipid esters surrounded by a phospholipid 

monolayer. However, the processes involved in lipid metabolism within 

activated microglia/macrophages are of complex nature. As a result, despite 
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that lipid metabolism was addressed in several studies, the results are still not 

complete and partly contradictory [191,192]. Analysis of histological staining in 

several studies revealed that macrophages in SCI contain myelin [193,194]. In 

vitro studies demonstrated that macrophages, which were incubated with 

myelin, transformed into foam cells heavily laden with intracellular droplets of 

myelin. Still, the neutral lipids were also present [189]. Many studies showed 

that the composition of lipid droplets in foam cells is strongly influenced by the 

types of lipids, which were engulfed by the cell. For example, depending on the 

culture media composition in vitro cultured macrophages accumulated 

saturated fatty acids, unsaturated fatty acids [195], triglycerides [196] and 

cholesteryl fatty acid esters [197]. As shown in vitro, microglia activation results 

in accumulation of lipid droplets and triglyceride biosynthesis [198]. 

As a result of wide range of heterogeneous events following the traumatic 

damage, the ability to regenerate of mammalian tissue of spinal cord is almost 

completely limited. However, it was already reported that also axons of the 

central nervous tissue can overcome the inhibitory cues [199] and can 

potentially regenerate if an appropriate environment is provided [200]. The 

design of a permissive and promoting environment, which direct and support 

the transverse of axons through the injury site, plays and important role in the 

research of the new SCI treatment therapies [20]. There were encouraging 

studies reporting the treatment approaches, which take advantage of using the 

growth and neurotropic factors [201–203] or neuroprotective and neutralizing 

drugs [204–206] as well as engineering approaches using biomaterials [207].  

The hydrogels belong to the space-filling biomaterials with the potential to 

provide permissive environment for axonal regeneration. Hydrogel polymers 

are biocompatible, biodegradable, have tissue-like mechanical properties 

[208–210]. They also hold the ability to be functionalized in such a way that 

neuroprotective or neurotropic factors could be co-delivered at the injury 

region [211]. The hydrogel structure can also be engineered to adapt its 
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degeneration rate and porosity to match the requirements for effective axonal 

guidance. Such physical properties as stiffness, permeability, swelling and 

strength can be modulated [208–210]. 

One of the promising candidates to be used as a scaffold for axonal 

regeneration is alginate hydrogel. Alginate is a natural biopolymer, namely, 

linear polysaccharide, typically obtained from brown algae. It is composed of 

blocks of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate (G) residues. 

The structure of these blocks can be either consecutive G residues, consecutive 

M residues or alternatively varying G and M residues [212]. In aqueous 

solutions, it forms hydrogels by physical interaction of polymer chains via ionic 

cross-linking by multivalent cations. It is generally considered that the blocks of 

only G residues are responsible to form intermolecular cross-linking. Therefore, 

the physical properties of alginate and from it derived hydrogels are highly 

dependent on its structural composition (i.e. M/G ratio), M and G sequence, 

G-block length, and molecular weight [213]. Soft alginate hydrogels are those 

with gelation of no more than 10% of gelation sites. 

It was already reported that alginate hydrogel implants possess a potential to 

provide a supporting platform for the outgrowth of regenerating axons [214]. 

Since the first experiments over a decade ago, alginate hydrogels functionalized 

with signaling molecules and used as implantable scaffolds were found to boost 

the elongation of regenerating axons [214,215]. Different research groups were 

mainly focusing on functionalization of alginate hydrogels to form composite 

structures [216,217] and incorporated neurotrophic [218–221] or 

neuroprotective agents [222–224]. Interestingly, recently it was also 

demonstrated that soft alginate hydrogels formed by crosslinking with Ca+, Ba2+ 

or Sr2+ possess the ability to act as neurotrophic and neuroprotective 

intrinsically, i.e. without the need of any functionalization.  It was, for example, 

shown that unfunctionalized soft alginate hydrogels, which were produced via 

crosslinking with Ca+, not only support neurite growth in vitro, but also protect 
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neuronal cells against oxidative stress [225]. Soft alginate hydrogels were also 

demonstrated to maintain their mass and volume after immersion in saline 

solution, which makes them interesting candidates for in vivo applications 

[226]. 

3.3.2 Sample preparation and experimental details 

Alginate hydrogel implants 

Low viscosity sodium alginate (Pronova up lvm, Novamatrix, Sandvika, Norway) 

was used to prepare alginate hydrogel implants. The ratio of guluronic acid to 

mannuronic acid building blocks of alginate was 1. To prepare a 4% alginate 

solution, it was stirred for 12 h in deionized water and afterwards sterile 

filtrated using a 0.45 μm filter. 700 μl of this solution was transferred to a petri 

dish (ø 6 cm) and incubated at room temperature. Then it was overlaid with 

10 ml crosslinking solution which was composed of 4 mM CaCl2 and 150 mM 

NaCl and incubated at room temperature. After 12 h, the crosslinking solution 

was removed and the produced samples were overlaid until utilization with 

10 ml solution which contained 2 mM CaCl2 and 150 mM NaCl. The rheological 

measurements of the particular alginate hydrogel were performed as explained 
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in Ref. [225]. To produce the implants for spinal cord, the hydrogel was 

manually cut in blocks with dimensions 2 mm × 2 mm × 1.5 mm. 

Animal experiments 

28 female Wistar rats, aged 16 weeks and weighting between 200 g and 250 g, 

were used. The workflow of alginate hydrogel implantation procedure is shown 

in Figure 28. Rats were anesthetized and a hemisection at the level T9 of the 

thoracic vertebrae of the spinal cord was surgically induced under a surgical 

microscope. The left side of the spinal cord was bisected along a medial 

longitudinal plane for a length of 2 mm as described earlier [227]. 14 randomly 

selected rats received alginate hydrogel into the lesion. The blocks of alginate 

hydrogel were transferred to the animal using a surgical micro-spoon spatula 

and delivered in the hemisection. No therapies were attempted for the 

remaining 14 rats (control animals). The musculature and the thin superficial 

muscle layer were closed and animals were allowed to recover on a commercial 

Figure 28. Workflow of implantation procedure. After cross-linking, the alginate hydrogel in a 6 

cm dish is overlaid with a 10 ml of 4 mM CaCl2 and 150 mM NaCl solution; within 1 h it is removed 

from the dish and manually cut in blocks with dimensions of 2 mm x 2 mm x 1.5 mm using a scalpel. 

The spinal cord is exposed by laminectomy and a 2 mm long and 1.5 mm deep hemisection is 

produced; the hydrogel block is inserted in the hemisection with the help of a surgical micro-

spoon. 
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electric heating pad. Seven rats of the control group and seven rats with 

alginate implant were perfusion-fixed using 4% (w/v) paraformaldehyde in 

tris-buffered saline at one and six months after surgery. The spinal cords were 

isolated and cryoprotected in rising sucrose concentration (10% (w/v) for 24 h 

and 30% (w/v) for 24 h), embedded in tissue freezing medium (Leica, Nussloch, 

Germany) and frozen on dry ice. Finally, 16 μm thick longitudinal cryosections 

were prepared on CaF2 slides or on glass slides. The cryosections were 20 mm 

long and the lesion was located roughly in the center. Cryosections were stored 

at −20°C until use. 

FTIR spectroscopic data acquisition 

15× Cassegrain objective (0.4 NA) imaged an area of 175 μm × 175 μm. The 

radiation was collected by a 64 × 64 MCT focal plane array detector. 8 × 8 

binning was applied and the spectral resolution was set to 6 cm-1. A background 

spectrum was recorded on a clean position of the CaF2 slide. Composite images 

of several square millimeters depending on the sample size (max. 116 × 18 

fields of view, 20.4 mm × 3.2 mm) were captured in an automatized step-wise 

manner by moving the sample stage. For each pixel, 8 interferograms were 

collected, co-added and Fourier transformed by applying Blackman–Harris 

apodization and zero filling factor of 0. Each spectrum was ratioed to the 

background spectrum and the transmission spectra were converted to 

absorbance values. 

Reference spectra of pure materials 

The reference alginate hydrogel sample was prepared by embedding, freezing 

and sectioning; 16 μm thick cryosections were placed on a CaF2 slide. The 

reference spectrum of collagen was acquired from collagen IV from human 

placenta (Sigma−Aldrich, Steinheim, Germany). The reference spectrum of 

sucrose was acquired from sucrose solution dried on a CaF2 slide. Reference 



124 
 

spectra were collected in transmission mode with a single-channel MCT 

detector using the same acquisition parameters as for imaging of spinal cord 

samples. 

FTIR data processing and analysis 

An atmospheric compensation was calculated to subtract contributions of 

residual water vapor bands from the spectra. FTIR data was then reduced to 

the fingerprint region (900– 1800 cm-1) and baseline corrected in OPUS 7.2 

(Bruker Optic GmbH, Ettlingen, Germany).  

