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Introduction 

The used techniques, Raman and IR spectroscopic, together with derivative techniques 

(micro-Raman, confocal-Raman, surface enhanced Raman (SERS), resonance Raman (RR), 

or combined (SERRS), combined with IR absorption spectroscopy, provide valuable 

information about the structure, properties, dynamics, molecular identity of certain species in 

different biological media and their willingness to interact with other species or to be 

absorbed on noble metal nanostructures. 

Vibrational spectral techniques offer several advantages in the context of current research, 

because of special sensitivity, they can be ideal ways to achieve very fast tools, noninvasive 

and affordable for an early diagnosis of diseases as sample preparation and measurement are 

very simple, and acquisition time is very short. 

The present thesis deals with the original experimental studies on molecular structures used in 

pharmaceutical formulation (Tylenol-trade) and that of complex biological systems (human 

colon tissue) using vibrational spectroscopic techniques. We analyzed several molecular 

species with antipyretic and analgesic effects in various pharmaceutical formulations to test 

the potential of the techniques in monitoring and detection of these species under 

physiological conditions. 

Biological activity and pharmaceutical properties of drugs highly depend on their 

structure. After the experiments it was found that paracetamol taken in overdose, can cause 

hepatic necrosis in both humans and animals used in experiments [1, 2]. Alcohol is favorable 

for liver damage, damage caused also by big therapeutic doses of paracetamol [3]. Because of 

toxic side effects, paracetamol was the subject of many toxicological studies [4, 5]. In contrast 

to aspirin, paracetamol is believed to act almost exclusively on the central nervous system 

with low peripheral effects. 

Starting from the idea that the evolution of the disease is accompanied by changes in 

terms of chemistry / biochemistry of cells, tissues, organs or fluids of the bodies, vibrational 

spectroscopy may be the best conventional method for ultra sensitive detection of these 

changes, which would be detected before morphological and systemic manifestations allow 

clinical diagnostic by conventional methods. For example, colon cancer, which is the subject 

of this paper, is found on anatomic imaging techniques such as endoscopy, ultra sensitive 

technique, followed by histopathological examination of biopsy. These conventional 

diagnostic methods are often applied in years of early stage disease, which generates an 

irrecoverable delay in applying an effective treatment. If detected early the disease is one of 

the most easily curable with a survival rate of 90%, thus detecting it early and subjected to an 

appropriate treatment scheme it would save many lives 
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Chapter 2. Raman and SERS studies on paracetamol molecule 
 
2. 1. Characterization physico-chemical and differentiation of species of 

paracetamol (normal and sinus) 

The chemical structure of paracetamol (C8H9NO2) is exposed in the Fig. 2.1 this is 

indicated for the relief of mild-to-moderate pain, and for the reduction of fever and is a major 

component of many over-the counter analgesics and cold and flu remedies.  
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Fig. 2.1. Molecular structure of paracetamol. 

 
 Furthermore, it is known that alcohol may predispose to liver damage caused by 

therepeutic doses of paracetamol [6] Because of these toxic side effects paracetamol has been 

subject to many toxicological studies [7, 8]. Previous studies shown that long-therm, daily use 

of paracetamol is associated independentely with an increased risk of renal disease [9] and 

causes an immediate and highly specific inhibition of replicative DNA synthesis [10].  

Paracetamol, can crystallize in three different polymorphic forms known as Form I, II, 

and III. [11-16] The monoclinic form (form I) is the normal markete form [17, 18] the form II 

was identified by recristallization from an ethanolic solution and corresponds to an 

orthorhombic form [19] and the form III was mentioned as a very unstable form], which 

cannot be studied due to its unstability. The metastable polimorphs of paracetamol are of 

particular industrial interest because the commercial form requires binders for tablet 

formation [20, 21]. The form I of paracetamol is stable at ambient temperature and pressure 

[22, 23] while the orthorhombic form of paracetamol is suitable for direct compression 

tableting and may also be slightly more soluble but has been crystallized only in small 

quantities and the only commercially available form is the monoclinic form of paracetamol, 

the thermodinamically most stable modification [24-26]. 

Numerous IR [27-31] and Raman [32, 33] studies are already recorded in order to 

characterize and identify the three metastable forms of paracetamol the transition between 

them, and the comparison between tablets and solutions [34]. 
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In the present work, based on the vibrational Raman characterization of paracetamol tablets, I 

tryed to distinguish the various molecular species mode in terms of pH value, the adsorption 

manner to the silver colloidal nanoparticles, to establish the functional groups involved in 

adsorption and to check the possibility to monitor low dosage level using SERS spectroscopy. 

 
2. 2. Experimental preparation of solutions and surfaces  

Pharmaceutical tablets of paracetamol commercially available (Europharm), as normal 

and sinus (500 mg), were employed in our study without further purification. The paracetamol 

solutions were prepared by tablet dissolving in distilled water at room temperature. 

The island films, which we used in our measurements as SERS substrates, were 

prepared through thermal evaporation, and the films that were obtained have different 

particles roughness (1.9 and 2.9 Å) [35]. For the SERS samples processing we have dropped 

paracetamol solutions, in that order on the film surfaces, and then we kept drying for a 

number of minutes. As soon as the drop becomes drying, we can focalise the laser spot on this 

position. 

The FT-Raman spectra were obtained by using a Equinox 55 spectrometer with an 

integrated Bruker (D) FRA-106/S Raman module and a resolution of 2 cm-1. The 1064 nm 

radiation from a Nd-YAG laser with an output of 390 mW was employed for the excitation. A 

Ge detector operating at liquid nitrogen temperature was used. The number of scans was 200. 