Further processing and analysis were performed using Matlab Packages 

(version 7, Math Works Inc. Natick, MA, USA). The integral intensity of the 

amide I band was calculated in the spectral range 1633–1673 cm-1 and used as 

a marker to identify the tissue. Spectra of embedding medium and of the CaF2 

slide displaying absorbance value of amide I<0.3 were excluded. The selected 

spectra were vector normalized.  

A semi-quantification of lipid content was based on the integral intensities 

calculated in the following spectral ranges: 1218 – 1232 cm-1, 1459 – 1473 cm-1 

and 1728 – 1742 cm-1. ROIs of 0.2 cm2 were chosen contralateral to the lesion. 

Mean band intensities were normalized to the intensities calculated the same 

white matter tract caudal to the lesion (4.5 mm away from the hemisection 

center).  

To assess the extension of the scar, the intensity values of the spectral band at 

1242 cm-1 were calculated along a line crossing the scar center. Pixels with 

intensity values above the background of the nervous tissue were assigned to 

fibrous tissue and used to evaluate the thickness of the scar (Fig. 29).  
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Data is expressed as mean ± SEM. For comparison of control and alginate 

group, a two-tailed t-test was performed using Graph Pad Prism 6.0 (Graph Pad 

Software Inc., La Jolla, CA, USA). 

Figure 29. Assessment of scar extension. The intensities of the spectral band at 1242 cm-1 were 

used to retrieve the distribution of collagen in the cryosection (here displayed as gray scale 

image). The intensity profile (shown in red) was calculated along a line crossing the scar center 

(dotted yellow line). Pixels characterized by an intensity values above the threshold of 0.025 

(corresponding to the maximum background value of the nervous tissue among all samples) were 

assigned to fibrous tissue and used to evaluate the thickness of the scar. The dura left at the 

sample borders was excluded from the calculation. 
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Raman spectroscopic data acquisition 

The Raman scattering was collected in reflection configuration. Raman spectra 

were acquired in the range 150 to 3250 cm−1. The spectral resolution was 

4 cm−1. An integration time of 750 ms and two accumulations were used for 

spectra acquisition. Maps were recorded with a step size of 23 μm both in x and 

y directions. 

Raman data processing and analysis 

The datasets were imported in MATLAB (MathWorks Inc., Natick, 

Massachusetts). The spectra were reduced to the region 450 to 1800 cm−1. A 

variable baseline was calculated for each spectrum (function “msbackadj” of 

the MATLAB Bioinformatics Toolbox) and normalization was obtained by 

standardizing the area under the spectra (function “msnorm” of the MATLAB 

Bioinformatics Toolbox). 

Cluster analysis (function “kmeans” of the Statistical Toolbox) and band 

intensities were used to obtain biochemical tissue maps. In the study 

concerning assessment of inflammation, Raman maps were generated by 

plotting the intensity of selected bands. The band intensities were calculated 

as the area under the curves in the following range: 1375 to 1455 cm−1 (for 

evaluation of lipids) and 1728 to 1758 cm−1 (for evaluation of lipid 

esterification). Principal component analysis was performed on a dataset 

formed by the spectral data of all samples. The function “pca” of the Statistics 

and Machine Learning Toolbox of MATLAB was used. The score values were 

reassembled and used to plot the intensity maps of each sample. 

Multiphoton microscopy 

The laser beams were focalized on the samples by a 20 × ∕1.0 water immersion 

objective. Using non-descanned detection, CARS (band-pass filter 633 to 



127 
 

647 nm) and SHG signals were collected in transmission, while endogenous 

TPEF in the range 500-550 nm was acquired in reflection. CARS and TPEF images 

were merged using complementary colors (CARS: magenta, TPEF: green) to 

comply with color perception deficiencies [228]. 

3.3.3 Results and discussion 

3.3.3.1 FTIR microspectroscopic imaging 

General overview of the samples 

IR imaging was performed on longitudinal cryosections of 28 rat spinal cords. 

For general representation of the sample structure, the IR spectroscopic maps 

shown in Fig. 30 (A) were obtained by calculating the integral intensity of the 

Amide I band at 1653 cm-1. The overall distribution of proteins and, therefore, 

morphological structure of the spinal cord samples are represented. Different 

kinds of tissue can be readily recognized: tracts of white matter are indicated 

by a lower Amide I band intensity (light blue and green pixels) compared with 

grey matter characterized by a higher Amide I band intensity (yellow and red 

pixels). The injury regions of the spinal cord tissue can be distinguished, as the 

typical structure of alternating strands of gray and white matter is notably 

disrupted at the lesion site. As seen in Fig. 30, the lesion position is located 

approximately in the center of the samples. Large cysts developed anterior 

and/or posterior to the lesion center and cover up to approximately 2 mm 

[asterisks in Fig.30 (A)]. For reference, the tissue morphology in Fig. 31 is shown 

by H&E stained consecutive sections.  
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Figure 30. IR spectroscopic imaging of SCI in rat models with and without alginate hydrogel implant at one 

and six months post-injury. (A): Spectroscopic images of longitudinal cryosections of the investigated 

samples, showing the intensity of the amide I band at 1653 cm-1; asterisks (*) indicate large cysts. Scale 

bar: 1 mm. (B): Representative IR absorption spectra of white and grey matter. 
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Figure 31. H&E stained sections of SCI in rat models with and without alginate hydrogel implant 

at one and six months after injury. 
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The use of sucrose during the preparation of the samples for cryoprotection 

was important in order to preserve structure and morphology of the tissue. 

However, the IR spectra in the spectral region 900 – 1180 cm-1 of rat spinal cord 

samples investigated in this study were strongly overwhelmed by spectral 

contributions of sucrose. Fig. 32 shows the spectrum of reference sucrose 

compared with those of white and gray matter of cryoprotected spinal cord 

tissue. The tissue biochemistry representing spectral contributions in the 

spectral region at 900 – 1180 cm-1, where C—O stretching modes of sucrose 

[229] contribute predominantly to the IR absorption, cannot be retrieved. 

Therefore, the spectral region 900 – 1180 cm-1 was excluded from all analysis 

of IR spectral data. 

Fig. 30 (B) shows representative IR spectra of white and grey matter in 

1180 – 1800 cm-1 spectral region. The most prominent spectral contributions 

of rat spinal cord tissue are at 1653 cm-1 and 1547 cm-1, corresponding to 

Figure 32. Representative IR spectra of white and grey matter and IR spectrum of sucrose. In the 

spectral region comprised between 900 and 1180 cm-1, the spectral contributions of nervous 

tissue is overwhelmed by the contribution of sucrose. 
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Amide I and Amide II, respectively. These are the characteristic vibrational 

modes of proteins and polypeptides. The lipid-related spectral bands are more 

prominent in white matter, which is predominantly composed of myelinated 

axons compared with grey matter mainly composed of neuronal cell bodies 

with only few myelinated axons. Myelinated axons possess high content of 

cholesterol and phospholipids [230]. The spectral bands, which are mainly due 

to molecular vibrations of cholesterol and phospholipids, are at 1225, 1378, 

1466, 1735 cm-1, corresponding to νas(PO2
−), δ[(CH3)], δ[(CH2)], νs(C=O) 

molecular vibrations, respectively [23,231]. 

Demyelination 

The degree of axonal degeneration and, on the other hand, the axonal 

regeneration potential are strongly influenced by the alterations of lipid 

content, which follows SCI [232]. The primary decrease of total lipid content is 

due to the damage of neuronal membranes and lipid peroxidation, caused by 

ischemia [233]. The further decrease of lipids proceeds in the secondary phase 

of SCI, as the demyelination of the nervous tissue adjacent to the site of injury 

progresses further [234]. 

To address the influence of the soft Ca2+-alginate hydrogel implant to myelin 

alterations in damaged spinal cord tissue, the distribution of the lipids in and 

around the damaged tissue was investigated by addressing the spectral bands 

that are attributed to lipids. For example, integral intensity maps of spectral 

band at 1735 cm-1 [νs(C=O)] generated for all the samples are shown in Figure 

33. The general distribution of lipids can be readily observed within longitudinal 

spinal cord tissue sections in false-color IR maps: because of different lipid 

content, white matter is localized by red/yellow pixels and grey matter by green 

pixels, whereas lesion core is severely depleted of lipids (blue pixels). 
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Alternating streaks of white and gray matter represent gross and typical 

morphology of longitudinal sections of spinal cord.  

Importantly, the generated spectral maps enabled to observe regions with 

decreased lipid content in the white matter contralateral to the lesion. This 

reduced lipid content indicate indirect to initial mechanical damage, but 

injury-induced, demyelination. To better illustrate the observed demyelination, 

Figure 33. Analysis of the contralateral nervous tissue. IR spectroscopic images of SCI in rat 

models with and without alginate hydrogel implant at one and six months after injury, obtained 

plotting the intensity of the lipid-related band at 1735 cm-1. 
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the selected representative examples from Figure 33 are demonstrated in 

Figure 34 (A) for each group of samples. Here, the integral intensities of 

1735 cm-1 spectral band in the regions indicated by black boxes, i.e. in 

contralateral tract of white matter just across from the injury center, were 

lower than the intensities of the same tract distant from the lesion (indicated 

by white boxes). 

More accurate inspection of spectroscopic images in Fig. 33 and Fig. 34 

suggests the different severity of demyelination between control and alginate 

samples. To further evaluate the effect of alginate hydrogel implant for severity 

of injury-induced demyelination of the contralateral white matter tract, not 

only the intensity of spectral band at 1735 cm-1, but also of other two lipids-

representative bands, namely at 1225 cm-1 and 1466 cm-1, in all groups of the 

samples were analyzed [Fig. 34 (B)]. Even though that the intensities of all 

lipid-related spectral bands were decreased in contralateral tract of white 

matter just in front of injury center compared with the intensities distant from 

Figure 34. Analysis of the contralateral nervous tissue. (A) Spectroscopic images showing integral 

intensity of the band at 1735 cm-1 [νs(C = O)]. They depict the distribution of lipids in control and 

alginate-implanted samples at one and six months post-injury. Scale bar: 1 mm. (B) Intensities of 

the bands at 1735 cm-1, 1466 cm-1 (δ[(CH2)], also showing the distribution of lipids) and 1225 cm-

1 (νas(PO2
−), showing the distribution of phospholipids) in the white matter contralateral to the 

lesion indicated by the black boxes in panel A normalized for each samples to the intensity in the 

region indicated by white boxes in panel A. For each group n = 5–6. Two-tailed t-test, *: p < 0.05, 

**: p < 0.01. 



134 
 

the lesion center in all groups of the samples, this decrease was of the different 

extent. No significant difference between the control and alginate groups was 

found in one month after injury removed spinal cord samples. However, the 

significantly higher intensities of above noted lipid-related spectral bands were 

calculated in six months post-injury samples with alginate hydrogel implants. 

Particularly, the two-tailed t-test, which results are shown in diagrams in Figure 

34 (B), gave the values of p = 0.019, p = 0.0095 and p = 0.0095 for 1735 cm-1, 

1466 cm-1 and 1225 cm-1 IR absorption spectral bands, respectively. 

It is known that in rat SCI model, the degradation of contralateral white matter, 

which includes demyelination and affects function, occur at the chronic stage 

(secondary stage) of the hemisection injury [235,236]. The above discussed 

findings suggest that the presence of non-functionalized Ca2+-alginate hydrogel 

has a positive impact for the presence of myelin in contralateral white matter 

in chronic stage of SCI. This positive impact may be either reduced 

demyelination or improved axonal remyelination or a combination of both. The 

explanation for possible neuroprotectory function of soft non-functionalized 

Ca2+-alginate hydrogel used in this study might be following. Extracellular ions 

are released after the nervous tissue damage and trigger excitotoxicity and 

apoptosis. In such extracellular ions rich media implanted alginate hydrogel 

may act as a buffer for these ions. This theory is supported by the study, which 

showed that alginate hydrogel incubated in cerebrospinal fluid-like media is 

highly sensitive to Ca2+ [216]. The case of increased remyelination may be 

related to the reduction of axonal growth inhibitory molecule chondroitin 

sulphate proteoglycan (CSPG). Actually, one study demonstrated that CSPGs 

were reduced upon presence of alginate hydrogel implant in the spinal cord 

contusion injury [237]. 
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Fibrotic Scarring 

The ongoing formation of scar tissue is an indication for continuing laceration 

of SCI. SCI scar tissue is categorized into glial scar and fibrotic scar. While the 

glial scar is usually related to astrogliotic region formed around the injury 

center, the fibrotic scar comprises a dense extracellular matrix, which main 

constituent is collagen IV and which creates a barrier for regenerating axons. 

The suppression of fibrous scar is thus profoundly addressed in therapeutic 

strategies for SCI treatment [186]. 

The IR spectral fingerprint of fibrous tissue in rat SCI compared with spectrum 

of healthy grey matter is shown in Fig. 35. In IR spectrum of fibrotic tissue, 

several bands observed in the spectral region of 1200 – 1450 cm-1 are 

attributed to collagen, when compared with reference spectrum of pure 

collagen. More precisely, the spectral bands at 1205, 1242, 1282 and 1338 cm-1 

are all assigned to Amide III vibrations, the band at 1406 cm-1 is attributed to 

δ(CH3) vibrations and the band at 1453 cm-1 corresponds to δ(CH2) and δ(CH3) 

vibrations [238,239]. Other spectral features in the spectrum of the fibrotic 

lesion that are consistent with the IR absorption of collagen are a shift of the 

Amide II band to 1554 cm-1 and a shoulder of the Amide I band at 1634 cm-1. 

Therefore, as these contributions are very prominent in the spectrum of fibrotic 

lesion and the spectrum of fibrotic scar corresponds more to the spectrum of 

collagen as to that of nervous tissue [compare all the spectra in Fig. 35 (A)], 

collagen is the main component in SCI-induced scar tissue. Nevertheless, some 

minor contributions can be observed in the spectral region 1200 – 1500 cm-1 

and at 1735 cm-1. These minor contributions are presumably due to the IR 

absorption of glial scar. As other studies report, the formation of glial scar that 

includes reactive gliosis and upregulation of CSPGs is most likely taking place 

simultaneously with the formation of dense collagen meshwork [101].  
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Figure 35. Analysis of the fibrotic lesion. (A): Representative IR spectra of the fibrous scar at six 

months post-injury, of healthy grey matter and of reference collagen. (B): Pseudo-color 

spectroscopic images showing the integral intensity of the band 1242 cm-1. They depict the 

distribution of collagen in control and alginate-implanted samples at one and six months post-

injury. Scale bar: 0.5 mm. (C): Fibrous scar thickness of control and alginate-implanted samples at 

one and six months post-injury, n = 5–7, two-tailed t-test, *: p < 0.05. 
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The spectroscopic images demonstrating the location and extension of the 

nervous tissue scar are shown in Fig. 36.  Here, the spectral band of collagen at 

1242 cm-1 was selected to calculate its integral intensity and to analyze the 

scarring and effects of alginate hydrogel implant for extent of fibrous scar that 

formed at the lesion site after SCI. As the CNS nervous tissue naturally barely 

contains collagen, the chemical contrast in IR spectral maps allows to localize 

the collagen in the lesion region of all samples and show varying amounts of it. 

It can be better observed in selected examples of each group of the samples in 

Fig. 35 (B) that the fibrous scar has developed in the core of the injury, as in 

agreement with other studies [186]. The meningeal tissue at the borders of the 

spinal cord also consists high content of collagen.  It can be identified in all IR 

integral intensity maps of 1242 cm-1 spectral band and thus confirm the 

applicability of this band as the spectral marker to address collagen. 

Spectral images of collagen revealed that, while the lesion region of the spinal 

cord tended to be extensively filled by the fibrous tissue in control samples, the 

samples with alginate hydrogel implants tended to contain only thin layers of 

collagen enclosing the cysts. For example, as can be seen in Fig. 35 (B), the six-

months control sample contains thick chunk of collagen compared with almost 

undetectable layer and small lump of collagen in the six-month 

alginate-implanted sample.  
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Figure 36. Analysis of the fibrotic lesion. IR spectroscopic images of SCI in rat models with and 

without alginate hydrogel implant at one and six months post-injury, obtained by plotting the 

integral intensity of the collagen-representative IR spectral band at 1242 cm-1. 
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To quantify the differences in extent of fibrous scar formation between 

different experimental groups, the mean thickness of collagenous tissue was 

calculated. When compared with control samples, the mean thickness of 

collagenous tissue was significantly smaller in the samples with alginate 

hydrogel implant at six months after the injury (Fig. 36 (C), t-test, p=0.0153). 

The particular finding indicates that the alginate hydrogel suspends the 

development of fibrous scar in the chronic stage of SCI. In fact, this is in 

agreement with previous studies, which reported that the use of alginate 

hydrogel implants is related with the reduction of collagen meshwork 

surrounding the CNS traumatic lesions [215,240]. Fibroblasts are the cells 

responsible for synthesizing collagen. The meninges do have fibroblasts, but, 

under the normal conditions, there are no meningeal fibroblasts in the tissue 

of the spinal cord. However, the fibroblasts are invading into the spinal cord 

when the dura is damaged [186]. The reduced fibrotic scarring may be 

governed by relatively poor attachment, proliferation, spreading and viability 

of fibroblasts on pure alginate hydrogel [241]. 