The Raman and the SERS spectra on island films were recorded with a Dilor Raman 

microspectrometer (Horiba-Jobin-Yvon, model LabRam) using the 514.5 nm excitation line 

from an argon ion laser (Spectra Physics, model 2016). The spectra were collected in the 

backscattering geometry using a microscope equipped with an Olympus LMPlanFL 50x 

objective with a spectral resolution of 5 cm-1. The detection of Raman signal was carried out 

with a Peltier-cooled CCD camera and for the signal aquisition was employed the analysing 

software package LabSpec. The laser power varied from 100 to 200 mW is indicated for each 

figure caption. 

 

2. 3. The Raman spectra of paracetamol in various pharmaceutical formulations 

The commercial normal and sinus paracetamol drugs were investigated with Raman 

spectroscopies to stand out the presence of monoclinic and orthorhombic forms of 

paracetamol in the solid state, in aqueous solution, and on the glass surfaces after 

recrystallization. The vibrational fundamentals from the FT-and micro-Raman spectra, 

presented in Fig. 2.2, were analyzed by comparing these vibrational modes with those from 

the literature [36-43].  
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Fig. 2.2. FT-Raman (a) and micro-Raman (b,c) spectra of normal (a,b) and sinus (c) tablets of 
paracetamol. Excitation: 1064 nm, 390 mW (a); 514.5 nm, 100 mW (b,c). 

 

Furthermore the peaks at 1562 and 1510 cm-1 were assigned to the C-N amide 

stretching modes, while the bands at 1612 and 1441 cm-1 were attributed to the C-C aromatic 

stretching modes. These frequencies together with them assignment are specific for the 

monoclinic form I of the paracetamol [44]. For this form some particular peaks are present at 

1231, 794 and 708 cm-1, peaks which correspond to the phenyl-N stretching mode, to the out-

of-plane deformation mode of p-substituted aromatic system and to the out-of-plane CN-H 

and phenyl deformation modes, respectively [45, 46]. Other characteristic frequencies of the 

form I of paracetamol, which can be seen in the FT- and micro-Raman spectra of the solid 

state are the medium band at 1272 cm-1, which was assigned to the C-O stretching mode [47] 

and the weak medium peak at 463 cm-1 that can be attributed to the skeletal bending mode 

[45]. The form I of paracetamol has Raman bands at 1272, 1231, 708, 463 and 213 cm-1, 

which are not present in the spectrum of the form II. On the other hand, the spectrum of the 

form II could have bands at 1185, 454 and 201 cm-1, which are not present in the spectrum of 

the formI. Taking into account all these characteristic Raman bands, i can figure out the 

presence of the monoclinic form in both, normal and sinus, paracetamol tablets. 

When one tablet of each paracetamol type was dissolved in 10 ml distilled water and 

after that one drop of the solution was kept drying on the glass, the paracetamol recrystallizes 

and the Raman spectra of both paracetamol forms look quite different (Fig. 2.3a, b). The weak 

medium peak detected at 3324 cm-1 in the solid state are now rather shifted, at 3325 cm-1 for 

the normal paracetamol and at 3323 cm-1 for the paracetamol sinus. This weak difference      

(1 cm-1) is enough to assert that the band at 3325 cm-1 is specific to the orthorhombic form of 
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the paracetamol. In the same case, the bands at 1559, 1099, 725 and 622 cm-1 (Fig. 2.3a) are 

typical for the orthorhombic form of paracetamol, whereas the peaks at 1562, 1101, 730 and 

623 cm-1 (Fig. 2.3b) are more specific for the monoclinic form of the paracetamol [46]. Other 

remaining bands of the spectra are, as previous discussed, attributed to the monoclinic form of 

the paracetamol. In this case, one can assume that after recrystallization, the normal 

paracetamol includes a mixture between monoclinic and orthorhombic forms. 

Looking at the Raman spectra of normal and sinus paracetamol on the glass surfaces 

after recrystallization (Fig. 2.3), one can observe the enhancement of some bands in 

comparison with the Raman spectra of the tablets, where the Raman signal seems to be quite 

similar for both types of paracetamol. The enhancement of the band at 2883 cm-1 

(paracetamol sinus, Fig. 2.3b) can be due to the presence of the cellulose, lactose, talc, stearic 

acid and magnesium stearate, which normally have very strong bands in the 2870 -2895 cm-1 

spectral range [48-55].  

In the same spectrum, the peaks at 708 and 388 cm-1 (Fig. 2.3b) increase in 3 relative 

intensity compared to the spectrum of the normal paracetamol (Fig. 2.3a) and to the spectra of 

the tablets (Fig. 2.2).  
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Fig. 2.3. Micro-Raman spectra of recrystallized normal (a) and sinus (b) paracetamol. 
Excitation: 514.5 nm (a,b), 200 mW (a,b). 

 

These increases can be produced because of the lactose, which has strong peaks in the 

range of 864-698 cm-1 and 357-377 cm-1, because of the cellulose that extends substantial 
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bands around 382 cm-1, and because of the maize starch, which give a superior band near to 

360 cm-1 [56-60]. 

The pH dependence Raman spectra of normal and sinus paracetamol aqueous 

solutions in the basic and acidic pH range are presented in Figs. 2.5, 6 and 7, 8, respectively. 

In the Raman spectra of normal paracetamol solution at basic pH values (Fig. 2.5) a 

significant broadening of the 1619 cm-1 band together with its two neighboring shoulders, at 

1696 and 1660 cm-1, is observable.  

This band, in the basic pH range, is 12 cm-1 red shifted (1606 cm-1) and may be 

assigned to the asymmetrical C=C aromatic and C-N stretching modes (Fig. 2.5, pH13); the 

shoulders at 1696 and 1660 cm-1, attributed to the CNH and C=O (amide I) stretching modes, 

are importantly red shifted at higher pH values (1689 and 1637 cm-1, Fig. 2.5, pH13).  