Fate of the alginate hydrogel implant 

The soft Ca+2-alginate hydrogel, which was used as an implant in the SCI 

treatment experiments represented in this work, has shear storage modulus 

G´ = 0.195 kPa (Fig. 37) and 5% gelation of the gelation sites. These properties 

make up substantially to exclusivity of particular alginate hydrogel when 

compared with all other alginates studied so far. Also, particular characteristics 

were also regarded as critical to transfer the abilities of soft alginate hydrogel 

to support neural adhesion and substantial neurite outgrowth reported in in 

vitro experiments into rat SCI model [225]. It is important to notice that the 

cross-linking reaction leaves many polysaccharide sequences uninvolved. As a 

result, they may potentially interact with cell surface molecules [225]. 
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It was shown that after immersion into saline solution this type of alginate 

hydrogel preserve its mass and volume [226,242]. However, the penetration of 

exogenous sodium ions of nervous tissue into the hydrogel may result in 

leakage of calcium ions and following dissolution of the hydrogel [243]. 

Therefore, the stability of soft Ca2+-alginate hydrogel implants and ion 

exchange were examined.  

Figure 37. Storage modulus vs. deformation of 4% alginate crosslinked in a 4 mM CaCl2 solution. 

The measurements were performed as explained in Ref. [225].  
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The chemical structure of Ca2+ alginate hydrogel is represented in Fig. 38. The 

IR absorbance spectrum of pure alginate hydrogel obtained before its 

implantation is shown in black color in Fig. 39. The most prominent spectral 

contributions in the spectral region of 1180 – 1800 cm-1 are the spectral bands 

at 1614 cm-1 and 1420 cm-1, which are attributed to carboxylate salt ion 

antisymmetric and symmetric stretching [242]. 

The residues of alginate hydrogel implants were identified in six cases of the 

seven samples and in five cases of the seven samples of spinal cords resected 

one month and six months after the injury, respectively. However, as the 

spectral contributions of alginate hydrogel were relatively weak with respect of 

those of sucrose, the spectra of reference sucrose was always subtracted from 

the spectra of implanted alginate hydrogel. Such difference spectra were used 

for the following analysis and are depicted in Fig. 39, where the difference 

spectra of alginate hydrogel in the spinal cord tissue at one month and six 

months after the injury are represented in red and blue colors, respectively. 

The minor spectral contributions in difference spectra compared with the 

Figure 38. Chemical structure of Ca2+-alginate hydrogel. Alginate is a negatively charged linear 

polysaccharide, composed of covalently linked D-mannuronic acid and L-guluronic acid 

monomers. It forms hydrogels by physical interaction of polymer chains via ionic cross-linking by 

multivalent cations at the sites of guluronic acid monomers sequences between different chains. 
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reference alginate hydrogel spectrum arise due the background noise, which 

influence is enhanced when difference spectra is calculated. 

It can be readily observed from Fig. 39 that the overall spectral fingerprints of 

reference and implanted alginate hydrogels are very similar, i.e. the positions 

of the bands at 1614 cm-1 and 1420 cm-1 are steady. The alginate structures 

from their chemical derivatives can be distinguished by referring to the 

wavenumber shifts of both 1614 cm-1 and 1420 cm-1 spectral bands. The 

absence of the shifts of these bands, therefore, indicate that no substantial 

exchange of crosslinking ions appear in the alginate hydrogel after its 

implantation and the implants maintain their chemical structure over the time. 

Moreover, the bands shoulders at approximately 1550 cm-1 and 1650 cm-1 in 

the spectra of alginate hydrogel implants were observed. As these shoulders 

are very consistent with the spectral positions corresponding to amide II and 

amide I molecular vibrations, the mixing of alginate hydrogel with proteins is 

Figure 39. FTIR spectroscopy of the alginate hydrogel implants. IR spectrum of pure alginate 

hydrogel before its implantation (black) compared with the spectra of alginate hydrogel in spinal 

cord tissue at one (red) and six (blue) months post-injury. 
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very likely. No spectral band shifts between the spectra were observed among 

the samples of one and six months alginate-implanted samples: implants 

retained their chemical structure over the time of implantation in SCI. 

Nevertheless, the changes of the mechanical properties of alginate hydrogel 

implants may be changing over the implantation period and thus cannot be 

excluded. 

These results are in line with the rather slow degradation rate of calcium 

alginate hydrogels, as it might last several months until they lose their chemical 

stability under physiological conditions [244]. The digestion of alginate 

hydrogel by enzymes can be excluded, as there are no endogenous enzymes, 

degrading alginate hydrogel in spinal cord of rodents. Therefore, the 

degradation is most likely resulting from gradual diffusion of calcium ions, 

which leads to unlinking and dissolution of alginate polymer chains and loss of 

the hydrogel structure [243]. It is known that ions are released in elevated 

levels in the extracellular matrix of damaged CNS tissue [245]. This might 

support the enhanced diffusion rate of Ca2+ cross-linkers from the alginate 

hydrogel. The hydrogel degradation rate may thus be different among the 

samples depending on the intensity of extracellular ions influx in each case of 

the nervous tissue damage. This could potentially explain the varying amounts 

or complete absence of alginate hydrogel implants between the samples. 

Distribution of the alginate hydrogel in the lesion 

Information of the distribution of the alginate hydrogel implant in the injured 

spinal cord was obtained by generating the RGB spectroscopic images, i.e. 

simultaneously representing the location of the implant, nervous tissue and the 

fibrous scar. The integral intensities of the spectral bands at 1420 cm-1 (Fig. 39), 

1653 cm-1 (Fig. 30, amide I band) and 1242 cm-1 (Fig. 35, band assigned to 

collagen) were calculated and mapped to indicate and visualize alginate 

hydrogel, nervous tissue and fibrous scar, respectively.  
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An RGB spectroscopic image of injured spinal cord, in which soft alginate 

hydrogel implant was present for six months, is exemplarily shown in Fig. 40 

(A). Here, the red, green and blue pixel colors represent alginate hydrogel, 

nervous tissue and fibrous scar tissue, respectively. The consecutive spinal cord 

section was alcian blue stained and used as a reference for the alginate 

hydrogel distribution [Fig. 40 (B), indicated by asterisks or arrows]. In both RGB 

microspectroscopic and alcian blue staining microscopic images, the small cysts 

varying in size and occupied by alginate hydrogel are observed within the lesion 

(in Fig. 40 (A) and (B) indicated by arrowheads). The sample morphology shows 

that the small alginate residues are rather tightly surrounded by tissue 

suggesting that the tissue is possibly growing through the soft alginate 

hydrogel. Furthermore, the larger cysts containing alginate hydrogel residues 

but no nervous tissue ingrowth (Fig. 40, indicated by asterisks) indicate that 

nervous tissue could not completely transverse across the alginate-filled 

lesions. Such large cysts are a well-known physical restraint for regenerating 

axons [246]. On the other hand, the fibrous collagen scar, surrounding these 

cysts in spinal cords with alginate hydrogel implants, was shown to be generally 

thin. This is a promising positive outcome compared with voluminous fibrous 

collagen scars, which, in the case of untreated animals, tend to firmly fill the 

lesion and act as a solid physical barrier against regenerating axons.  

Accordingly, a worse outcome of the alginate hydrogel implants received 

animals cannot be predicted per se by the presence of large alginate hydrogel 

filled cysts. 

Infrared spectra from different points of the sample were selected to gain 

better insights of tissue-alginate interactions. The selected positions are 

marked with numbers in Fig. 40 (A) and the corresponding spectra are reported 

in Fig. 40 (C). The spectrum of the implant (position 1) has alginate-specific 

bands at 1420 cm-1 and 1614 cm-1 and lacks amide bands.  



145 
 

The spectrum of position 2 displays bands at 1205, 1242, 1282, 1338, 1402 and 

1453 cm-1  that match the specific spectral features of pure collagen, as well as 

the alginate specific band at 1420 cm-1 and shoulder at 1614 cm-1. This spectral 

pattern suggests that the scar is penetrating the hydrogel at this position of the 

sample.  

The RGB-image suggested that nervous tissue was mixed with alginate, for 

example at position 3. Therefore, the spectrum at this position was compared 

with the spectrum of nervous tissue at position 4. The amide bands were clearly 

identified in the spectrum from position 3 as well as lipid-related spectral 

features at 1455 cm-1 and 1735 cm-1. These spectral features are superimposing 

with the alginate bands at 1420 cm-1 and 1614 cm-1, the latter producing a 

broad shoulder on amide I band at 1614 cm-1). Spectra from similar 

Figure 40. Distribution of alginate within the tissue six months after the injury. (A): IR 

spectroscopic RGB image, produced by combining the intensity of bands at 1420 cm-1 

(representative of alginate hydrogel–red), 1653 cm-1 (representative of nervous tissue–green) 

and 1242 cm-1 (representative of collagen—blue). (B): Alcian blue staining of a consecutive 

section. Scale bar: 100 μm. The boxes in A and B indicate the area of magnification. The 

arrowheads in the magnifications indicate small inclusions of alginate hydrogel into the tissue 

that co-localize in the spectroscopic image and in the staining. The asterisks indicate residues of 

alginate hydrogel inside large cysts. (C): IR spectra of positions indicated in the spectroscopic 

image in (A), showing mixing of alginate and tissue. 



146 
 

“alginate-tissue combination” sites were selected from the RGB images and 

showed similar superimposing spectral features. This might indicate a growth 

of nervous tissue through the alginate hydrogel. 

Tissue damage classification 

In previous sections, the biochemical outcomes of alginate implants in SCI were 

assessed in detail from respective spectral markers of FTIR microspectroscopy 

data. Moreover, by deciding for appropriate approach of spectral data 

classification, FTIR imaging could hold potential to be utilized for global 

classification of spinal cord tissue and its damage and, therefore, become as an 

alternative method to monitor and optimize future SCI treatment strategies. 

To localize the eventual tissue damage, which results from the combination of 

various biochemical alterations of the tissue, unsupervised cluster analysis was 

applied to each sample and enabled to distinguish preserved vs. damaged 

tissue regions, as well as the localization of alginate implants [Fig. 41 (A)]. By 

comparison of cluster maps and histological staining images [Fig. 41 (B)], 

matching between clusters and tissue type was obtained, enabling to define: 1) 

fibrous scar, 2) tissue damage, 3) grey matter, 4) damaged white matter, 5) 

white matter and 6) alginate hydrogel. The centroid spectra [Fig. 41 (C)] of the 

selected clusters in all samples were extracted and averaged to provide the 

spectral “fingerprint” of the injury [Fig. 42 (A)]. Thanks to the big number of 

animals investigated, the spectral fingerprints are not affected by inter-animal 

variability. 
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Figure 41. Example for the evaluation of clustering results on IR spectral data: (A): cluster map and 

H&E histological staining on the consecutive section, scale bar – 1mm; (B): area of magnification in 

H&E staining indicated by box in (A). G – gray matter, W – white matter, DW – regions of damaged 

white matter, asterisks (*) indicate residues of alginate hydrogel. (C): centroid spectra attributed to 

different states of spinal cord tissue. Cluster colors were attributed randomly. 
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The analysis of the fingerprint of normal vs. damaged tissue spectra confirms 

that damaged tissue is characterized by lower lipid content: the intensity of all 

lipid related bands is reduced. Moreover, the spectra of damaged nervous 

tissue show a marked decrease in amide I and amide II, which could be a 

consequence of nervous cell death.  

While cluster analysis enabled a closer insight in the biochemical alterations 

triggered by injury, a direct comparison between samples was not possible with 

this approach. Therefore, a supervised classification was applied using the six 

spectra defined above [Fig. 42 (A)] as training set to identify biochemically 

comparable tissue regions in entire the data set comprising the spectra of all 

28 samples.   

Examples of class membership images are shown in Fig. 42 (B). The alginate 

implant (green color) was precisely localized. In all samples, white (red color) 

and gray (gray color) matter, damaged tissue (yellow and black) as well as the 

lesion core with the fibrous scar (blue) are correctly localized and are in 

agreement with the histological staining. For example, Figure 42 (C) [the higher 

magnification of regions indicated by boxes in Fig. 42 (B)] shows tracts of white 

and grey matter in the H&E staining correctly attributed in the FTIR image by 

yellow/red and gray colors, respectively. The tissue areas with microcysts were 

identified in the H&E image (indicated by dashed line) and were correctly 
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attributed as damage by the classification and are shown in black color in FTIR 

image.  

Localization and extent of damage could be directly compared among all 

samples. The damage (black regions) is always confined around the injury 

center showing the collapse of the grey matter, in accordance with other 

studies [247,248]. The region of damaged white matter (yellow) is most 

commonly localized in the tissue contralateral to the lesion, extends to both 

anterior and posterior directions and is larger in control animals. The overall 

tissue architecture and morphology of alginate samples appears more 

Figure 42. (A): Fingerprint IR spectra, used as training set for classification: 1 - Fibrous scar; 2 – 

Tissue damage; 3 - Grey matter; 4 - Damaged white matter, 5 - White matter; 6 - Alginate 

hydrogel. (B): Examples of images generated by nearest neighbor classification and H&E staining 

of consecutive sections. Scale bar – 1mm. (C): Zoom-in into FTIR image and H&E staining of the 

region in the box in panel (B). Damaged tissue areas are correctly detected by the classification 

and match histological findings. GM – grey matter, WM- white matter, D – regions of tissue 

damage indicated by dashed line.  
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preserved, presumably thanks to less tissue shearing and compression. These 

findings suggest that alginate hydrogel serves also as a mechanical support to 

preserve the gross spinal cord morphological structure and may help to limit 

secondary damage of nervous tissue. The same approach of data analysis can 

be applied to standardized evaluation and comparison of the spectroscopic 

data of SCI of future experiments. 
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3.3.3.2 Raman microspectroscopic imaging and CARS microscopy 

The image acquisition time is considerably slower in the case of Raman 

microspectroscopy compared with other vibrational imaging modalities used in 

this work. Nevertheless, large Raman maps covering several square millimeters 

in size were acquired on cryosections in the region of SCI to confirm the results 

of FTIR microspectroscopic imaging discussed in previous section and/or to 

provide complementary morphochemical information.  

Unsupervised “k-means” cluster analysis was applied for ubiquitous 

representation of sample morphochemical structure and enabled to identify 

regions with different types of tissue. Raman cluster maps of representative 

examples of control group and alginate-implanted group at both one and six 

months post-injury are shown in Fig. 43 and Fig. 44, respectively. The centroid 

spectra provided information about tissue biochemistry. Analysis of centroid 

spectra allowed to identify alternating regions of gray and white matter as well 

as to localize the lesion region, which is indicated by dotted line in the figures.  
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In control specimens (Fig. 43), the cluster analysis revealed a lipid-poor region 

inside the injury site, which is characterized by intensity decrease of cholesterol 

band at 700 cm-1 and of CH deformation bands at 1300 and 1440 cm-1. These 

spectral bands are all lipid-related and their intensity decrease clearly 

demonstrates the loss of lipids and, therefore, gives clues for demyelination 

and axonal degeneration. The profoundly reduced lipid content in lesion area 

is in agreement with the results of FTIR microspectroscopy. The clusters 4 and 

5 indicate the fibrotic scar, which is well retrieved by spectral bands at 1243 

and 1276 cm-1. The fibrotic scar is present in the lesion area at both one and six 

months control samples. When centroid spectra of clusters 5 are compared, 

the fibrotic scar-indicative spectral bands are more intense in six-month sample 

Figure 43. H&E histological staining, cluster maps and centroid spectra produced from Raman 

spectral data of two control samples of SCI in the rat model. (A): 1-month post injury; (B): 6-

months post injury. Dotted lines bound the core of hemisection injury. Cluster 1: white matter, 

clusters 2 and 3: grey matter, clusters 4 and 5: lesion. Cluster colors were attributed randomly. 

Scale bar: 1mm. 
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than in one-month sample and indicate higher collagen content in the chronic 

stage of injury. This clearly suggests that the formation of fibrous scar is 

extending over several weeks and reach the highest content of collagen in the 

chronic stage of injury. 

Raman spectral maps retrieved by cluster analysis of alginate-implanted spinal 

cord samples are shown in Figure 44. The tracts of white and gray matter can 

be readily distinguished. Similar as in the case of control samples, the injury 

region is captured by cluster analysis and is characterized by a decrease of 

lipid-related band intensities. Fibrotic scar corresponding to regions with higher 

intensities of collagen bands in the centroid spectra (clusters 4 and 5) is present 

in the lesion region. The centroid spectra of clusters in the lesion center at the 

same time point are however characterized by lower intensities of collagen 

Figure 44. H&E histological staining, cluster maps and centroid spectra produced from Raman 

spectral data of two alginate-implanted samples of SCI in the rat model. (A): 1-month post injury; 

(B): 6-months post injury. Dotted lines bound the core of hemisection injury. Cluster 1: white 

matter, clusters 2 and 3: grey matter, clusters 4 and 5: lesion. Cluster colors were attributed 

randomly. Scale bar: 1mm. 
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spectral bands in alginate-implanted specimens than in control ones. This is 

especially evident by comparing clusters 5 in Figs. 43 and 44. 