The weak band at 1568 cm-1, 20 cm-1 red shifted in the basic pH range, can be due to 

the in-plane N-H bending mode (amide II). 
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Fig. 2.4. Raman spectra of normal (a) and sinus (b) paracetamol solution (3.3x10-1 M). 
Excitation: 514.5 nm (a,b), 200 mW (a,b). 

 

By analogy with the normal paracetamol, in the Raman spectra of the sinus 

paracetamol at basic pH values (Fig. 2.6) a significant increasing in relative intensity and     

14 cm-1 red shift of the band at 1614 cm-1, which is attributed to the C=C aromatic and C-N 

stretching modes, can be observed (Fig. 2.6, pH13). 

Moreover, the strong band at 1643 cm-1 that corresponds to the C=O (amide I) 

stretching mode, decreases in relative intensity, becomes a shoulder beginning with pH 10.5 
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and is 15 cm-1 red shifted; the weak medium band at 1562 cm-1 becomes broader, is 22 cm-1 

red shifted, and can be due to the in-plane N-H bending mode (amide II) (Fig. 2.6, pH13). 
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Fig. 2.5. Raman spectra of 3.3x10-1 M normal paracetamol solution at different basic pH 
values. Excitation: 514.5 nm, 200 mW. 

 
Furthermore, the weak signal at 1432 cm-1, as a contribution of the asymmetrical CH3 

bending and phenyl stretching modes of the normal paracetamol, becomes broader and is      

29 cm-1 blue shifted in the basic pH range. The medium band at 1377 cm-1 is slightly 

decreased in relative intensity and is attributed to the symmetrical CH3 bending mode.        

The signal correspondent to the C-N stretching mode (amide III) (1328 cm-1) decreases in 

relative intensity, whereas the band correspondent to the C-O and C-N stretching modes 

(1282 cm-1) increases in relative intensity in the basic pH range (Fig. 2.5, pH13). With the pH 

increase, one can observe, first a broadening and then a red shifting (20 cm-1) of the phenyl-N 

bending mode (1236 cm-1), in comparison to the adjacent band at 1172 cm-1, assigned to the 

phenyl-N and COH bending modes, which remain almost constant in relative intensity in the 

basic pH range (Fig. 2.5) and is slightly red shifted (5 cm-1). 

In contrast to the normal paracetamol, in the Raman spectra of the sinus paracetamol 

(Fig. 2.6), the weak peak at 1447 cm-1, with the same assignment as for the normal 

paracetamol, seems to increase in relative intensity at pH 8 and after that, beginning with pH 

9 becomes broader and disappear at higher pH values. The next two bands (1369 and          

1323 cm-1) in the Raman spectra of the sinus paracetamol, which were attributed as for the 

normal paracetamol, decrease in relative intensities and are slightly blue shifted.  

The following peak at 1275 cm-1 is 5 cm-1 blue shifted and increases in relative 

intensity, whereas the signal at 1233 cm-1 becomes broader, is slightly decreased in relative 
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intensity and 10 cm-1 red shifted (Fig. 2.6, pH13). The bands at 865, 838 and 798 cm-1 from 

the Raman spectra of normal paracetamol (Fig. 2.5, pH 5 to 10) are slightly decreased in 

relative intensity, become weaker with the pH increasing, and are slightly shifted; they are 

attributed to the out-of-plane C-C skeletal deformation, to the out-of-plane C-H bending mode 

and to the phenyl-N bending mode, respectively. Similar bands from the Raman spectra of the 

sinus paracetamol observed at 857, 831 and 796 cm-1 (Fig. 2.6), decrease in relative intensity, 

are changed in shape and are slightly blue shifted. The weak band at 574 cm-1, which 

corresponds to the out-of-plane phenyl-N deformation mode of the normal paracetamol, is 

slightly decreased in relative intensity and 15 cm-1 red shifted in the basic pH range      

(Fig.2.7, pH13), whereas in the case of sinus paracetamol, the analogous band at  547 cm-1 

decreases in relative intensity and then disappears (Fig. 2.6, pH 9-13). In general, all bands 

due to the C-N, N-H, phenyl-N, COH and C=O vibrational modes of paracetamol, become 

weaker and are red shifted.  
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Fig. 2.6. Raman spectra of 3.3x10-1 M sinus paracetamol solution at  

different basic pH values. Excitation: 514.5 nm, 200 mW. 
 

Can perceive that the out-of-plane phenyl-N deformation mode (574 cm-1) is 

represented by two weak peaks at pH 3 (572 and 549 cm-1) (Fig. 2.7) and at pH0 remains a 

unique band, which is 17 cm-1 red shifted (557 cm-1). Thus, the fully protonated normal 

paracetamol molecule predominates at low pH values [62]. Finally, taking into account the 

major changes in the band shape attributed to phenyl-N Raman bands at acidic pH values, a 

protonation of the NH group is very likely [63]. 
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Fig. 2.7. Raman spectra of 3.3x10-1 M normal paracetamol solution at 
different acidic pH values. Excitation: 514.5 nm, 200 mW. 

 
Comparing Figs. 2.6 and 2.8, the Raman spectra of the sinus paracetamol remain 

unchanged in the pH range from 7 to 0, which demonstrate that at the neutral pH7, the sinus 

paracetamol exists in the zwitterionic form. 
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Fig. 2.8. Raman spectra of 3.3x10-1M sinus paracetamol solution                                              
at different acidic pH values. Excitation: 514.5 nm, 200 mW. 

 
2. 4. SERS spectra of the paracetamol on silver island films 

The SERS spectra of normal and sinus paracetamol aqueous solutions (8x10-2 M) are 

presented in Figs. 2.9 and 2.10 in comparison with the Raman spectra of the bulk solutions 
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(3.3x10-1 M) at pH5 and pH7, respectively. Large differences in band positions and relative 

intensities are observed, allowing the assumption of a chemisorbed species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9. SERS spectra of 8x10-2 M normal paracetamol on thin silver films of 1.9 Å (a)      2.9 
Å (b) roughnesses together with the microscopical images of the measured regions (e), (d) and 
its proposed orientation on the silver surface (f). Raman spectrum of 3.3x10-1M normal 
paracetamol solution (pH 5) (c). Excitation: 514.5 nm (a-c), 200 mW (c) and 50 mW (a,b). 
 

The SERS spectra were recorded on two types of Ag island films with different 

roughness (2.9 and 1.9 Å) [64]. Microscopic images of paracetamol solutions on both types of 

thin films can be seen in Fig. 2.9 e, f and Fig. 2.10 e, f. The medium bands observed in the 

SERS spectra of normal paracetamol at 1263 and 1233 cm-1 (19 and 3 cm-1 red shifted from 

the Raman spectrum of the solution) are due to the C-N and phenyl-N stretching modes of the 

amide group and present changes in the band shape. 

In the case of the sinus paracetamol (Fig. 2.10), the medium bands observed in the 

SERS spectra at 1270 and 1233 cm-1 (5 and 2 cm-1 red shifted from the Raman spectrum of 

the solution) have the same assignment as for the normal paracetamol and show changes in 

the shape as well. The medium bands at 1172 cm-1 (for the normal paracetamol) and at      

1164 cm-1 (for the sinus paracetamol) in the Raman spectrum of the solution, become 

shoulders in the SERS spectra and are 11 and 1 cm-1 red shifted, being attributed to the C-OH 

bending modes. 

The medium signal at 1089 cm-1 in the Raman spectrum of the normal paracetamol 

solution (Fig. 2.9) is split in the SERS spectrum in three peaks and one shoulder (1104, 1081, 
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1048 and 1022 cm-1), which were assigned to the C-OH stretching, asymmetrical C-O-C 

stretching, CCC bending, and C-OH and phenyl bending modes, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10. SERS spectra of 8x10-2 M sinus paracetamol on thin silver films of 1.9 Å (a) 2.9 Å 
(b) roughnesses, together with the microscopical images of the measured regions (e), (d) and 
its proposed orientation on the silver surface (f). Raman spectrum of 3.3x10-1M sinus 
paracetamol solution (pH 7) (c). Excitation: 514.5 nm (a-c), 200 mW (c) and 50 mW (a,b). 

 

In this case, according to the surface selection rules [66], the amide I, II, and III bands 

are expected to be enhanced. Another possibility for paracetamol to chemisorb is through the 

π electrons of the phenyl ring. In accordance to the electromagnetic selection rules proposed 

by Creighton [65] and Moskovits and Suh [66], the C-H stretching mode should be relatively 

enhanced when the C-H bond is perpendicular to the metal surface plane, as compared to the 

case in which the C-H bond lies parallel to the surface. 

The nitrogen interaction with the silver surface is shown by the enhancement of the 

amide group vibrations. More specifically, the very intense bands in the SERS spectra at 

1454, 1372 and 1326 cm-1 for the normal paracetamol (Figs. 2.9.a,b); 1454, 1371 and 1326 

cm-1 for the sinus paracetamol (Figs. 2.10.a,b), red and blue shifted, respectively, from the 

Raman spectra of the bulk solution assigned to the symmetrical C=O stretching mode     

(amide I), to the H3C-C=O stretching and symmetrical CH3 bending modes and to the C-N 

stretching (amide III) mode, are preponderantly due to the amide group, showing its close 

vicinity to the Ag surfaces. 

A flat orientation of the phenyl ring to the metal surface (Figs. 2.9f, 2.10f) is supported 

by the intense band due to the Ag-π electrons of phenyl bond, which can be detected at       

478 cm-1 and 440 cm-1 for the normal paracetamol and at 476 cm-1 and 443 cm-1 for the sinus 

paracetamol, respectively, considering both silver film roughnesses. 
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The flat orientation of the phenyl ring is also supported by the importantly increase in 

relative intensity of the band at 936 cm-1 (in the SERS spectra of both normal and sinus 

paracetamol, Figs. 2.9a,b and 2.10a,b), which is due to the out-of-plane C-H deformation of 

the phenyl ring, by the highly increase in relative intensity of the bands at 860 cm-1 (SERS 

spectra of normal paracetamol) and 858 cm-1 (SERS spectra of sinus paracetamol), which 

were attributed to the C-H and C-C out-of-plane skeletal deformations. 

Taking into account the surface selection rules and the reported literature data, we 

were able to give a reasonably explication of the adsorbate structures on the Ag metal surfaces 

from the SERS spectra. A strong chemical interaction of both types of paracetamol (normal 

and sinus) with the silver island films is realized through the lone pair electrons of the 

nitrogen atoms from the amide group and the π electrons of the phenyl ring, in a flat 

orientation 

 

Chapter 3. Raman techniques applied to study complex biological systems (cells, tissues) 

 

3. 1. General on the investigated tissue structure and their evolution in human 

colon cancer 

Adenocarcinoma is a malignant epithelial tumor, originating from glandular 

epithelium of the colorectal mucosa. Colon cancer is currently the third leading cause of 

cancer related deaths in the Western world with 655.000 deceased worldwide per year. Study 

of colon cancer is showing a specific changes in nucleic acid, protein lipid and carbohydrate 

quantitities and/or conformation, characteristized the neoplastic cells [67]. 

Current cancer diagnosis is based on various expensive and time-consuming medical 

imaging techniques such as magnetic resonance imaging, computerized tomography, 

ultrasonography, which are followed by histopathological examination of a biopsy specimen 

taken from the patient. More accurate analysis and elucidation of cancer mechanism could be 

achieved by using spectroscopic techniques which probe the molecular content of the 

investigated samples. 