The potential of infrared microspectroscopy to monitor the implants was 

shown in previous subchapter. As an alternative linear vibrational 

microspectroscopy technique, Raman microspectroscopic imaging also allowed 

to track the alginate hydrogel implants. The Raman spectrum of native soft 

unfunctionalized alginate hydrogel is shown in Fig. 45. The most prominent 

spectral bands are at 811, 886, 955, 1090, 1307 and 1418 cm-1. The spectral 

bands at the shorter wavelengths than 1300 cm-1 are due to the polymer 

backbone vibrations, namely, due to C—C and C—O bonds stretching vibrations 

as well as C—C—H and C—C—O bonds deformation vibrations. The band at 

1090 cm-1 is attributed to glycosidic ring breathing. The spectral bands at the 

longer wavelengths than 1300 cm-1 arise mainly due to stretching vibrations of 

the carboxylate functional group COO-  [249]. 

 

Figure 45. Raman spectrum of native (before implantation) non-functionalized soft Ca2+-alginate 

hydrogel. 
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The intensity of the band at 1090 cm-1 in Raman spectrum of native alginate 

hydrogel was selected to address the presence of the implants in the SCI 

samples at both time points. The implant residues in the lesion were detected 

in the same samples as in the study by infrared microspectroscopy, therefore 

confirming the results of infrared spectral imaging and alcian blue staining. The 

spectral profile of Raman spectra acquired from the residues of implants in SCI 

samples were characterized by a mixture of spectral features typical of the 

alginate hydrogel and those of the nervous tissue. A variable degree of mixture 

between alginate hydrogel, proteins and lipids is evident when the spectra of 

distinct tissue components, centroid spectra of clusters and spectrum of native 

alginate hydrogel are all compared together. The shape and intensity of the 

band envelope at around 1100 cm-1 is modified in the centroid spectra of 

clusters 4 and 5, which are associated to the regions of the lesion core, as can 

be seen in Figure 44. This modification arise due to variable degree of overlap 

of the glycosidic ring breathing of alginate polymers with other C—C stretching 

vibrations of tissue components.  

As already discussed, the origin of the degradation of the alginate hydrogel 

implant in the tissue can be exchange of calcium ions by sodium ions [250]. It 

is known that the substitution of cross-linking ions results in shifts of the Raman 

bands [249]. In particular, in the spectral region corresponding to glycosidic ring 

breathing mode, shifts around 10 cm-1 towards higher wavenumbers should be 

expected. The reason for these shifts is the strengthening of C–C and C–O 

bonds, which is the indirect consequence of the alginate polymers binding to 

sodium ions [249]. However, the ion exchange cannot be directly addressed by 

Raman spectroscopy, as the alginate spectral band was overwhelmed by the 

overlap with the tissue spectral profile. Therefore, detection of the discrete 

band shifts was elusive to address ion exchange from Raman spectroscopic 

data. 
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It was shown that by application of cluster analysis to acquired Raman spectral 

data, Raman microspectroscopy is a suitable vibrational spectroscopy 

technique to address myelin and collagen distribution in the lesion region as 

well as to confirm the presence of alginate hydrogel implants. Better 

visualization of the lipids, collagen and alginate implants was retrieved by 

calculating the integral intensity of selected spectral bands respectively 

attributable to each of these components, plotting the  corresponding spectral 

maps and merging these maps as RGB images as shown in Figures 46 and 47. 

The distribution of lipids, sugars (e.g. alginate) and collagen was retrieved from 

the integral intensity of the bands at 1440 cm-1 (displayed in red in the merged 

image), 1090 cm-1 (displayed in green in the merged image) and 1243 cm-1 

(displayed in blue in the merged image), respectively. The differences among 

samples were made readily visible in this representation. In comparison with 

surrounding region of undamaged tissue the lesion core is lipid-poor. 

Moreover, the fibrotic scar is collagen-rich at 6 months after the SCI and tends 

to be more pronounced in control samples. The residues of the alginate 

hydrogel implants can be clearly identified. 
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The arrows shown in the intensity maps of the spectral band at 1440 cm-1 in 

Figures 46 and 47 indicate the lipid-rich regions inside the lesion or immediately 

near the implants. However, Raman mapping with the lateral resolution that 

characterizes Raman microscope used in this work did not allow to recognize 

single axons. Therefore, the lipid-rich regions could not be verified to 

accommodate functional myelinated axons. 

To obtain chemical specific cellular and subcellular morphology of the tissue 

and, therefore, identify axons and types of the cells, multimodal CARS 

microscopy was applied. In particular, CARS, SHG and TPEF signals from 

samples of SCI were acquired simultaneously to provide morphochemical 

Figure 46. Control samples of SCI in the rat model: integral intensity maps of Raman bands 

calculated at 1440 cm-1 (representative of lipids), at 1090 cm-1 (representative of alginate), at 

1243 cm-1 (representative of collagen), and merged RGB image. (A): 1-month after SCI; (B): 6-

months after SCI. The samples are the same demonstrated in Figure 43. Dotted line on the 

merged RGB image bound the core of hemisection injury. The arrow in A indicates a region inside 

the lesion that displays high content of lipids. Bar: 1 mm. 
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contrast of different tissue components. CARS signal allows to visualize the 

distribution of lipids and thus address the demyelination. SHG signal provides 

the information about the distribution of fibrillary collagen to assess the extent 

of fibrous scar. TPEF signal in SCI tissues predominantly arises from endogenous 

fluorescence of nicotinamide adenine dinucleotide phosphate (NAD(P)H) [23] 

and adds information about number and distribution of autofluorescent cell 

bodies. 

No bundles of axons or single axons were detected by CARS imaging inside and 

at close proximity of the SCI core in control samples. Instead, lipid droplets, 

which co-localized with fluorescent cells were visualized in the most of one-

Figure 47. Alginate implanted samples of SCI in the rat model: integral intensity maps of Raman 

bands calculated at 1440 cm-1 (representative of lipids), at 1090 cm-1 (representative of alginate), 

at 1243 cm-1 (representative of collagen), and merged RGB image. (A): 1-month after SCI; (B): 6-

months after SCI. The samples are the same demonstrated in Figure 44. Dotted line on the merged 

RGB image bound the core of hemisection injury. The arrows indicate regions at the border of the 

lesion that display a high content of lipids. Scale bar: 1 mm. 
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month specimens. The fluorescent cells were identified as macrophages and 

foam cells, which function is to clear up myelin debris [249]. Fig. 48 (A) depicts 

the multiphoton image of the region indicated by an arrow in Fig. 46 (A) at a 

higher magnification and shows that the intense CARS and TPEF signals arise 

from foam cells. These foam cells reside in a dense meshwork of collagen 

detected by SHG signal. High lipid content region nearby the lesion in 

one-month alginate-implanted sample shown by arrow in the Raman intensity 

map of Fig. 47 (A) do not correspond to axonal structures, but once again to 

accumulations of foam cells [Fig. 48 (B)]. The presence of foam cells and related 

alterations of lipids in the SCI will be discussed in detail in the following 

subchapter 3.3.3.3. 

Nevertheless, Fig. 48 (C) demonstrates that myelinated axons were detected 

by CARS imaging in six months alginate-implanted sample inside the lipid rich 

region near the injury core indicated by arrow in Fig. 47 (B). No decrease of the 

CARS signal was detected in the white matter in close proximity to the implant 

suggesting these axons to be normally myelinated. However, the massive 

growth of functional white matter tracts bridging through the alginate hydrogel 

could not be identified in any of the samples analyzed. 

Alginate-implanted samples at both time points after SCI showed the presence 

of very thin layer of collagen fibers surrounding the cysts. Fibrotic scar tissue 

was not heavily filling the lesion core [Fig. 48 (C)] as in the case of control 

samples. These observations obtained from SHG imaging are in agreement with 

previously discussed results of infrared microspectroscopic imaging. Taken 

together SHG imaging results with the results of Raman and infrared 

spectroscopic imaging, this suggest that the implantation of alginate hydrogel 

in rat spinal cord does not induce, but even inhibit the formation of a thick 

capsule of fibrous scar. 
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Figure 48. Multiphoton microscopy images of SCI in the rat model in columns as following: CARS, 

TFEF, SHG and merged image of all these signals. (A): 1-month control sample; (B): 1-month 

alginate-implanted sample; (C): 6-month alginate-implanted sample. The images were acquired in 

the regions indicated by arrows in Figures 46 and 47. Scale bar: 150 μm. 
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3.3 3.3 Inflammation-related alterations of lipids triggered by spinal 

cord injury 

Distribution of lipids 

According to H&E staining, five samples of SCI, where the inflammatory 

responses were observed, were selected for further analysis of 

inflammation- and myelin degradation-related tissue lipids. These samples are 

shown in Figs. 49 (A) – 49 (E). Here, the spinal cord lesion sites are indicated by 

dotted lines. Fig. 49 (A), 49 (C) and 49 (E) show the samples with outspread 

inflammation inside and around the lesion, whereas Fig. 49 (B) demonstrates 

the case of SCI with the areas of inflammation at the lesion site only. The 

sample in Fig. 49 (D) has less inflammatory cells, which are mainly distributed 

near the large cysts.  