  

3. 2. Theoretical and experimental method 

Tissue samples were isolated from human ascending colon specimen obtained within    

2 h after resection from a patient (only one patient) that underwent surgery. Ethical approval 

has been obtained in order to study human sample tissues. Standard histopathological 

examination confirmed adenocarcinoma. Freshly collected carcinoma tissues were preserved 

in phosphate-buffered formalin solution (10%) about 2 h, up to the spectroscopic 
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measurements. Samples were fixed in formalin and it was shown that this procedure did not 

alter the observed Raman peaks of the tissue, and was therefore a suitable method of fixation. 

Thin cross-sectioned pieces from normal and adenocarcinoma colon tissue were selected for 

spectral data acquisition. The samples were transversely sectioned to the colon wall, and 

revealed three distinct zones with brown, yellow, and white aspect respectively, 

corresponding to the outer to inner colon wall, where the epithelial layer distortion due to 

carcinogenesis was evident. 

Thin freshly sectioned layers were isolated and placed under Raman microscope for 

the optical microscopy and micro-Raman measurement. Then, microdroplets of colloidal 

silver nanoparticles obtained using the Lee-Meisel method [68] were added to the tissue 

surface for SERS acquisition. Laser focus followed the Ag-dropped point. 

The micro-Raman and SERS spectra were recorded with a Dilor Raman 

microspectrometer (Horiba-Jobin-Yvon, model LabRam) using 632.8-nm excitation line from 

a He-Ne laser. The spectra were collected in backscattering geometry using a microscope 

equipped with an Olympus LMPlanFL 50x, 10x objective with a spectral resolution of 2 cm-1. 

The detection of Raman signal was carried out with a Peltiercooled 

CCD camera and for the signal acquisition, the analyzing software package LabSpec 

was employed. The laser power at the sample varied from 15 to 25 mW and 10 cycles of 2 s 

were accumulated. Microscopic examination using 10x or 50x objectives was performed 

before and after laser exposure in order to monitor possible morphological changes induced 

by the laser beam on the focused point. The optical image of the tissue was found unchanged 

upon laser exposure. A video camera assisted the tissue behavior under laser exposure. 

The FT-IR spectra were obtained by using an Equinox 55 Bruker spectrometer with an 

integrated Raman module (Bruker, FRA106), fiber optic coupled to a Raman scope II module. 

The spectral data were analyzed using the OPUS 2.0.5 and Origin 6.0 software. 

 

3. 3. Results obtained by investigating colon tissues using FT-IR spectroscopy  

Several studies on normal, premalignant (polyp) and malignant human colonic tissues 

from patients with different stages of malignancy, was reported. This studies used a method 

which is based on microscopic infrared study (FT-IR-microscopy) of thin tissue specimens 

and a direct comparison with traditional histopathological analysis, which serves as a “gold” 

reference [69]. 

FT-IR spectroscopy has proven to be a potent analytical tool for studying complex 

biological materials such as tissues, body fluid and cell cultures [70]. 
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In Fig.3.1 are presented the FT-IR spectra acquired from the yellow areas from both 

normal and cancerous samples, this representing the inner part of the human colon.  
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Fig. 3.1. ATR- FT-IR spectra of the normal (upper) and  
carcinoma colon section (lower) acquired from yellow tissues. 

 
In the big wavenumber spectral range, slight differences in the amide A band assigned 

to N–H stretching mode of proteins can be seen at 3287 cm–1 in the normal tissue. In the small 

wavenumber range the amide I and II bands appear in the normal spectrum and carcinoma 

spectrum at 1640 cm–1. The bands are more intense in the spectrum of normal samples in 

comparation with the carcinoma spectrum. Also, the contributions from lipids at 1454 cm–1 

and from nucleic acids at 1239 cm–1 are more prominent in the spectrum characteristic to the 

cancerous samples. 

In Fig. 3.2 the FT-IR spectra of the white part characteristic to the mucosa layer from 

normal and cancerous samples are presented.  The amide I band present at 3287 cm–1 is more 

intense in the spectrum of normal tissues than the one corresponding to cancerous samples. 

The CH2 antisymmetric stretching modes of mainly lipids is seen at 2926 cm–1 in the 

cancerous tissue while in the normal mucosa this mode appears shifted at 2923 cm–1.          

This mode and the CH2 symmetric stretching mode of lipids which remains constant in both 

samples at 2853 cm–1 are less intense in the normal tissue compared to the cancerous one.  

In the fingerprint region, 1800–650 cm–1, the differences in the two spectra lie in the 

relative intensity of the present bands, as well as new weak bands which appear in the 

spectrum of cancerous samples. 
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Fig. 3.2. ATR- FT-IR spectra of normal (upper) and carcinoma (lower)  

white tissues from human colon. 
 

The C=O stretching mode of lipids at 1744 cm–1 in the spectrum of normal tissue is 

less intense and slightly shifted towards bigger wavenumbers, when compared to the one in 

the spectrum of carcinoma samples. The bands at 1640 cm–1 and 1546 cm–1 corresponding to 

amide I, C=O stretching mode and amide II, N–H bending and C–N stretching in proteins 

[71] have a higher intensity in the spectrum of normal tissues than in the one of cancerous 

ones.  

Other contributions seen in the two spectra collected from the white zones of the 

samples are nucleic acids (1161 cm–1), phospholipids (1240 cm–1). Also, in the cancerous 

spectrum a new weak band appears at 1118 cm–1. On the other hand, the vibrational modes 

1378 and 1095 cm–1, respectively appear more intense in the normal tissue. 

The FT-IR spectra collected from the brown areas corresponding to the muscularis 

layer of the normal and cancerous samples are presented in Fig.3.3. In the big wavenumber 

region, the amide band seen at 3305 cm–1 is more intense in the spectrum of the normal 

samples. The asymmetric and symmetric contributions from lipids present at 2923 and     

2854 cm–1, respectively have smaller intensity in the normal than in the cancerous samples.   