To investigate the distribution of various lipid-based structures of injured 

nervous tissue, Raman spectral maps were generated by plotting the integral 

intensity of the band at 1440 cm-1. This particular band corresponds to 

deformational vibrations of CH2 functional groups [80]. The dimensions of 

Raman maps were of several square millimeters in size and covered the lesion 

area and part of the surrounding preserved nervous tissue. In corresponding 

Figs. 49 (F) – 49 (J), it can be readily recognized that the injury is altogether 

characterized by lower lipid content than the surrounding undamaged tissue: 

intensity values of Raman scattering at 1440 cm-1 are lower at the lesion, 

therefore, allowing it to be discerned. 
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As already pointed out in subchapter 3.3.3.2, the regions with considerably 

higher lipid content were observed inside or directly near the lesion site in four 

of the samples [marked by arrows in Figs. 49 (F) – 49 (H) and 49 (J)]. However, 

the lateral resolution of the Raman maps, which were acquired with the Raman 

Figure 49. Cryosections of SCI samples, where the inflammatory responses were observed: (A–
E) H&E staining; (F–J): Raman intensity maps of the band at 1440 cm−1; (K–O): CARS images; (P–
T): endogenous TPEF; (U–Y) merged CARS (magenta) and TPEF (green) images. The dotted lines 
in A–E indicate extent of hemisection. Arrows in (F–H) and (J) indicate lipid-rich areas in the 
injured region. The boxes in (K), (P), and (U) indicate the position of zoom-in images of Fig. 50. 
Scale bar: 0.5 mm. 
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microspectrometer used in this work, is too low to distinguish single myelinated 

axons. That is why it is not possible to tell whether the particular high lipid 

content-related areas correspond to bundles of functional myelinated axons. 

CARS microscopy providing submicrometer lateral resolution was applied for 

identification of the nature of lipid species observed near and inside the injury 

sites. The ability to combine CARS microscopy for gaining morphochemical 

information and Raman spectroscopy for gaining insights to chemical 

fingerprint of lipid species was already shown in a study of lipid droplets [251]. 

Images obtained by CARS microscopy show the overall distribution of lipids 

and, in this way, provide similar information as the Raman spectral maps 

generated by calculating integral intensity of a CH2 deformation spectral band. 

The both particular ways of imaging the spinal cord tissue can be compared in 

Fig. 49 (F) – (J) showing the Raman maps and Fig. 49 (K) – (O) showing CARS 

microscopy images. Importantly, CARS microscopy provides submicrometric 

lateral resolution resulting in ability to visualize the finer morphological details 

of the tissue. 

The region with dense lipid formation directly near the injury site of the sample 

#1 is shown at higher magnification in Figure 50. Fig. 50 (A) corresponds to light 

microscopy image of H&E staining, which shows damaged nervous tissue 

characterized by microcystic morphology (left side of the image), opposed to 

aligned and densely packed white matter in the contralateral tissue (left side of 

the image). CARS image in Fig. 50 (B) shows that the fragmented myelin sheets 

and lipid droplets are confined in the area of damaged tissue compared with 

contralateral white matter with highly ordered myelinated axons.  
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Information about the extent of inflammation is provided by simultaneous 

acquisition of TPEF signal [Fig. 50 (C)], as in damaged spinal cord tissue it 

visualizes activated microglia/macrophages [23,252]. No TPEF active 

inflammatory cells appear in the healthy white matter tissue, whereas 

inflammation localizes in the damaged tissue region. Figure 50 (D) represents 

merged CARS and TPEF images, where it is seen that a clear overlap between 

distribution of lipid droplets and inflammatory cells exists. The co-localization 

of lipid droplets and activated microglia/macrophages indicate the presence of 

the foam cells in particular lipid dense regions distributed in the vicinity of the 

lesion core. Foam cells are activated microglia/macrophages, which engulf 

substantial amounts of myelin debris, which, in case of SCI, is deposited as a 

result of a white matter damage. As a result, foam cells are laden with 

cytoplasmic lipid droplets. The presence of foam cells was also confirmed by 

Figure 50. Higher magnification view of the SCI region with high lipid content. (A): H&E staining, 

(B): CARS, (C): TPEF, and (D): merged CARS/TPEF images comparing morphology of normal white 

matter in preserved spinal cord and foam cells in the injured rat spinal cord (sample #1). Scale bar: 

200 μm. 
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H&E staining. With the addition of the submicrometer morphochemical 

information provided by CARS/TPEF imaging, it can be concluded that lipid 

dense regions indicated by arrows in the Raman spectral maps in 

Figs. 49 (F) – (H) and (J): (i) are inflammatory regions; (ii) incorporate disrupted 

myelin sheets; (iii) contain fluorescent foam cells; (iv) they are devoid of integer 

myelinated axons. 

Particularly, CARS/TPEF microscopic imaging provided the above listed 

additional information. This clearly shows that the evaluation of lipid species 

that are present in the injury region of damaged spinal cord tissue by assessing 

lipid distribution with Raman spectroscopic mapping of CH2 spectral band is not 

comprehensive, i.e.  Raman spectral band at 1440 cm-1 is not a suitable spectral 

marker to exclusively address inflammation. It is also known that the clearance 

of myelin debris in CNS is slow: after the CNS injury the myelin debris and 

inflammatory foam cells can remain for weeks [253,254]. Therefore, the sole 

lipid content evaluation cannot be a reliable way of analysis to distinguish 

between regions of preserved tissue with myelinated axons and regions of 

ongoing fragmentation of myelin sheets and inflammatory activity. 

Distribution of esterified lipids 

Myelin is mainly composed of cholesterol, phospholipids, galactolipids and 

plasmalogens with a molar ratio of approximately 2:2:1:1 [188]. Myelin debris 

produced as a consequence of SCI is being cleared up by phagocytic cells. It is, 

therefore, to be expected that metabolites of cholesterol and phospholipids 

should mainly make up the composition of lipid droplets in macrophages. Thus, 

it is important to analyze spectral markers of cholesterol and phospholipids 

metabolites to retrieve chemical selectivity of Raman microspectroscopy for 

inflammation. 
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The cholesterol is stored in a form of cholesteryl esters in intracellular lipid 

droplets [255]. Free cholesterol and cholesteryl esters generate characteristic 

sharp Raman signal at 697 cm-1 attributed to sterol ring vibrations [256]. 

However, the direct approach to map the integral intensity of this sterol ring 

vibration did not enable to clearly visualize the inflammation in Raman maps. 

This result can be explained in following way. To maintain cellular cholesterol 

homeostasis, the hydrolysis of neutral cholesteryl esters, which opposes the 

esterification of cholesterol, is crucial [257]. The free cholesterol can be 

released by macrophages intracellularly to be processed on site. Otherwise, it 

can be transferred away from the lesion by migrating macrophages [257]. 

However, mammalian cells, including foam cells, do not have the ability to 

degrade the sterol ring. This explains why tracking the sterol ring distribution 
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by Raman spectroscopy cannot provide reliable information to localize 

degrading myelin and foam cells. 

For storage in lipid droplets, lipid esterification process is critical. The 

phospholipids are completely hydrolyzed in foam cells. As a result, large 

amounts of free fatty acids are produced [258], which are afterwards esterified 

[259]. Cholesteryl and fatty acids esters are best represented in Raman spectra 

by a carbonyl group stretching vibration at 1743 cm-1 [260,261]. Therefore, the 

integral intensity of this particular band was calculated and representative 

Raman spectral maps are shown in Fig. 51 (A) – (E). The lipid esterification is 

most prominent in the injured tissue regions. By comparison with Fig. 49, it can 

be seen that the lipid esterification localizes together with the foam cells, which 

were detected with CARS/TPEF. The average Raman spectrum from 12 × 12 

Figure 51. Raman spectral maps produced by calculating integral intensity of carbonyl vibrational 

band of samples #1 - #5. (A) – (E): Carbonyl stretching vibration at 1743 cm−1 integral intensity 

maps, illustrating the distribution of esterified lipids. Scale bar: 0.5 mm. (F): Raman spectra of 

regions with high lipid esterification (injury) and low lipid esterification (white matter); the 

spectra were calculated by averaging all spectra in 12 × 12 pixels large regions, as indicated by 

boxes in C. 
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pixels area, corresponding to injured tissue characterized by strong lipid 

esterification, was calculated and compared with average spectrum from 

12 × 12 pixels area, corresponding to normal white matter. These spectra 

shown for comparison in Fig. 51 (F), clearly demonstrate that the carbonyl band 

is visible in the spectrum from the region with high lipid esterification and is 

absent in the spectrum from preserved white matter. 

By interpreting the Raman spectral maps in Fig. 51, it should be taken into 

account that the lipids of CNS contain large amounts of unsaturated fatty acids 

and, therefore, are particularly sensitive to oxidation. Increased oxidative 

damage and lipid peroxidation in regard of CNS damage were reported in other 

studies [262]. As a consequence of oxidative damage, various reactive carbonyl 

compounds are generated as part of advanced lipid peroxidation end-products 

[263]. Taken generally, these carbonyl compounds cannot be excluded from 

contribution to the intensity of the Raman spectral band at 1743 cm-1. 

However, in the case of SCI in the rat, the lipid oxidation is restricted to acute 

phase and complete at around 5 days after the injury [233]. As in Fig. 51 shown 

rat spinal cord tissue samples are collected one month after the injury, it can 

be stated that no significant lipid peroxidation is expected in this case. 

Inflammatory regions are enriched with saturated fatty acids 

Spectral Raman maps based on integral intensity of spectral band at 1743 cm-1 

highlight the distribution of esterified lipids in the lesioned spinal cord region 

versus preserved nervous tissue and allow to localize inflammation. Also, the 

information about other types of lipids or fatty acids, which accumulate in 

injured and inflammatory regions of spinal cord and which are produced in 

process of myelin degradation in foam cells or as part of inflammatory 

pathways, is of importance. This particular information from Raman data can 
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be retrieved by using chemometrical spectral data processing methods. 

Particlarly, PCA was applied to Raman spectral data. 

The PCA was performed on the Raman spectral data merged in one dataset of 

all the samples. The five principal components were needed to retrieve the 

information about the distribution of inflammation. The first to fourth principal 

components correspond to the different nervous tissue components as, for 

example, lipids or collagen. Raman spectral fingerprints representative for 

these tissue components were already discussed in subchapter 3.3.3.2. 

The inflammation clearly appears to be associated with the fifth principal 

component (Fig. 52). By comparing the Raman maps in Figs. 52 (A) – 52 (E) with 

the TPEF images in Figs. 49 (P) – 49 (T), the presence of fluorescent activated 

microglia/macrophages is seen in the same regions with high pixel intensities 

(representing higher score) in Raman maps of the fifth principal component. 

The more detailed map of fifth component of PCA and corresponding CARS and 

TPEF images are shown in Figs. 52 (G) – Fig. 51 (J) and clearly indicate the 

co-localization of the regions representing fifth component with lipid droplets 

and fluorescent activated microglia/macrophages. The fraction of variance 

determining fifth component is relatively small, namely, 0.13%. Therefore, the 

concentration of related compound within the SCI is very low. The associated 

loading vector [Fig. 52 (F)] indicate the presence of saturated fatty acids. The 

bands at 1060 cm-1 and 1126 cm-1 are due to C—C stretching vibrations and the 

ones at 1293 and 1434 cm-1 are attributed to CH2 and CH3 deformational 

vibrations [261,264]. The negative spectral band at 1658 cm-1 corresponds to 
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C=C stretching vibration [261] and confirms the relation of this component with 

saturated type of lipids. 

One recent study reported that the acute activation of microglial cells leads to 

increase of cellular total saturated fatty acids. Particularly, the content of 

palmitic acid (C16:0) and stearic acid (C18:0) is being elevated [265]. However, 

the presence of myristic acid (C14:0) is strongly suggested from the spectral 

pattern of the loading vector discussed above. The band positions of the 

loading vector are matching with high precision the positions of the bands 

Figure 52. PCA: (A–E) maps of score values for samples #1 - #5 and (F) loading vector for the 

fifth component. (G): Zoom-in of the box in the score map of sample #5 shown in E; (H–J): CARS, 

TPEF, and merged images of sample #5, respectively, of the same region shown in G. Scale bar: 

0.5 mm. * in E indicates the alginate hydrogel implant. 
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reported in Ref. [261]: the most intense Raman spectral bands of myristic acid 

are at 1062, 1125, 1294 and 1433 cm-1, while the corresponding spectral bands 

of both palmitic and stearic acids are all shifted 5 to 12 cm-1 towards higher 

wavenumbers. The changes of myristic acid content upon activation of 

microglia was not reported [265]. However, from the results of this thesis, the 

increased content of myristic acid seems to be clearly related with the 

increased amount of inflammatory cells in comparison with other tissue 

regions. 

Still, it remains unclear, whether the saturated fatty acids are produced during 

the myelin, which is laden in lipid droplets, degradation. In fact, whereas the 

upregulation of saturated fatty acids in activated microglia was addressed in 

Ref. [265],  their subcellular localization and  possible relation with lipid 

droplets have not been studied up to now. Moreover, no references, which 

would report the accumulation of saturated fatty acids inside the lipid droplets 

of immune cells could be disclosed. The only exception are the cases, where 

the immune cells are cultured in saturated lipids-enriched media. It is known 

that the lipids of CNS possess a very high content of polyunsaturated fatty 

acids, particularly arachidonic acid (C20:4) and docosahexaenoic acid (C22:6) 

[266]. Actually, the spectral signature of unsaturated fatty acids [i.e. oleic acid 

(C18:1)] was found, when the necrotic regions with presence of foam cells and 

macrophages in brain tissue modified by glioblastoma were investigated by 

Raman spectroscopy [88]. In vitro Raman microspectroscopic experiments of 

macrophages indicated that esterified unsaturated lipids is the main 

constituent of the lipid droplets [267,268]. By application of resonance Raman 

spectroscopy it was found that the unsaturated lipid moieties are highly 

abundant in lipid droplets in leucocytes. These lipid droplets also act as 

reservoir for arachidonic acid, which is involved in activation pathway of 

immune cells [269]. To sum up, the available references do not provide 

sufficient information for clear relation of the overexpression of saturated fatty 
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acids within the lesioned spinal cord tissue with the storage of myelin 

degradation products inside the lipid droplets in foam cells. 

The direct identification of lipid droplets from other cellular components is not 

possible from the Raman data acquired in this study due to too low lateral 

resolution of the used Raman microspectrometer. However, the precise 

comparison of Raman score maps of the fifth principal component with CARS 

and TPEF images provides further insights. Detailed inspection of the spatial 

distribution of signals in the inflammatory regions reveals that the particular 

Raman score maps mimic the distribution of TPEF signal rather than 

distribution of lipid droplets localized by CARS signal [compare Figs. 52 (G) with 

52 (H) and 52 (I)]. 

It was hypothesized that palmitic and stearic acids may be involved in the 

pathway, which modulates the expression of inflammatory cytokines, 

activation [265]. Also, it is known that myristic acid plays an important role in 

the cell lipid metabolism, as it regulates the production of polyunsaturated 

fatty acids (e.g. of docosahexaenoic acid) [270]. Furthermore, recent findings 

suggest the specific regulatory role of myristic acid by its capability to modify 

activities of enzymes or functions of proteins through their N-terminal 

myristoylation. In particular, myristic acid regulates mammalian desaturases, 

which are enzymes involved in the metabolism of lipids, activity [271]. These 

facts suggest that the small content of saturated fatty acids in foam cell dense 

regions of injured spinal cord are not just products of myelin degradation 

stored in lipid droplets, but are rather more likely to play an active role in the 

metabolism of lipids in activated microglia/macrophages. 
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3.3.4 Conclusions 

1. FTIR and Raman microspectroscopic imaging enable to address different 

biochemical aspects of central nervous system tissue alterations 

induced by spinal cord injury. 

2. FTIR and Raman chemical images of 28 injured rat spinal cords allowed 

to perform quantitative assessment of tissue demyelination and scarring 

in order to assess the therapeutic effects of non-functionalized soft 

alginate hydrogel implants. These implants (i) may help to preserve the 

overall tissue architecture and morphology, (ii) may limit the ongoing 

demyelination of CNS tissue and (iii) may reduce scarring at the chronic 

stage of SCI. 

3. Both FTIR and Raman microspectroscopic imaging are superior for 

monitoring non-functionalized soft alginate hydrogel implants in SCI: 

particular implants have a long-term chemical stability up to six-months 

after the implantation in nervous tissue of rat spinal cord. 

4. No massive axonal growth across the lesion could be proved in animals 

treated by using alginate hydrogel. Nevertheless, isolated axons inside 

the lesion were found by CARS imaging in several experimental samples 

supporting that the non-functionalized soft alginate hydrogel implants 

are permissive to axon growth in animal model. 

5. Alterations of lipids, which are triggered by spinal cord injury-induced 

inflammation, was for the first time addressed by spectroscopic studies. 

It was shown that: (i) unspecific mapping of CH2 (and sterol ring) Raman 

band intensity to address the lipid distribution does not enable to 

discern between preserved white matter and inflammatory regions; (ii) 

mapping of carbonyl Raman band intensity to address distribution of 

esterified lipids is an appropriate approach to localize inflammatory 

regions with lipid laden microglia/macrophages; (iii) inflammatory 
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regions of SCI are rich of saturated fatty acids, which are likely taking 

part in the lipid metabolism of activated microglia/macrophages. 
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