In the fingerprint region the C=O stretching mode of lipids seen at 1744 cm–1 is less intense in 

the normal spectrum, while the contributions from amide I and II observed at 1640 and     

1551 cm–1 are more intense when compared to the spectrum of the carcinoma samples, 

reminding of the same situation seen in the spectra collected from the white areas.  
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Fig. 3.3. ATR- FT-IR spectra of normal (lower) and cancerous (upper) tissues of human colon 
collected from the brown areas. 

 
The characteristic bands of amide I and II of proteins were found to be of higher 

intensity in the spectra collected from the normal tissues, while the bands assigned to lipid 

contributions were more intense in the spectra acquired from cancerous areas. 

  
3. 4. SERS measurements on healthy tissue and human colon cancer 

In the last decade, Raman spectroscopy has been extensively used in biomedicine as a 

tool for diagnosis of tissue lesions, analysis of blood components, and study of single cells 

and tissues [72, 73]. In order to find a remedy to treat cancer, I applied surface enhanced Raman 

scattering (SERS) in order to evaluate the possibility of the technique to detect trace amounts 

of the rare-earth-acenocoumarol complexes and to investigate the adsorption behaviour of the 

complex to the Ag colloidal nanoparticles [74], because coumarins comprise a group of 

natural compounds of high interest for their anti-inflammatory, antioxidant, antiallergic, 

hepatoprotective, antithrombotic, antiviral, and anticarcinogenic activities 

Characteristic SERS feature of epithelial layer from normal colon are displayed in   

Fig. 3.4, where the tissue fluorescence quenching upon visible laser excitation, due to the Ag 

nanoparticles is highlighted. A representative one collected in 20 s from a freshly sectioned 

sample upon adding 1 µl Ag colloid is presented in Fig. 3.4c, where as the micro-Raman 

spectra from the same collecting points before adding the Ag nanoparticles (Fig. 3.4d) 

exhibited only large fluorescence background, any Raman signal being completely covered. 
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Fig. 3.4. Typical SERS spectra collected from normal colon epithelial layer (a–c), in 
comparison with the micro-Raman signal (fluorescence) from the same point as (c) before 
adding the Ag colloidal nanoparticles. Excitation: 632.8 nm, 25 mW (SERS), and 200 mW 
(Raman). The white light microscope images, before (top) and after (bottom) adding colloidal 
nanoparticles, indicate the locations at which the SERS spectra were acquired. 

 
An impressive decrease in intensity of fluorescence background and clearly resolved 

sharp bands were observed on passing from Raman to SERS spectra. Typical SERS spectra 

from different random points of freshly sectioned carcinoma tissue are showed in Fig. 3.5. In 

spite of particular differences that reflect the inhomogeneity of the tissue, major bands at 

1138, 1269, 1452, 1495, 1572, and 2934 cm-1are representative for all the spectra. According 

to the SERS selection rules [75], vibrational modes with polarizability components 

perpendicular to the Ag surface are preferentially enhanced. Such modes clearly belong to the 

molecular species located in close vicinity or attached to the Ag nanoparticles. The major 

observed bands in the SERS spectra are tentatively assigned based on the previous Raman 

reports on normal colon and carcinoma tissue and on the recently reported Raman database of 

biological molecules [76]. In the carcinoma SERS feature, the most intense SERS band at  

238 cm-1 is representative of the Ag-N mode when N-containing molecules are adsorbed on 

the Ag nanoparticles. Bands that are almost exclusively due to the ring breathing modes of the 

DNA and RNA bases, adenine (727, 1138, 1335, 1376, 1495 cm_1), guanine (672 cm-1), 

cytosine (1269 cm-1), thymine (436, 617, 1495 cm-1), and amino acids with cyclic R side 

chain (histidine–1575 cm-1), phenylalanine (1002 cm-1)-this last band being specific also for 

tryptophan–are significantly enhanced. 
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Fig. 3.5. Typical SERS spectra collected from colon adenomacarcinom tissue (a–c), in 
comparison with the micro-Raman signal (fluorescence) from the same point as (c) before 
adding the Ag colloidal nanoparticles. Excitation: 632.8 nm, 25 mW (SERS), and 200 mW 
(Raman). The white light microscope images, before (top) and after (bottom) adding colloidal 
nanoparticles, indicate the locations at which the SERS spectra were acquired. 

 
The PO2_ stretching mode of the DNA backbone at 1069 cm-1 showed weak intensity. 

The absence of the amide I band from proteins in the 1600–1700 cm-1 spectral range is 

noteworthy. In the SERS spectrum of normal epithelial tissue (Fig. 3.4.c), sharp bands have 

been observed at 238, 727, 961, 1457, 1501, 1566, 1600, 1719, 2144, and 2934 cm-1. Their 

band shape and relative intensity clearly differentiates the SERS behavior of normal and 

carcinoma tissue. In spite of the fact that most of them are attributable to nucleic acids, signal 

from proteins or lipids is also present. Comparing the different assignments of the previously 

reported Raman spectra of colon tissue, the data are still controversial. This fact is almost 

entirely due to the weak and complicated micro-Raman signal that resulted from direct 

measurement in FT or confocal configuration. 

The unique ability of SERS technique to enhance the signal from molecular species 

located in the close vicinity of the Ag particles is now demonstrated for tissue measurements. 

Summarizing these findings, one can tentatively conclude that the nucleic acids are 

preponderantly present in the carcinoma tissue, proteins or lipids being less representative. 

However, such presumption would be further supported by the SERS tissue imaging, since the 

present results proved the possibility to record highly resolved bands from carcinoma tissue. 

a 
 

b 
c 
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Therefore, information about DNA conformation and changes within the carcinogenic 

process, together with the decrease of protein content could be selectively extracted using 

SERS technique, without any dye labeling or other chemical species as functionalized binding 

sites [77]. Another major advantage of SERS-based investigation of tissue is the short 

acquisition time of the SERS spectra with much better signal-to-noise ratio, and a lower 

incident laser power than in the case of micro-Raman measurements. These preliminary 

results are of high interest in the nanoparticles-based SERS sensors for in vivo gastrointestinal 

early diagnostic and therapy monitoring. 

 
Chapter 4. Raman spectroscopy of tissue samples prepared for histopathological 
examination 
 

4. 1. Raman spectroscopic investigations of tissue taken from 9 patients 

diagnosed with diverese histopathological stages of cancer 

  In this study I expanded the Raman investigation to the stained soft tissue, using 

human tissue samples from 9 patients, aiming to probe the ability of the technique for 

simultaneous Raman and immunoshistochemistry diagnostic; to evaluate the influence of the 

staining agents on the tissue Raman signal; and to probe the specificity from one patient to 

another. Therefor, we recorded and discuss here the Raman signal from H&E stained and 

formaline fixed tissue respectively, from both normal tissue and cancer in different stages, as 

revealed by the histopathology. The H&E, xylene and Biomont resin involved in the staining 

protocol have been also Raman analyzed, to assist the correct interpretation of the results. I 

selected normal human colon and carcinoma tissue samples in this study, taking into account 

its increasing incidence in population and drastic demand for sensitive techniques to assist 

excision of lesions and residual tissue, predict the demarcation limit between healthy and 

tumor tissue and to understand the molecular changes associated to carcinogenesis. 

Completeness of excision as judged by the endoscopist on histopathologist could be 

sensitively assisted by the appropriate Raman spectroscopy technique in real time Raman 

spectroscopy, as a fast and reliable technique for rapid and sensitive diagnostic has recently 

showed promised results in the field [78-82]. 

However, the current routine analysis is based on the golden standard. According to 

the above cited document [83], there are currently no validated methods of determining 

completeness of excision 

In this sense, Raman Spectroscopy technique would be able to perform quantitative 

and qualitative analysis since it shows high sensitivity to subtle structural changes in 

biological tissues. 
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Standard histopathological examination confirmed adenocarcinoma from 9 patients 

undergoing surgical intervention. As a routine procedure, upon surgical intervention, tissue 

segments considered - normal are usually removed, due to the lack of sensitive technique that 

could assist the intervention and clearly delimitate the normal from pathological tissue.         

As such, the histopathology normal tissue collected from the 9 patients has been also 

investigated. The mean FT-Raman spectra collected from the epithelial layer of the formalin 

fixed colon tissue have been recorded from each of the 9 cases, as shown in the Fig .4.1a, with 

spectral offset for clarity, whereas those corresponding to the cancer tissue are shown in the 

Fig. 4.1b (no spectral offset, to evidence the patient specificity). 

The spectra were collected from normal regions which have been excised along with 

the cancerous ones. Each FT-Raman spectrum was an average value of 500 scans 

fromrandom points of the tissue slides. I can note that both normal and cancer samples exhibit 

two main different spectral shapes, as shown in the Fig. 4.2. The systematic differences in the 

high wavenumber range between randomly investigated points of each tissue sample are 

explained based on the previous results on cells [84]. 

 
 
 
 
 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
   a)     b) 
 
Fig. 4.1. a) Mean signal of the FT-Raman spectra collected from each normal colon tissue 
sample from 9 patients, after formalin fixation. Spectral offset was introduced for clarity.      
b) Mean FT-Raman signal collected from the formalin fixed cancer tissue from 9 different 
patients. The insertion highlights the spectral differences in the fingerprint region.  
Excitation: 1064 nm, 350 mW. 
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Fig. 4. 2. Micro-Raman spectra collected from H&E stained normal (top) and cancer (bottom) 
tissue from the 9 patients. Excitation: 632 nm, 3 mW. The spectra are displayed from 1 to 9 
according to the increasing degree of metastases from cancer stage B (spectra 1-5), stage C 
(spectra 6-8) and stage D (spectrum 9). 

 

The observed bands in the 600-1800 cm-1
 range in Fig. 4.1a are discussed in 

comparison with the previous FT-Raman report on normal colon tissue [85]. Due to the 

inherent inhomogeneity of the tissue, from one point to another, the signal presents slice 

differences, however, the statistical analysis revealed specific spectral fingerprint for specific 

sample goups. 

As shown by Andrade et al [85], the tissue content present great variations for 

different people, which reflect the intrinsic biological variability of the individuals, however, 

the main bands are still observed in all spectra. As an overall conclusion, the raw FT-Raman 

signal exhibits constant characteristic bands from one sample to another.  

Raman spectra of the stained tissue in the 1800-1100 cm-1 range are presented in the 

Fig. 4.3, for both normal (a) and carcinoma (b) groups. The overall Raman signal of the H&E 

stained tissue is a superposition of the fluorescence background and Raman scattering of 

tissue, as well as the Raman (pre-resonance Raman) of the staining agents, as shown in the 

raw, unprocessed signal of one sample in Fig. 4.4. The corresponding FT-Raman signal of the 

same sample is also given for eye guidance (Fig. 4.4, bottom) and the main bands were 

followed in the signal from stained tissue. We noted many additional bands, revealing the 
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Raman contribution of the staining agents. These contributions were analyzed by recording 

and comparing the FT-Raman signal from hematoxylin, eosin, xylene and Biomont, as they 

used in the clinical laboratories.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

The Biomont exhibit Raman bands at 3047, 2915, 2876, 2731, 1732, 1611, 1450, 

1378, 1249, 1202, 1092, 1029, 996, 832, 640, 533 cm-1. The sharp interferences are also 

observed from xylene at 1611, 1378, 1092, 1029, 996, 1202, 823, 721, 640, 533, 456 cm-1
 as 

well as in the 2876-3047 cm-1
 range. 

In order to evaluate the interference effects of the staining agents in the Raman spectra 

of tissue, the Raman signal of the formalin fixed tissue has been compared to that of the H&E 

stained sample from the same patient as well as with the individual staining agents             

(Fig. 4.4). The most representative FT-Raman bands of the formaline fixed tissue are shown 

with dotted lines, for guidance. Surprisingly, the main H&E bands were not observed in the 

stained tissue signal (Fig. 4.4). 

Moreover, we noted the absence of the amide I band at 1654 cm-1 in the spectra of the 

stained tissue as well as the prominent appearance of the band at 1723-1749 cm-1. This aspect 

could be probably correlated with the cell necrosis, where the proteins are destroyed. 

However, the absence of amide I band was observed either for normal tissue. On the other 

hand, during the tissue processing the proteins are denaturated by coagulation and 

polymerization reactions, resulting in blockage and stop the enzymatic reactions and autolyse. 

The prominent tissue band at 1446 cm-1
 (Fig. 4.4) seems to be unaffected by the staining 

agents signal. Therefor, their intensity monitoring would be suitable for further Raman 
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Fig. 4.3. Typical raw, unprocessed 
Raman signal recorded from H&E 
stained normal colon tissue (top) 
revealing additional bands compared 
to those of the unstained one,  
formalin fixed tissue.       
 Excitation: 632.8 and 1064 nm. 
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imaging studies that could complementary assist the correct histopathology conclusions. It 

should be pointed out that this band was proposed as a marker of malignancy in Raman 

diagnostic of colorectal adenocarcinoma cell lines [84].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The high wavenumber range (3050-2800 cm-1
 of the stained tissue spectra (Fig. 4.6) 

was found to be completely hampered by the xylene and Biomont contributions respectively, 

being impossible to use for diagnostic purpose. Usually, the CH3 and CH2 stretching modes of 

lipids at 2923 cm-1 and 2875 cm-1
 respectively in the spectrum of cancer tissue are higher than 

in the case of normal tissue [85], indicating the increasing content of lipids as a characteristic 

self-defense reaction of the organism. This characteristic was also observed in the unstained 

tissue [84, 85, 86]. A previous report [87] showed the comparison of the Raman spectra of 

fresh tissue with formalin fixed tissue and tissue fixed and soaked in xylene. A dramatic 

reduction in the intensity of the amide I band (1637 cm-1) was observed for the formalin tissue 

whereas soaking in xylene prior to wax embedding creates significant spectral differences in 

the tissue. 

Although every tissue processing step introduced significant changes in the Raman 

signal, the authors concluded that the dewaxed sections can be diagnostically useful, since 

they retain sufficient biochemical similarity to the fresh one, drawing the conclusion of 

awaring when used automated processing techniques. H&E stained tissue provide all the 

dewaxed tissue information. Another report was devoted to improve the de-waxing protocol 

[88]. Cervical tissue samples were prepared in multiple dewaxing cycles, using xylene, 

Histoclear and hexane. 

Fig. 4.4. Raman signal of the species 
involved in the staining protocol       
(H-hematoxylin, Eeosin, xylene and 
Biomount), as shown on each spectrum. 
The signal both from stained or 
formalin fixed tissue is also given for 
highlighting the spectral interferences. 
Spectral offset is introduced for clarity. 
The dotted lines followed the main 
bands of the unstained tissue. 
Excitation: 632 nm, 3 mW.  

3000 2000 1000

12
98

14
46

16
54

 

 

Tesut

E

H

H&E Tesut

Xilen

Biomount

 R
am

an
 In

te
ns

ity
 / 

U
ni

t. 
A

rb
.

Numere de unda/cm-1



 26 

 However, the present Raman results on H&E stained tissue proving the possibility to 

record specific tissue signal, open new perspective for Raman diagnostic techniques, with 

higher spatial resolution, in order to be able to differentiate the nuclear and cellular 

components which are optically revealed by the H&E staining. 

 
 Conclusions  
 
• With vibrational spectroscopy and we could differentiate the two forms of paracetamol, 

respectively monoclinic form (commercial) and orthorhombic form. 

• It was highlighted the fact that after recrystallization normal paracetamol can contain a 

mixture of two forms, while the sinus paracetamol only contains the monoclinic form. 

• The most important bands of certain ingredients, added in the preparation of medicines, 

could be identified. 

• It was deducted the interaction of paracetamol molecule with the Ag film surface through 

several functional groups. 

• Using vibrational spectroscopy, it was proven that we can identify key molecular 

components in the samples studied and their molecular modification, thus allowing the 

differentiation between normal and cancerous tissue of the human colon. 

• It was shown that normal tissues have higher protein content, while the cancerous tissues 

were characterized as having lower protein content and higher lipid content. 

• By analyzing the spectra obtained in the three areas under study, respectively mucosa, sub 

mucosa and muscle it could be evidenced that, cancer extends from inside to outside. 

• In principle, if we rely on assumptions provided by the data provided, it is possible to 

conclude that FT-IR-Raman spectroscopy shows great promise in terms of methods of 

diagnosing cancer and could be used as a classification system of the tissue. 

• After obtaining a SERS signal it can be said that combining the micro-Raman technique 

with the plasmonic properties of appropriate noble metal nanoparticles, we can achieve real 

progress towards a new platform based on endoscopy SERS, which is to study the complex 

biochemical mechanisms of carcinogenesis and therefore high effective early diagnosis of 

disease. 

• Analyzing micro-Raman spectra of tissue stained with H & E (case study 9 patients), could 

shown that H & E does not have strips to interfere drastically the strips obtained from the 

tissues. 

• Bands from Xilenn and resins interfere with tissue bands, but even so, a few bands remain 

unaltered, specific to pure biological tissue, non treated with preservatives and unmarked, and 

can be used in Raman investigations. 
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